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The structures, magnetism, and electronic transport properties of (Laj+xSri—x)CoRuOg
(—0.50 = x = 0.25) double perovskites have been investigated. All samples are found to
crystallize with the monoclinic P2,/n superstructure. An increase of antisite disorder with
|x| is found to be controlled by a reduction in the average charge and size difference between
the Co and Ru states. Neutron diffraction results for (LaSr)CoRuOgs show the presence of a
long-range, ordered antiferromagnetic state with propagation vector (*/, 0 /,) below 85 K.
Hole doping (x < 0) enhances the Neel temperature slightly, whereas electron doping
(x > 0) results in a sharp decrease. Resistivity measurements showed all compositions to be
variable-range-hopping semiconductors, where hole doping decreases the resistivity by 2
orders of magnitude, but electron doping has a much less pronounced effect.

Introduction

A large number of double perovskites with B-cation
ordering of transition-metal cations have been prepared
since the 1950s (ref 1). Some of these perovskites,
including Sr,FeMoOg and Sr,FeReOg, are found to be
itinerant ferrimagnets that display large low-field mag-
netoresistances.?® The itinerancy and ferrimagnetism
arise from a double exchange type mechanism in which
ordering and electronic configurations of the transition-
metal cations play a critical role.# Structurally, the 3d
(B) and 4d or 5d (B') transition metal cations are ordered
in an alternating (rocksalt) manner within a perovskite
lattice. Electronically, the 3d cation has a large spin (S
= 2 to 5, for Fe?™~Fe3") whereas the 4d or 5d cation
usually has S < 1/,. We are studying new analogous
materials in which both of the B site cations have
substantial magnetic moments, such as Co?" and Ru®,
which both have S = 3/,. Here we present a study of
the (Lay+xSri1-x)CoRuOg system, which displays control
of electronic properties both by doping and by cation
inversion (Co/Ru antisite disorder), as well as an
unusual, indeterminate magnetic structure. The x =0
phase was previously reported (ref 5) to be a 3D
variable-range-hopping (VRH) semiconductor that or-
ders magnetically at T = 157 K. Recently, we have
presented a study into the analogous (La;+yxCa;—x)CoRuOg
system.6
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Experimental Section

Initial studies showed that homogeneous (LaxSri1-x)CoRuOg
solid solutions could be prepared for —0.50 < x < 0.25 by solid-
state reaction. Stoichiometric amounts of La,Os; (99.9+%),
SrCO;3; (99.9+%), Co304 (99.9+%), and RuO, (99.9%) were
ground, pressed into pellets, and heated for a total of 48 h at
1200 °C (with three intermediate regrinding steps). All
samples were deemed to be phase pure, as X-ray powder
diffraction (XPD) patterns collected on a Philips PW1710
diffractometer showed no impurity reflections to be present.

Magnetic susceptibilities were measured using both an
Oxford Instruments vibrating sample magnetometer (VSM)
and a Quantum Design SQUID. The temperature (50—300 K)
dependence of the electrical resistivity was measured using a
Quantum Design Physical Property Measurement System and
a Keithley K236 source measurement unit. All samples were
measured in zero magnetic field and in H = 1000 Oe.

The crystal and magnetic structures of (LaSr)CoRuOs have
been investigated using neutron powder diffraction (NPD).
NPD experiments were performed on the high-resolution D2B
diffractometer at the Institute Laue Langevin in Grenoble,
France. Data were collected in the 5 < 260 < 160° range in
0.05° increments at 4 K, and between 30 and 300 K in 30 K
intervals. The neutron wavelength was 1.5946 A. The GSAS
suite of programs was used for Rietveld fitting of the NPD and
XPD data.”® A pseudo-Voigt function convoluted with an axial
divergence contribution was used to describe the peak shape
for both XPD and NPD data.

Results and Discussion

X-ray Diffraction. Rietveld analysis of the XPD data
showed all (La;;1xSri-x)CoRuOg (—0.50 = x =< 0.25)
compounds to crystallize with the monoclinic P2;/n
superstructure commonly found in double perovskites.!
Figure 1 illustrates the ordered double perovskite
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Figure 1. View of the structure of monoclinic (LaSr)CoRuOg
at 300 K. Shaded/unshaded polyhedra are occupied by Co/Ru.
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Figure 2. Fractional occupancy of the majority B and B’
cations (circles) and unit cell volumes (squares) for (La;+xSri—x)-
CoRuQe.

structure for the x = 0 compound at 300 K, as deter-
mined from NPD data. The cell volume is found to
increase linearly from x = —0.50 to 0.10, indicating the
formation of a solid solution (Figure 2), although an
anomalous contraction is observed for x = 0.25. The
P2:/n superstructure allows for a rocksalt ordered
arrangement of Co and Ru over the perovskite B-sites,
whereas La and Sr are randomly distributed over the
A-sites. Rietveld analysis shows a small degree of Co/
Ru disorder (8% inversion) for x = 0 and a larger degree
of disorder for both x < 0 and x > 0 (Figure 2).

As reported for the M = Ca analogue (ref 6), two
potential causes of Co/Ru antisite disorder in
(Laz+xM1-x)CoRuOg (M = Ca,Sr) can be distinguished.
One cause is a reduction in size and charge difference
between the average Co and Ru states. Anderson et al.
have shown that B-cation charge and size differences
are critical for obtaining a high degree of rocksalt
ordering in double perovskites, and a formal charge
difference of >3 between transition-metal cations is
usually required.! Assuming the presence of only Co?"
and Ru®" states at x = 0 (which is confirmed by bond
valence sum calculations, Table 2 and ref 6), then doping
with M (x < 0) or La (x > 0) results in the partial
oxidation of Co?" or reduction of Ru®", respectively. The
presence of Co®t (x < 0) or Ru*t (x > 0) reduces the
average charge and size differences between Co and Ru
sites compared to x = 0, and therefore antisite disorder
increases with |x|.

The second possible cause of Co/Ru antisite disorder
is the random strain field resulting from the A-site La/M
disorder. The presence of quasirandomly arranged A-
cations results in structural disorder on the A-sites that
can be quantified using the statistical size variance® ¢2
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= [fa20— [FalA. The A-cation size variance is an impor-
tant parameter in controlling the physical properties of
perovskite materials, such as the Curie temperature of
the CMR manganites and the superconducting transi-
tion of the high-T, cuprates.® Any coupling between
A-site and B-site disorder will be maximal for x = 0,
where the A-site variance is largest, 02 = 3.24 x 10~
A2, (M = Ca) or 02 = 22.09 x 1074 (M = Sr), and
decreases with increasing |x|. The B-site disorder is
found to be minimal for x = 0 in both series of
(Lai+xM1—x)CoRuOg compounds (8% inversion for M =
Sr and no inversion for M = Ca) and increases with ||
(ref 6 and Figure 2). Therefore, the increase in antisite
disorder for x < 0 and x > 0 can be attributed to a
decreasing average charge and size difference of the Co
and Ru states. The difference in B-site ordering ob-
served for the x = 0 compositions is in keeping with the
relatively large amount of A-site disorder present for
M = Sr.

Magnetic Properties. The temperature dependence
of the field-cooled (FC) (H = 100 Oe) magnetic suscep-
tibilities of the (Laj+xSri—x)CoRuOg compounds are
shown in Figure 3a. A ferromagnetic ordering transition
at ~170 K is observed for all samples and the onset does
not change significantly with x. The absence of a
magnetic ordering transition at ~170 K in the neutron
diffraction patterns of the x = 0 phase, combined with
the identical ordering temperatures for all x, suggests
that the ferromagnetism is due to a small amount of
SrRuOg3, which is known to order magnetically at 140—
167 K (refs 10,11). Furthermore, no ferromagnetism was
observed in the (La;+xCai—x)CoRuOg analogues, and the
possible analogous CaRuO3; impurity phase is antifer-
romagnetic (ref 6). Figure 3b shows the temperature
dependence of the zero-field-cooled (ZFC) susceptibility
for the x = 0 composition, measured in H = 100 Oe. The
ZFC susceptibility has a maximum at 85 K that is
associated with the Neel transition to long-range anti-
ferromagnetic ordering in the principal LaSrCoRuOg
phase, as discussed later. The additional shoulder at
~150 K is due to the ferromagnetic SrRuOj3 contribu-
tion. Under ZFC conditions, the limited alignment of
magnetic domains in this magnetically soft material
leads to a smaller magnetization than under FC condi-
tions (Figure 3a), enabling the paramagnetic to anti-
ferromagnetic transition in the principal phase to be
seen. The Neel temperatures of the other compositions
could also be determined from the ZFC susceptibilities
and are given in Table 1. For x < 0, Ty increases slowly
to a maximum of 91 K (x = —0.50), whereas for x > 0,
Tn decreases rapidly to 52 K (x = 0.25), signaling a
strong asymmetry for hole (x < 0) and electron (x > 0)
doping. The field dependence of the magnetization
(Figure 3c) for x =0 at 20 K features a small hysteresis
on an essentially linear (antiferromagnetic) background.
Extrapolation of the linear regions indicated a satura-
tion magnetization Mg, ~ 0.1 emu/g, which corresponds
to a 1.5% SrRuOg3 impurity (taking Msa: = 15 emul/g for
SrRuQg, ref 10). Comparison of the FC susceptibilities
at 50 K (Figure 3a) indicates a SrRuO3; impurity of ~2%
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Table 1. Fitted Unit Cell Data, Neel Temperatures, and Curie—Weiss Parameters for the (Lai+xSri-x)CoRuOg Double
Perovskites

X —0.50 -0.25 -0.10 0 0.1 0.25
a(A) 5.5764(2) 5.5863(2) 5.5877(2) 5.5903(2) 5.5894(2) 5.5887(2)
b (A) 5.5374(2) 5.5484(2) 5.5561(2) 5.5639(2) 5.5731(2) 5.5645(2)
cA) 7.8250(2) 7.8522(2) 7.8648(2) 7.8744(2) 7.8822(2) 7.8740(2)
B (deg) 90.05(1) 90.01(1) 90.03(1) 90.03(1) 90.04(1) 90.05(1)
Tn (K) 91 90 88 85 70 52
tert (uslfu) 5.43 6.31 6.41 5.37 5.78 6.19
0 (K) 8 —40 —43 -15 —40 -31

for the x < 0 samples and of ~0.5% for x > O, in
agreement with the changing La/Sr ratio.
Paramagnetic moments and Weiss temperatures
(Table 1) were determined from Curie—Weiss fits to the
susceptibility data in the 180 < T < 300 K range. All
Weiss temperatures (Table 1) are negative with small
magnitudes, indicating the presence of antiferromag-
netic interactions, except for x = —0.50, which has 6 =
8 K. The effective moment found for x = 0 (uers = 5.4
uglfu) is close to the expected spin-only value (ueff = 5.5
usl/fu) assuming the presence of Co?* (high spin) and
Ru>" states. The gradual increase in uerr observed for
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Figure 3. (a) Field-cooled (H = 100 Oe) magnetic susceptibili-
ties for (Lai+xSri-x)CoRuOg, (b) zero-field-cooled magnetic
susceptibility and inverse susceptibility for (LaSr)CoRuOg (the
solid lines correspond to Curie—Weiss fits), and (c) magnetiza-
tion-field hysteresis loop for (LaSr)CoRuOs.

electron doping (x > 0, Table 1) was also observed for
the analogous (La;+xCai—x)CoRuOg compounds and is
inconsistent with a local spin approximation where
reduction of 4d3 (tyg°) RuS to low-spin 4d* (tz¢*) Ru4*
decreases the predicted spin-only moment to 5.3 ug/fu
for x =0.25. For hole doping (x < 0), no trend is observed
(Table 1), contrary to the gradual increase in uef found
for (Lai+xCai—x)CoRuOs.

Transport Properties. All (La;+xSri—x)CoRuOg com-
positions were found to be VRH semiconductors. The
temperature dependence of the resistivity was fitted in
the 50 < K <300 K range (Figure 4a,b) using a VRH
equation with Mott prefactor?!?

pT) = poy/TITo exp ™o

where d is the dimensionality of the variable-range-
hopping process (d = 3). The onset of magnetic ordering
does not result in any resistivity anomalies. The fitted
To parameter has a maximum value (2.8 x 108 K) for x
= 0 and decreases for x > 0 and x < 0, indicating a lower
energy barrier for the hopping process (Figure 5). The
resistivities decrease by almost 2 orders of magnitude
for hole doping (x < 0) but change much less signifi-
cantly for electron doping (x > 0) (Figure 5). Excess Sr
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Figure 4. Temperature dependence of the resistivities for
(Laz1«Sr1-x)CoRuOs, (a) with x = 0 and (b) x < 0. The lines
correspond to fits using the VRH model.
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Table 2. Refined Atomic Parameters for (LaSr)CoRuOs at 300 K (Top Entries) and 4 K (Bottom Entries) and 300 K
Fractional Occupancies and Bond Valence Sums (BVS) for the Metals Indicated and Oxygen Sites?

atom position X y z B (A?) occupancy BVS
La/Sr 4e 0.0033(6) 0.0218(4) 0.251(1) 0.60(4) 0.50/0.50 La: 2.72(2)
0.0042(5) 0.0259(3) 0.251(1) 0.14(3) Sr: 2.35(2)
Co/Rul 2c 0.5 0 0.5 0.14(4) 0.94(1)/0.06(1) Co: 2.40(2)
—0.08(4)
Co/Ru2 2d 0.5 0 0 0.14(4) 0.06(1)/0.94(1) Ru: 4.83(3)
—0.08(4)
o1 4e 0.2886(8) 0.280(1) 0.0355(6) 0.48(13) 1.00 2.03(2)
0.2933(7) 0.279(1) 0.0351(6) 0.16(12)
02 4e 0.2324(9) 0.774(1) 0.0264(7) 0.98(13) 1.00 1.98(2)
0.2309(8) 0.777(1) 0.0280(6) 0.48(11)
03 4e —0.0662(5) 0.4938(6) 0.255(1) 0.64(7) 1.00 2.07(2)
—0.0684(4) 0.4937(5) 0.252(1) 0.22(5)

a Residuals for the 300 K fit: y? = 1.60, Rwp = 5.48%, Rp = 4.30%, Re? = 3.95%. Residuals for the 4 K fit: y? = 2.69, Rwp = 4.96%,

Rp = 3.90%, Re2 = 3.57%.
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Figure 5. The fitted To VRH parameter and resistivities at
150 K for (Lai+xSr1-x)CoRuOs.

(x < 0) is expected to introduce holes (Co3" states) in
the Co?* tyg band, and the conductivity measurements
show that these have an enhanced mobility over the
intrinsic charge carriers. Electron doping (x > 0) evi-
dently creates local Ru*t states in the Ru®t tpq band that
do not have a significantly higher mobility. None of the
samples showed a significant magnetoresistance effect
between zero field and H = 1000 Oe.

Neutron Diffraction, Crystal Structure. The tem-
perature dependencies (4—300 K) of the structural
parameters of (LaSr)CoRuOg were determined by Ri-
etveld fitting of the D2B NPD data. The nuclear
patterns at 4 and 300 K are almost identical, with no
evidence for any structural transition in this tempera-
ture range. No diffraction peaks for SrRuOs; were
observed. The atomic coordinates, occupancies, isotropic
temperature factors, and selected bond lengths and bond
angles at 300 and 4 K are given in Tables 2 and 3.
Neutron diffraction showed a 6% inversion of Co and
Ru, which is comparable to that observed by X-ray
diffraction (8% inversion). Bond valence sums® (BVS)
are given in Table 2 and are consistent with the
presence of Co?™ and Ru®" states. It must be noted that
the bond valence sums using the observed metal—
oxygen bond lengths provide the only accurate experi-
mental information on the Co/Ru oxidation states. The
paramagnetic moment of 5.4 ug/fu does not distinguish
between the theoretical spin-only moments of Co?* +
RUS™ (uess = 5.5 up/fu) and high-spin Co®™ + Ru*™ (uefr =

(12) Mott, N. F. Metal Insulator Transitions; Taylor and Francis:
London, 1974.

(13) Bond Valences were calculated using the Valist program (Wills,
A. S.; Brown, I. D.; CEA: France, 1999) using standard parameters
except for Rp = 1.89 A for Ru(V)—0, which is taken from ref 6.

Table 3. Selected Bond Distances (A) and Bond Angles
(deg) for (LaSr)CoRuOg at 300 and 4 K&

300 K 4K
La/Sr—01 2.735(9) 2.730(8)
La/Sr—O01 2.448(9) 2.447(9)
La/Sr—01 2.771(10) 2.748(9)
La/Sr—O1 3.252(8) 3.269(8)
La/Sr—02 2.581(8) 2.563(8)
La/Sr—02 2.688(9) 2.677(8)
La/Sr—02 2.792(10) 2.778(9)
La/Sr—02 3.114(9) 3.148(8)
La/Sr—03 2.962(4) 2.986(3)
La/Sr—03 2.654(4) 2.637(3)
La/Sr—03 2.449(4) 2.437(3)
La/Sr—03 3.150(4) 3.152(3)
Co—01 2.043(5) 2.063(4)
Co—02 2.012(6) 2.020(5)
Co—03 2.038(8) 2.019(8)
[Co—00 2.031(4) 2.034(3)
Ru-01 1.976(6) 1.954(5)
Ru—02 1.966(6) 1.958(5)
Ru—03 1.969(9) 1.985(8)
[Ru—00 1.970(4) 1.966(4)
Co—0O1-Ru 157.6(3) 157.1(3)
Co—02—Ru 164.8(3) 163.5(3)
Co—03—Ru 158.6(2) 157.9(1)

2 Co and Ru labels refer to sites Co/Rul and Co/Ru2 in Table 2,
respectively.

5.7 ug/fu). Furthermore, the absence of a unique solution
to the magnetic structure (see below) prevents the
saturation moments of Co and Ru from being unam-
biguously determined.

The contraction of the unit cell volume upon cooling
(Figure 6a) is adequately described by the following
equation

TD
V(T) =V, + A coth T

where Tp = 116(8) K is the Debye temperature, Vo =
243.1(1) A3 is the unit cell volume at T — 0, and A =
0.63(6) is a fitting constant. The a-axis also shows a
gradual contraction with temperature (Figure 6b),
whereas the contractions of the b- and c-axis are less
gradual (Figure 6a,b).

The temperature dependencies of the octahedral
Co—0 and Ru—0 bond lengths are given in parts a and
b of Figure 7, respectively. The average Co—O and
Ru—0 bond lengths do not decrease significantly in the
4—300 K range (Table 3). The average Co—O—Ru bond
angle is found to decrease gradually on going from 300



1826 Chem. Mater., Vol. 16, No. 9, 2004

T TTTT TTTT TTTT TTTT TTTT TTTT L
(a) TS p45.0
C 2446

7.8680— 7 s
< C 2444 g
° B 12442 3

7.8640— 242 o

- 2440 7

7.8600-© 2438

7\ | ‘ L1l ‘ L1l | L1l ‘ L1l | Ll | I: 2436
0 50 100 150 200 250 300
Temperature (K)
(b) 559007\ ‘ TTTT TTTT ‘ TTTT | TTTT ‘ TTTT | TTT \A)I:
55880 | 5.5630
’ C o) il 3]

5.5860— ° — 5.5620
558400 -0 55610
< - e} ]

S 558201 fi ] =
© E °© & 55600
5.5800— o 1~
E o ]
55780 o © g—» - 5.5590
Fobod o ]
5.5760 m 3 55580
557407\ ‘ 1111 ‘ L 111 ‘ | I | 1111 ‘ L 111 | I | 1

0 50 100 150 200 250 300
Temperature (K)

Figure 6. Temperature dependence of (a) the c-axis and unit
cell volume and (b) the a- and b-axis in (LaSr)CoRuOe.
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to 90 K and then remains constant down to 4 K (Figure
8). At 300 K the RuOg octahedra are undistorted,
whereas the CoOg octahedra have two short and four
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Figure 8. Thermal evolution of the average Co—O—Ru bond
angle (deg) in (LaSr)CoRuOe.

long bonds. Upon cooling both the CoOg and RuOg
octahedra gradually distort to give four short and two
long bonds at 4 K. The Co?* high-spin 3d” electronic
configuration has a “T ground state in octahedral
symmetry and so is susceptible to a Jahn—Teller distor-
tion that can result in a tetragonal elongation with two
long and four short bonds. This corresponds to the
situation at 4 K but is exactly opposite to the CoOg
octahedral distortion at 300 K. No discontinuities in the
cell constants have been observed that could signal the
occurrence of a magnetostrictive anomaly at Ty, as for
example observed in (LaCa)CoRuOg (ref 6) and in CoO
(ref 14). Therefore, the small distortions of the BOg
octahedra in the 300—4 K range probably result from
the thermal contraction of the structure rather than a
Jahn—Teller distortion or a magnetostrictive anomaly
associated with the onset of long-range magnetic order-
ing at 85 K. The significant antisite disorder for (LaSr)-
CoRuOg (6—8% inversion) compared to (LaCa)CoRuOg
(no inversion) may suppress a possible magnetostriction
at the Neel transition.

Neutron Diffraction, Magnetic Structure. Mag-
netic reflections were observed below 90 K (Figure 9)
and no evidence for any long-range magnetic ordering
transition was found at 170 K. The magnetic reflections
were all indexed by a propagation vector of (/2 0 /),
showing that antiferromagnetic Co and Ru sublattices
are present. A symmetry representation analysis of the
possible spin arrangements has previously been re-
ported?® for the analogous monoclinic double perovskite
SroMnMoOg, which also has the (/2 0 1/,) magnetic
propagation vector but only one magnetic B cation
sublattice (Mn). That study showed that four Mn spin
representations gave equally good fits to the powder
neutron diffraction data, in part because the monoclinic
cell distortion is too small to resolve (hkl) and (hKI)
magnetic reflections.

Determination of the magnetic structure of (LaSr)-
CoRuOg is complex, because two magnetic B cation
sublattices (Co and Ru) are present. All of the four spin
representations in ref 15 were found to give equally good
fits to the powder neutron data. Furthermore, for any
model, the magnitudes of the Co and Ru moments are
very highly correlated, so that refinements with spin
only at Co, only at Ru, or some intermediate combina-
tion gave equivalently good fits. Refinement of the spin

(14) Greenwald, S. Acta Crystallogr. 1952, 6, 396.
(15) Munoz, A.; Alonso, J. A.; Casais, M. T.; Martinez-Lope, M. J.;
Fernandez-Diaz, M. T. J. Phys.: Condens. Matter 2002, 14, 8817—8830.
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Figure 9. Observed (crosses), calculated (full line), and
difference NPD Rietveld profiles for (LaSr)CoRuOs at 4 K. (a)
The low angle region, with prominent magnetic superstructure
reflections labeled and (b) the entire profile. Reflection markers
correspond to the Bragg positions of the structural (bottom)
and magnetic phase (top).
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Figure 10. Spin directions in a fitted antiferromagnetic model
for (LaSr)CoRuQOgs. Co/Ru atoms are shown as open/closed
circles.

components showed that the moments lie in the (010)
plane and the Co moments were found to be perpen-
dicular to the Ru moments in all refined models. One
of the possible models for the magnetic structure is
shown in Figure 10. This model has collinear sublattice
moments with antiparallel alignment of moments re-
lated by the (Y 1/, 1/,) translation operation. The
difference in the reduced y? (goodness-of-fit) between
models with only Co spins [ucox = 0.85(5) us, tcoz =
—2.05(4) ug, resultant uc, = 2.22(4) ug, and y? = 2.69]
or only Ru spins [urux = 0.93(6) us, truz = 2.34(4) us,
Ury = 2.51(4) us, and x? = 2.80] is not significant.

If the magnetic structure of (LaSr)CoRuOg is assumed
to have substantial magnetic moments at both Co and
Ru sites, then the possible spin arrangements such as
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that in Figure 10 are consistent with the presence of
dominant Co—O—Ru—0O—Co linear o-superexchange
interacting via vacant eg orbitals on Ru, leading to an
antiferromagnetic Co sublattice. Symmetric exchange
coupling between the Co and Ru sublattices is frus-
trated, leaving weaker antisymmetric (Dzialoshinski—
Moriya) interactions to determine the perpendicular
arrangement of Co and Ru sublattice moments.

Conclusions

Powder X-ray diffraction shows the (La;+xSr1—x)CoRuOg
double perovskites (—0.50 < x < 0.25) to crystallize in
the monoclinic P2;/n space group with a rocksalt ordered
arrangement of the Co and Ru cations. The antisite
disorder is small (8% inversion) for x = 0 and increases
for x < 0 and x > 0, consistent with a decrease between
the average charge and size differences of the Co and
Ru states for increasing |x|.

Susceptibility measurements revealed ferromagnetic
transitions at approximately 170 K for all compositions,
but these are assigned to 0.5—2% of an SrRuO3 impu-
rity, below the limits of X-ray detection.

Variable-temperature neutron powder diffraction shows
the appearance of long-range antiferromagnetic order-
ing (k = (Y2, 0, 1/3)) below Ty = 85 K for (LaSr)CoRuOe.
No magnetic transition is observed at T ~ 170 K. The
magnetic structure is indeterminate, as an infinite
number of solutions varying from a purely magnetic
cobalt sublattice (uco = 2.2 ug) to a purely magnetic
ruthenium (ury = 2.5 ug) sublattice or intermediate
combinations with significant moments on both Ru and
Co can fit the magnetic neutron intensities. Frustration
of the ordering within the Co and/or Ru sublattices is
evidenced.

The Neel temperatures of (La;xSri—-x)CoRuQs, as
determined from ZFC magnetic susceptibilities, are
found to increase slightly for x < 0, whereas a rapid
decrease for x > 0 is observed, signaling a strong
asymmetry between hole and electron doping. Resistiv-
ity measurements showed all samples to be semi-
conducting 3D VRH semiconductors, where the resistiv-
ity decreases by 2 orders of magnitude for x < 0 but
decreases much less significantly for x > 0.

The intrinsic properties of the (Laj+«xSri-x)CoRuOg
solid solution as reported in this paper resemble those
of the previously reported (La;+xCai—x)CoRuOg double
perovskites, which also show control of the Co/Ru
antisite disorder by average charge and size differences,
an (indeterminate) antiferromagnetic ground state with
k = (Y, 0, ;) (below Ty = 96 K), and a strongly
asymmetric doping dependence of the magnetization
and resistivity. The discrepancies in the apparent
magnetic behavior can be ascribed to the presence of a
ferromagnetic SrRuO3 impurity in the (LajxSri—x)-
CoRuOg samples, whereas CaRuOs, if present in the
(Lai+xCa;—x)CoRuOg samples, would be antiferromag-
netic.
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