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The solid solution Sty La,_; Zn,. Ru,0, (} = x < §) has the
tetragonal K,NiF, structure with a disordered arrangement of Zn?*
and Ru®* over the octahedral sites. The sample with x = 3 is found
to be paramagnetic over the temperature range 6 < T < 296 K.
As the ruthenium concentration increases, short-range antiferro-
magnetic interactions between Ru** ions become more important;
the magnetic susceptibility shows a maximum at low temperatures
when x is larger than the percolation threshold for a nearest-
neighbor square lattice (0.59). However, the magnetic irreversibil-
ity obscrved for the samples with x = } and § indicates that
next-nearest-neighbor interactions also play an important role in
determining the magnetic properties of these compounds. o 1994

Academic Press, Inc. ’

INTRODUCTION

Until recently, our kJnowledge of the solid state chemis-
try of K;NiF,-type okides was dominated by materials
containing first-row transition clements. Only a few com-
pounds which involvéd cations of mctals from the sccond
transition series were known, Sr,RuQ, being one exam-
ple. This ruthenaté was first preparcd by Randali and
Ward (1) and has subsequently been described as weakly
metallic and paramagnetic down to 4.2 K (2}. The solid
solution Sr,Fe,Ru,_, 0, (0 = x = (.5) has also been re-
ported, with a structural and magnetic study having been
carried out using X-ray powder diffraction and Mossbauer
spectroscopy (2). The iron and ruthenium ions in these
phases were found to be randomly distributed over the
octahedral B sites, with the iron substituting exclusively
as Fe*t, and the ruthenium conscquently being oxidised
to Ru** . The metallic band system of Sr,RuQ, was re-
placed by alocalised clectronic structure, with long-range

_antiferromagnetic order apparently present when x = (1.5,
However, subscquent low-temperature neutron diffrac-
tion studies showed that, beeausc of the competition be-
tween superexchange interactions of different signs and
pathways, the sample with x = 0.5 was a spin glass rather
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than a Néel antiferromagnet (3). Similar frustrated mag-
netic properties have been observed in the related disor-
dered material Sr;LaCuRu’* Oy (4).

Systems containing Ru’* ions are particularly interest-
ing because the increased width of the 44 band, compared
to that of the 3d band, together with the large correlation
energy arising from half-filied 13, orbitals in octahedral
coordination, will make the system suitable for a study of
the competition between itinerant and localised electron
hchaviour. The present work was undertaken in order
to invesligate the change in the structural and magnetic
properties of the solid solution Sry,La, ;,Zn,_ Ru,0, (4
= x =< #) as a function of the Ru concentration. The sample
with x = $ has been described previously as SryL.aZnRuOy
{4). It was found that in this compound the Zn?* and Ru**
ions arc disordercd over thc octahedral B sites of the
K,NiF, structure. The material is almost insulating and
no magnetic Bragg scattering was observed in a neutron
diffraction pattern collected at 1.5 K (4). The lack of long-
range magnetic order in this material might be attributed
to the fact that the magnetic concentration of the octahe-
dral B sites (0.5) is smaller than the percolation threshold
(0.59) for a nearest-neighbor (NN) square lattice (5). Thus
long-range antiferromagnetic order might develop on in-
creasing the Ru concentration. Alternatively, the high
concentration of Ru** might lead to the formation of me-
taltic band, as in the Ru** compound Sr,RuQ,. The prepa-
ration of the new K,;NiF,-type solid solution by direct
solid state synthesis and the subsequent characterization
of it by powder X-ray diffraction and magnetic measure-
ments are described below.

EXPERIMENTAL

Polycrystalline samples of Sry,La,_y,Zn,_ Ru O, (x =
3, 0.4, 0.5, 0.6, and &) were synthesised by firing pelletised
stoichiometric mixtures of SrCO4, dried La, 0, and Ru(,,
and ZnO (Johnson Matthey Spcepure reagents) in air at
a temperature of 1 [100°C. The reactions took secveral days
to complete and the reaclants were periodically ground
and repelletiscd during the heating process. The purity of
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the resultant products was examined by powder X-ray
diffraction using a Philips automated 1710 diffractometer
operating with CuKa radiation (10° = 26 = 7(0°),

Structural characterization of the materials was carried
out using Rietveld refinement techniques with version
5.1 of the GSAS software package (6). Powder X-ray
diffraction data were recorded in step scan mode at room
temperature over the angular range 10° = 26 = 110°, with
a step size of 0.02° and a counting time of 10 seconds per
point. The peak shape function was assumed to be of a
pseudo-Yoigt type (7), and the background level was fitted
using a cosine Fourier series function with six refinable
coefficients. Regions of the profile containing contribu-
tions from the aluminum sample plate were excluded from
the refinements.

Electrical conductivity measurements were made on
SryZn;Ru,,0, in order to determine the position of this
compound with respect to the localized/itinerant electron
division. The measurements were carried out between
130 and 300 K using a standard 4-probe dc technique.
Colloidal silver paint was used to attach metallic contacts
to small, well-sintered ingots of the polycrystalline sam-
ples (ca. 2 X 2 x 10 mm), which were then mounted in
an Oxford Instruments CF 200 cryostat. The temperature
was measured with a rhodium-iron thermocouple. The
distance between the voltage measuring probes was ap-
proximately 3 mm.

The dc molar magnetic susceptibilities of the samples
with x = 4, L, and % were measured in magnetic fields of
1 and 5 kG over the temperature range 6 K < 7 = 300
K using a Cryogenic S600C SQUID magnetometer. The
measurements were taken in a *He cryostat after cooling
the sample in zero field (zfc) and after cooling in the
measuring fields (fc). The temperature was controlled by
a Lake Shore DRC-91C regulator using a gallium-alumi-
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num-arsenide diode sensor. Samples were in the form of
up to ca. 100 mg of finely ground powder, packed into a
quartz tube. Values of the susceptibilities reported below
have been corrected for the diamagnetic contributions
of the constituent atoms and the sample container. For
Sr.Zn,sRu,,,0,, the thermal remanent magnetization
(TRM) was measured as a function of temperature after
switching off an applied field of 1 kG in which the sample
had previously been cooled. The magnetic hysteresis loop
was also measured at 6 K in fields from 0 to 24 kG. In
this case, the sample had been cooled in a magnetic field
of 3 kG before the measurements were started.

RESULTS

Structural Characterisation

The powder X-ray diffraction patterns of all the samples
studied could be indexed on the basis of the tetragonal
K,NiF, structure. No superlattice reflections which might
be due to an ordered cation arrangement were detected
in any of the phases investigated, and it was therefore
concluded that the Zn?* and Ru’* ions are disordered
over the octahedral sites, as in the case of
Sr, sLa, sZn, sRu, 50, (4). The refinement of 23 parameters
in space group 14/mmm using 106 Bragg peaks converged
to the structural parameters given in Table 1. In the case
of samples with x = 0.4, 4, 0.6, the refinements proved
somewhat difficult because the intensity distribution and
peak shape were ill defined, and this is reflected in the
relatively high values of the intensity R factor (Tabie 1).
In all cases, refinement of the occupancies for the oxygen
and transition metal sites did not lead to any improvement
in the overall fit, and the compounds were therefore as-
sumed to be stoichiometric and to contain only pentava-

TABLE 1
Structural Parameters for 8ryla,_;,Zn;_,Ru,0, (} = x =< §) at Room Temperature

x 4 0.4 . 3 0.6 %

Lattice parameters a (&) 3.921(1) 3.9207(1) 3.9294(1) 3.9204(1) 3.9248(1})
¢ (A 12.7407(2) 12.7063(2) 12.6214(4) 12.6317(2) 12.6053(2)
Srflaz 0.3592(1) 0.3587(1) 0.3555(1) 0.3563(1) 0.3547(1)
B, (A} 0.31(2) 0.21(3) 0.40¢4) 0.58(3) 0.37(2)
Zn/Ru
By, (AY 0.12¢3) 0.10(4) 0.68(6) 0.47(4) 0.02(3)
Ol z 0.1720(5} 0.1654(6) 0.1727(7) 0.1594(5) 0.1640(4)
B (A} 1.1{1) 0.6(2) 2.8(2) 1.2(1) 0.7(1)
02
B, (A 51 0.4(2) 2.1(2) 0.2(1) 0.2(1)

R factors Ry (%) 11.7 15.6 14.9 14.3 1i.1
R, (%) 8.1 11.6 11.0 11.0 7.3
Ry (%) 5.1 g9 8.7 813 4.7

Note. Space Group: f4/mmm Sr/ilaonde (00z), Zn/Ruon 2a (00 0), Ol on4e¢ (0 0 2), O2 on 4c (3 0 0).
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FIG. 1. The observed (points), calculated (solid line), and difference

(below) X-ray diffraction profiles for SrL.aZn,;Ru,,0,. Reflection posi-
tions are marked.

lent Ru. Typical observed, calculated, and difference dif-
fraction profiles are drawn in Fig. 1. The resultant bond
distances are presented in Table 2. The variation of the
lattice parameters, unit cell volume, and the ¢/a ratio is
plotted as a function of the Ru concentration, x, in Fig. 2.

Electrical Measurements

The results of resistivity measurements on Sr,Zn;,
Ru,;;0, are shown in Fig. 3a. The temperature variation
of the resistivity of Sr, sLa, Zn, ;Ru, 0, is aiso plotted
in order to show the effect of the Ru/Zn ratio on the
electrical properties. The Ru-rich material is found to
be a semiconductor, and the magnitude of its resistiv-
ity is markedly reduced compared to that of
St sLay sZng sRu, s04. Attempts to account for the ob-
served data in terms of a simple Arrhenius model were
unsuccessful, as were those based on a small polaron
mode!. In view of the fact that the Mott variable-range
hopping (VRH} mechanism has been observed in many
perovskite-related phases (8-10), a least-squares fit of the
data to the following equation was carried out:

p = poT/Ty)"? expl(Ty/T).

TABLE 2
Selected Bond Lengths (A) in Sr, La,_;,Zn,_ Ru,0, 3 =x=< 4%
at Room Temperature

x 1 0.4 1 0.6 g
Zn/Ru-01(x7y  2.191(6) 2.115(7)  2.179(9) 2.0147) 2.068(5)
Zn/Ru-02 (x4) 1.961(1) 1.960(1) 1.965(1) 1.960(1) 1.962(1)
Mean Zn/Ru-0  2.038 2.012 2.036 1.978 1.997
Sr/La-01 2.385(6)  2.443(T)  2.307(9)  2.4BR(T) 2.404(%)
Sr/La-0Ol' (x4) 2.801(1) 2.791(1) 2.801(1) 2.779(1) 2.785(1)
Sr/La-02 (x4) 2,658(1)  2.659(1) 2.681(1) 2.671(1) 2.684(f)
Mean Sr/La-O 2.691 2.694 2.693 2.699 2.698

Note, O1’ at (3, §, } — z).

KIM AND BATTLE

Excellent agreement was obtained between experiment
and theory although, due to the limited temperature range
over which the experiment was performed, the data were
relatively insensitive to the value of » and we were
therefore unable to distinguish between 2D VRH
(v = 3) and 3D VRH (v = 4)}. Figure 3b shows the plot
of In(pT~Y" versus T-'3 which is appropriate for the
2D case. Data analysis using the Shklovskii—Efros model
with v = 4 (11) was less successful than the analysis
described above.

Magnetic Measurements

The temperature dependence of the molar magnetic
susceptibility of SrLaZn,;Ru,,,0,, measured in applied
fields of 1 and 5 kG, is shown in Fig. 4. The zfc and fc
curves overlay each other throughout the experimental
temperature range (Fig. 4a) and the data obey a Cu-
rie—Weiss law above ca. 150 K with the Weiss tempera-
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FIG. 3.  (a) The resistivity of Sr,Zn;sRu,;,0, as a function of tempera-
ture. For comparison the resistivity data of Sr|sLaysZn, sRu, 5Oy are
also plotted. (b) The linear fit for a 2D VRH mechanism.

ture of —75 K. However, below this temperature there
is a progressive deviation from simple paramagnetic be-
havior (Fig. 4b). An effective magnetic moment of 3.49
iy per Ru** jon can be deduced from the data in the high
temperature region.

Figure 5a shows the zfc and fc molar magnetic suscepti-
bilities of the x = 3 sample, Sr;;La,sZn, sRu, O,, as a
function of temperature. No prominent peak in the sus-
ceptibility, characteristic of long-range antiferromagne-
tism, was observed over the whole temperature range.
However, the data measured in an applied field of 1 kG
show a slight divergence between the zfc and fc curves
in the temperature range 20 K < T < 150 K, indicating
that short-range interactions are causing the formation of
spin clusters. This magnetic irreversibility is suppressed
as the applied field is increased; the zfc and fc data mea-
sured in 5 kG overlay each other to the lowest temperature
measured. The temperature dependence of the inverse
zfc molar susceptibility, measured in an applied field of
1 kG, is also plotted in Fig. 5b. The susceptibility data
begin to depart from Curie—-Weiss behavior at ca. 200 K,
and show a marked deviation below ca. 20 K. Analysis
of the high temperature data leads to puy = 3.36 up per
Ru’* jonand 8 = — 124 K.
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The magnetic properties of Sr.Zn,,;Ru,,,0, were found
to be more complex than those described above. The
results of magnetic susceptibility measurements on this
material are shown in Fig. 6. The zfc and fc curves agree
well down to T = 10 K at which temperature the zfc data
exhibit a sharp cusp. However, below this point the fc
curve continues to increase, albeit at a slower rate,
whereas the zfc susceptibility decreases as the sample is
cooled further. Unusual, field-dependent magnetic behav-
ior is also observed with the magnitude of the fc suscepti-
bility below T; being reduced when the applied field is
increased from 1 to 5 kG. The observation of a thermo-
remanent magnetization (TRM) is evidence of frustrated
magnetism; the TRM decays rapidly with increasing tem-
perature and vanishes at ~10 K (Fig. 6a). As depicted in
Fig. 6b, the magnetic susceptibility does not follow a
Curie-Weiss law in any part of the temperature range
over which the data were collected. Attempts to model
the data at T > 150 K led to the very large values for
both the effective magnetic moment (4.4 pp, per Ru*t ion)
and the Weiss constant (— 1060 K). The fc hysteresis
loop, obtained by cooling the sample 5 kG from room
temperature to 6 K, is presented in Fig. 6¢. The observed
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FIG. 4. (a) The temperature dependence of the (superimposable)
zfc and fc molar magnetic susceptibilities of SrLaZn,;,Ru,;;04 measured
in fields of 1 kG (diamond) and § kG (triangles). {b) The inverse zfc
susceptibility of SrLaZn,sRu,;0;4 in a field of 1 kG.
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loop is slightly asymmetrical and shifted from the origin,
as is often the case in spin glasses below T; (12, 13).

DISCUSSION

The structural variation of the compounds Sr; La, 5,
Zn,_,Ru, O, with the Ru** content, x, is rather complex,
as might have been expected on the grounds that the
substitution of Zn?* by the smaller Ru’* on the B sites
is accompanied by the replacement of L.a’* by the larger
Sr?" (14). The substitution of Zn** by Ru’* thus might
be expected to reduce the lengths of the Zn/Ru-01 and
the Zn/Ru-02 bonds. Examination of the data in Table
2 shows that neither reduction occurs as a smooth function
of composition, but that there is a general downward trend
in the Zn/Ru-0O1 distance as x decreases. However, the
Zn/Ru-02 distance is effectively constant across the
whole composition range. The absence of a smooth trend
in the axial Zn/Ru-01 distance may be due in part to the
failure to locate the O1 atom accurately in X-ray diffrac-
tion experiments, but the lack of variation in the Zn/
Ru-02 distance is likely to be a real effect because it
depends only on the value of the unit cell parameter, a,
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both atoms being on a special position of space group 14/
mmm. This near constancy can be understood by taking
into account the fact that any reduction in the Zn/Ru-02
distance, that is a decrease in the unit cell parameter,
would tend to shorten the Sr/lLa-01' distance whergas
the increase in Ru content is accompanied by an increase
in Sr content and hence an increase in the Sr/La-OT1’
distance is expected. Thus, an increase in the Ru content
produces conflicting structural requirements for the
lengths of the bonds which lie parallel to, or approximately
parallel to, the xy plane. The structure has more freedom
along the ¢ axis and the requirements of the Zn/Ru site
are met by a reduction of the ¢ parameter, and a small
shift in the fractional coordinates of Ol and Sr/La sites
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such that the Zn/Ru-01 distance shows a general de-
crease as x increases. However, the expected increase in
the Sr/L.a-01 distance is not observed, and any interpre-
tation of the structural data other than the Zn/Ru-02
bond distance should not be overemphasized. The unit
cell parameters of SrsLa,Zn, 0, are anomalous with
respect to all the other compositions, and this compound
also has unusually high-temperature factors for atoms Ol
and O2 (Table 1), These anomalies may indicate that some
form of short-range cation ordering is present in this sam-
ple, although it cannot be accurately characterized by
standard X-ray (or neutron) powder diffraction tech-
niques. The absence of long-range cation ordering found
in the compounds under discussion is perhaps not surpris-
ing since the layered character of the K,NiF, structure
will effectively insulate the perovskite-like slabs and sig-
nificantly reduce the ordering energy that arises from the
size and charge differences of the B cations. To date, only
a few K,NiF,-type oxides have been reported to have an
ordered cation arrangement, ¢.g., La;Li, Co, 50, (15).
The results of our electrical measurements (Fig. 3) indi-
cate that Sr,Zn ;;Ru,;0, is a semiconductor, but with a
much lower resistivity (p;s ¢ = 1.6 k{1 cm) than
Sr, sLag sZng sRug 5Oy (pags ¢ = 0.40 MQ cm). This result
can be easily understood because the former compound
contains a higher concentration of Ru’", and thus more
potential charge carriers, than the latter, However, the
value of the resistivity is still considerably higher than
that expected for a system which can be described by a
delocalised electron model. This is presumably because
the large correlation energy associated with tgg electron
configuration of octahedral Ru’* dominates over the in-
creased width of 44 band and ensures that the electrons
in ¢, band remain localized. The K,;NiF type first-row
transition metal oxides with half-filled tgg orbitals, 1.¢.,
Ca,Mn0, and LaS1CrQ,, are also good insulators (16,
17). The observed VRH behavior is consistent with the
presence of structural disorder in this compound. Such
site disorder will create a random field, and accordingly
lead to Anderson localisation at the band edges (8). Figure
3b shows that a model based on 2D hopping behavior
gives excellent agreement with the experimental data.
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However, the electrical resistivity data were collected on
a polycrystalline sample and they will inevitably contain
contributions from the grain boundaries. The ther-
mopower measurements that can disentangle these effects
were not performed and the dimensionality of the hopping
process cannot therefore be deduced unambiguously from
our results, particularly in view of the limited temperature
range of the data, which was referred to above.

The magnetic properties of StL.aZn,;Ru,;0, are typical
of a magnetically dilute system (18). The material is essen-
tially paramagnetic, but with the presence of short-range
magnetic interactions at low temperatures. No irrevers-
ibility is observed between the zfc and fc data throughout
the measured temperature range (Fig. 4a), nor does the
susceptibility show any field dependence. The effective
magnetic moment (3.49 pp) deduced from the high temper-
ature data is in the range expected for a localized #3,
orbital and suggests that the Ru’* jons in this compound
can be considered to lie within the localised electron re-
gime. The progressive deviation from Curie-Weiss be-
havior suggests that relatively strong short-range mag-
netic interactions occur between the Ru’ ™" ions below ca.
150 K (Fig. 4b). The Weiss temperature of —73 K indi-
cates that these interactions are antiferromagnetic in na-
ture, as would be predicted by superexchange theory (19).
The site percolation on a 24 x 24 square lattice is illus-
trated for x = §, &, and % in Fig. 7. If NN interactions
alone are significant, the infinite ‘percolating’ cluster that
permits long-range magnetic order can only be achieved
if x > 0.59. The concentration of magnetic Ru’" ions in
SrL.aZn,;Ru,,,0, is thus well below the percolation limit
for a NN square lattice, and the absence of long-range
magnetic order is to be expected, A similar lack of order-
ing has been observed for small values of x in the solid
solutions LaSrAl, _ Fe O, and K,Mg,_ MnF, (20, 21). If
NNN interactions are also significant, the ¢ritical concen-
tration drops to 0.29, and Srl.aZn,;Ru, ,(3, is then slightly
above the percolation threshold. However, the two types
of interaction may compete rather than reinforce each
other, a point that we shall return to below.

Sry sLag «Zny Ry, s0O, does not show (4) magnetic Bragg
scattering in the neutron diffraction pattern collected at
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1.5 K. The magnetic measurements performed in this
study are consistent with this result; there is no apparent
cusp in the susceptibility which might be taken as evi-
dence for long-range antiferromagnetic order., The mag-
netic behavior of this compound may thus be described
in terms of percolation theory; as the concentration of
Ru** (0.5) is smaller than the NN percolation threshold
{0.59), no long-range magnetic order is developed. How-
ever, If next nearest neighbor (NNN) interactions are
also considered, the magnetic concentration in the present
compound is significantly above the percolation limit (0.29
for a square lattice), and long-range magnetic order might
be expected to develop at very low temperatures. It has
been shown that superexchange interactions via
Ru-O-0O-Ru pathways (i.c., the NNN pathway in a
K,NiF, structure) are strong enough to give rise to tong-
range antiferromagnetic order at Ty = 23 K in the ordered
perovskite Sr,YRuQOg (22), and they are, therefore, likely
to be significant at a similar temperature in
Sy slag sZng sRu, 5O, Nevertheless, neutron diffraction
experiments show that this compound is not magnetically
ordered at a temperature of 1.5 K. This is probably be-
cause the strong antiferromagnetic NNN Ru-O-0-Ru
superexchange interactions will compete with the NN
Ru-0O-Ru interactions, thus introducing a certain degree
of spin frustration. It has been shown (3, 23) that such
magnetic frustration in perovskite-related compounds can
often destroy long-range magnetic order and lead to the
formation of a spin glass phase. Hence, Sr,slag;
Zng sRu, 5O, is likely to behave as a spin glass at very low
temperatures rather than as a dilute magnetic system;
clusters created by antiferromagnetic short-range interac-
tions will grow in size with decreasing temperature, caus-
ing the susceptibility to deviate from the Curie-Weiss
Law. We would predict that at T; < 6 K a cluster of
infinite size is formed, but that the development of long-
range magnetic order is frustrated (24). If we are correct,
the susceptibility will have a cusp at low temperatures
and will show a marked hysteresis below that point. Tt
should be noted that the temperature at which the devia-
tion from the Curie-Weiss Law begins (ca. 200 K) and
the value of the Weiss temperature are larger in the case
of Sr; (La, Zn, ;Ru, ;O, than they were in that of SrLa
Zn,,Ru,,;;0,. This result, together with a slightly reduced
effective magnetic moment (3.36 i, compared to 3.49 ug
for x = %), indicates that the extent of antiferromagnetic
clustering is enhanced in Sr, sLa, sZn, ;Ru, sO,. Nonethe-
less, the value of p. is still in good agreement with the
expected value for a localized tig configuration. The high
temperature clusters are likely to carry an uncompensated
magnetic moment, the orientation of which will be influ-
enced by an external field, The small divergence between
the zfc and fc susceptibilities observedin [ kG at T< ~160
K can be attributed to such an effect. Upon increasing
the applied field from 1 to 5 kG, the fc susceptibility is

KIM AND BATTLE

suppressed, as is often observed in frustrated magnetic
systems (25). It should be noted, however, that field-
dependent behaviour is also observed (Fig. 5) in the zfc
susceptibility below 160 K. This could be due to the pres-
ence of a small amount of ferromagnetic STRuQ;, the
Curie temperature of which is known 1o be 160 = 10 K
(26). Alternatively, finite clusters with antiferromagnetic
interactions may behave as superparamagnetic particles
in this temperature range,

The magnetic susceptibility of Sr,Zn,;;Ru,;0, reveals
a more complex temperature dependence. As shown in
Fig. 6a, while the zfc curve appears to have a maximum
at ca. 10 K, the fc susceptibility continues to increase with
decreasing temperature. Such magnetic irreversibility is
typical of a frustrated magnetic system, for example a
spin glass (27). This indicates that, as described above,
the competition between the NN and NNN interactions
produces a substantial degree of frustration in this com-
pound. However, unlike Sr; <Lay sZny sRu, ;04 , no diver-
gence of the zfc and fc data is observed at temperatures
above the freezing temperature, T;. An increase in the fc
susceptibility below T; has previously been observed in
some spin glasses and has been ascribed to the presence
of a small number of unfrozen spins which experience a
net internal field of zero (28). These entropic clusters will
then contribute a paramagnetic component to the overall
magnetic susceptibility. The field dependence of the fc
data at T < T; also demonstrates the frustrated nature of
Sr,Zn,;Ru,;;0,. As the applied field is increased from |1
to 5 kG, the magnitude of the fc data is slightly reduced.
This is presumably because, when an external field is
applied to spin glasses, the random interactions compete
with the Zeeman energy and can be significantly reduced
by a strong field (27). The magnetic irreversibility is again
confirmed by the observation of a thermoremanent mag-
netization (TRM). [t may be noted that the behavior of the
TRM is similar to the linear dependence often identified in
metallic spin glasses (29), Levy et al. suggested that in
spin glasses correlations among the spin directions and
local anisotropy fields might produce a macroscopic an-
isotropy during field-cooling (30), resulting in a displaced
hysteresis loop. Figure 6¢ shows that the fc hysteresis
curve is indeed shifted from the origin although the shift
is less prominent than those observed previously in other
oxide spin glasses (13, 23). In fact, the frusirated magnetic
behavior discussed above is not only associated with spin
glasses. There exist a number of frustrated magnetic sys-
tems which retain long-range magnetic order at low tem-
peratures (31). In view of the high concentration of Ru®*
ions, Sr.Zn,;Ru,;;0, may contain a backbone of spins
which show long range magnetic order below ca. 10 K.
It is surprising that the susceptibility of Sr,Zn,;,Ru,,50,
does not follow a Curie~Weiss law in any part of the
experimental temperature range (Fig. 6b). The magnetic
susceptibility is nearly temperature-independent at high
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FIG. 8. The zfc molar magnetic susceptibility of Sry La;_5,Zn;_,
Ru,Q, as a function of temperature, collected in an applied field of 1
KG. (@) x = & (b)x = & () x = 4

temperatures, as in metallic Sr,RuQ, (1, 2). Figure 8 also
shows that the high temperature susceptibility (per Ru**
mole} of Sr,Zn,;Ru,;0, is considerably smaller than
those of the samples with x = % and %, One possible
explanation is that in this compound the relatively high
concentration of NN Ru’* gives the 4d band a significant
width, and a degree of electron delocalization is thus intro-
duced. This itinerant electron character is reflected in the
high values of u.; and 8, as it was in the case of the
3D perovskite Ba,LaRuQ, (32}). Although the interatomic
interactions in these compounds are strong enough to
move the magnetic properties away from the localized-
electron limit, the Hubbard splitting remains strong
enough for the electrical conductivity to retain an activa-
tion energy. In the case of Sr,Zn,,Ru,;0,, the insulating
nature of the compound may be enhanced by the low
dimensionality of the crystal structure.

To summarise, although previous studies have shown
that the magnetic properties of the K;NiF,-type oxides
are dominated by nearest-neighbor interactions, the work
presented in this paper reveals the importance of next-
nearest-neighbor interactions. Our results suggest that the
electronic properties of Ru’* in the solid solution
Sry.La,_;.Zn,_,Ru, O, span the whole spectrum between
isolated, localized electron configurations {(x = %) and the
itinerant electron limit (x = 2). Clearly, further work needs
to be carried out in order to fully understand the electronic
properties of these materials.
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