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Abstract— This paper reports the role of A-site (Sr and Ca) cation substitution on the transport and magnetic properties of 
LaSrCoRuO6. Both compounds crystallize in double perovskite structure, are perfectly ordered systems with Co2+ and Ru5+ 
magnetic ions coupling antiferromagnetically. The larger Co-O-Ru bond angles in LaSrCoRuO6 imply a straighter bond 
leading to the population of the π* band of Ru and a higher conductivity.  Resistivity of the compounds is in confirmation 
with the hopping conduction behavior. Magnetization measurements indicate that the LaSrCoRuO6 compound exhibits 
ferromagnetic like rise in magnetization below 160K, attributed to a competition between linear Co-O-Ru-O-Co and the 
perpendicular Ru-O-O-Ru or Co-O-O-Co type antiferromagnetic correlations. The competition is enabled due to the 
straightening of the Co-O-Ru bonds in the Sr containing sample. 
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I. INTRODUCTION 
 
SrRuO3 is a metallic ferromagnetic perovksite with a 
Curie temperature Tc = 160K [1] while CaRuO3, 
though metallic does not have any long range 
magnetic order in its RuO3 arrays [2]. Although the 
substitution of more acidic Ca2+ ion for Sr2+ narrows 
the π* band, but this band narrowing leads to a 
progressive transition to a nonmagnetic state (J=0) as 
a result of spin-orbit coupling λL.S. Substitution of 
trivalent transition metal ions like Cr3+, Mn3+, Fe3+ 
attracts the holes, it introduces into π* band to give an 
antiferromagnetic M3+-Ru5+ interaction that stabilizes 
ferromagnetic clusters as has been shown by Maignan 
et al [3]. Double perovskites of the type La2RuM2+O6, 
wherein the 4d electron configuration is localized on 
an octahedral Ru4+ ion, the spin-orbit coupling makes 
ground state have a principal quantum number J = 0 
[4]. Bos et al [5] have shown that the Co2+ spins of 
La2CoRuO6 order antiferromagnetically below TN = 
25K. Ordered double perovskites, La(A)CoRuO6 
which contain Co2+ and Ru5+ ions in alternate 
octahedral sites are variable range hopping 
semiconductors and order antiferromagnetically with 
two opposed Co and two opposed Ru spin sublattices 
with TN = 96K for A =Ca and 85K for A = Sr [6,7]. 
In our earlier reported studies [8], we have found that 
even a small disorder in Co and Ru occupancies gives 
rise to a competition between ferromagnetic and 
antiferromagnetic interactions. The ferromagnetic 
interactions are a result of Ru-O-Ru coupling that 
arise due disorder in the Co-O-Ru-O-Co arrays. The 
low field (50 Oe) magnetization measurements on 
ordered LaSrCoRuO6 shows a wide separation 
between zero field cooled and field cooled data 
indicating the presence of weak ferromagnetic 
interactions in the antiferromagnetically ordered 
sample. 

These ferromagnetic interactions could be due to tiny, 
undetectable amounts of SrRuO3 impurity or due to 
the presence of Ru-O-Ru interactions at the 
antiphasic boundaries or due to the presence of Sr at 
the A site of the perovskite sub-cell.  SrRuO3 
impurity can be rules out because even a tiny amount 
would have shown ferromagnetic like hysteresis 
below its ordering temperature.  
 
The Hysteresis loop recorded at 5K in the applied 
fields of ±5T and presented in Fig. 1 shows 
absolutely no hysteresis. In order to distinguish 
between the remaining two possibilities, a 
comparative study between the magnetic and 
transport properties of the two double perovskites, 
LaSrCoRuO6 and LaCaCoRuO6 is presented here. 
Both the samples have the similar structural and 
magnetic ground states. Antiphasic boundaries in 
both the samples have the possibility of Ru-O-Ru 
interactions being present. The difference is however 
in the occupancy of the A-sites, in one case they will 
be occupied by La and Sr while in the other La and 
Ca will be present. 
 
II. EXPERIMENTAL 
 
Polycrystalline samples of LaSrCoRuO6 and 
LaCaCoRuO6 were synthesized by firing pellets of 
stoichiometric amounts of La2O3, SrCO3, 
Co(NO)3)2.6H20, RuO2 and La2O3, CaCO3, Co3O4, 
RuO2. These starting powders were ground 
thoroughly, pressed into pellets and heated for a total 
of 48 hrs at 1300ºC with three intermediate 
regrinding steps. All samples were deemed to be 
phase pure, as X-ray diffraction (XRD) data collected 
on a Rigaku X-ray diffractometer in the 2θ range of 
18º ≤ 2θ ≤ 80º using CuKα radiation showed no 
impurity reflections. 
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Fig.1. Isothermal Magnetization recorded at 5K in applied 

fields of ± 5T for LaSrCoRuO6. 
 
The diffraction patterns were Rietveld refined using 
FULLPROF suite and structural parameters were 
obtained DC magnetization (M) was measured, both 
as a function of temperature and magnetic field using 
the Quantum Design SQUID magnetometer (MPMS-
5S) was measured in an applied field of 50 and 1000 
Oe in the temperature range of 5 – 300K. The sample 
was initially cooled from 300 to 5K in zero applied 
field and the data was recorded while warming up to 
300K in the applied magnetic field (referred to as 
ZFC curve) and subsequent cooling (referred to as FC 
curve) back to 5K. Magnetization as a function of 
field was measured under sweep magnetic fields up to 
± 5T at various temperatures. Before each M(H) was 
recorded, the sample was warmed to 300K and 
cooled back to the desired temperature. The 
temperature dependence of the electrical resistivity in 
the range (10K to 300K) was measured using a 
standard four probe set up. 
 
III. RESULTS 
 
The Rietveld refined XRD patterns for the two 
samples, LaSrCoRuO6 and LaCaCoRuO6 are 
presented in Fig.2. Both the compounds crystallize 
with the monoclinic P21/n superstructure. Expectedly, 
the cell volume of LaSrCoRuO6 was found to be 
larger than that of LaCaCoRuO6. The P21/n 
superstructure allows for rocksalt ordered 
arrangement of Co and Ru over the perovskite B-sites 
whereas La and Sr/Ca are randomly distributed over 
the A-sites. In the Rietveld refinement, the scale 
factor, background parameters, cell parameters, Co 
and Ru site occupancies along with instrumental 
broadening, totaling to 17 parameters were refined in 
that order to obtain a good fit. The crystallographic 
parameters obtained from the refinement of the XRD 
patters along with the Curie-Weiss parameters 
calculated from the magnetization measurements are 
summarized in Table 1. Both the samples can be 
termed as ordered as a negligible degree of Co/Ru 
disorder (about 2% in LaSr and 1% in LaCa) is seen. 
A perfectly ordered structure would mean that Co and 

Ru should be in divalent and pentavalent states. The 
bond valence sum calculations as seen in Table. 1, 
confirm the presence of only Co2+ and Ru5+ states in 
both the double perovskites. Another point worth 
noting is the Co-O-Ru bond angle. The three Co-O-
Ru bond angles have been obtained from Rietveld 
refinement of room temperature XRD data. These 
values are presented in Table 1. While our values are 
in good agreement with those reported in Refs [6] and 
[7], those in case of LaSrCoRuO6 are distinctly larger 
as compared to LaCaCoRuO6. The larger Co-O-Ru 
bond angle will imply a straighter bond. A straighter 
bond will lead to the population of the π* band of Ru 
and therefore higher conductivity. 
 

 
Fig.2. Rietveld refined XRD patterns for LaSrCoRuO6 (upper 
panel) and LaCaCoRuO6 (lower panel). The open circles show 
the observed counts and the continuous line passing through 
these counts is the calculated profile. The difference between 

the observed and the calculated patterns is shown as a 
continuous line at the bottom of the two profiles. The 

calculated positions of the reflections are shown as vertical 
bars. 

 
The temperature dependence of the resistivity for 
LaSrCoRuO6 is as shown in the Fig. 3. Both the 
compounds are found to be variable range hopping 
semiconductors. The temperature dependence of 
resistivity was fitted in the entire range using a VRH 
equation: 

휌(푇) = 휌표
푇
푇표				푒푥푝(

푇표
푇 ) /( ) 

Where d is the dimensionality of the variable-range 
hopping process (d = 3). 
 
Resistivity of LaSrCoRuO6 exhibits a peculiar 
behavior. Below 160K, the resistivity of the sample is 
lower than that expected from the resistivity 
calculated using thermally activated type temperature 
dependence. This can be regarded as to be due to 
some kind of spin ordering. No such anomaly is 
visible in the case of LaCaCoRuO6. It can also be 
noticed that the resistivity of the Sr containing double 
perovskite is lower than that with Ca at the A-site. 
This lower resistivity can be related to the structure. 
The lower Co-O-Ru bond angle which leads to 
population of the π* band in LaSrCoRuO6 provides 
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quasi-itinerant charges which decrease the resistivity 
in case of this sample. 
 
Magnetization measurements performed in applied 
fields of 1000 Oe during the ZFC and FC cycles for 
LaSrCoRuO6 and LaCaCoRuO6 samples are 
presented in Fig. 4. In the case of LaSrCoRuO6, both 
the ZFC and FC cycles rise sharply below 160K and 
branch off below 130K. While the ZFC curve 
culminates into a broad hump centered at about 55K, 
the FC curve approaches a constant value below 77K. 
It has been reported earlier that this sample orders 
antiferromagnetically below TN = 87K [7]. 
 

Table.1. Unit cell parameters, Co and Ru site 
occupancies obtained from Rietveld refinement, Bond 

Valence sums, Bond angles between Co and Ru 
octahedral and Curie-Weiss parameters calculated 

from magnetization measurements at 1000 Oe for the 
two samples of LaSrCoRuO6 and LaCaCoRuO6. 

Numbers in parentheses are uncertainty in the last 
digit. 

 
 
In the case of LaCaCoRuO6 as well, a similar type of 
antiferromagnetic ordering is reported below TN = 
96K. Our data also shows a deviation from 
paramagnetic behavior around 80K. This difference 
in ordering temperature could be due to volatilization 
of Ru at high temperature during sample preparation. 
However, the sharp rise at about 150K seen in case of 
Sr containing sample is absent in LaCaCoRuO6. This 
has been attributed to the non ferromagnetic nature of 
CaRuO3. These double perovskites can have tiny 
undetectable amounts of SrRuO3 and CaRuO3 
depending upon A-site cations. 

 
Fig.3. Temperature dependence of resistivity for LaSrCoRuO6 

and LaCaCoRuO6. 
 

 
Fig.4. Magnetization as a function of temperature at applied 

fields of 1000 Oe for LaSrCoRuO6 and LaCaCoRuO6. 
 
Since SrRuO3 orders antiferromagnetically, a sharp 
rise in magnetization of LaSrCoRuO6 is visible. 
However, from our previous studies and Fig.1, it can 
be seen that no hysteresis is seen in isothermal 
magnetization ruling out the presence of even tiny 
amounts of SrRuO3 impurity. Therefore, the 
difference in magnetization behavior has to be 
intrinsic and could be related to the presence of larger 
Sr as compared to Ca. 
 
In order to discount the possibility of presence of 
Ru4+ in the compounds, inverse susceptibility (1/ χ = 
H/M) as a function of temperature is plotted in Fig. 5. 
It can be seen that while the susceptibility of 
LaSrCoRuO6 deviates from the Curie-Weiss behavior 
below 150K, that of LaCaCoRuO6 is linear down to 
80K. Fitting of the Curie-Weiss equation to the data 
yields effective paramagnetic moment µeff = 5.47 
µB/f.u and 5.24 µB/f.u for Sr and Ca samples 
respectively. These values are in fairly good 
agreement with the calculated spin only moments of 
Co2+ and Ru5+ ions. The Curie-Weiss temperature 
values for both these compounds are also reported in 
Table 1. θCW are large and negative and in agreement 
with the values reported in literature [6, 9]. The 
negative values of θCW indicate the presence of strong 
antiferromagnetic interactions in both the compounds. 
 
Magnetization measurements in a low field of 50 Oe 
were measured during ZFC and FC cycles on both the 
sample, LaSrCoRuO6 and LaCaCoRuO6 and are 
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presented in Fig. 6. In the case of LaCaCoRuO6, both 
the FC and ZFC curves trace each other in the entire 
temperature region and exactly replicate the behavior 
as seen in 1000Oe, whereas for LaSrCoRuO6, the 
magnetization exhibits a large deviation between the 
ZFC and FC cycles below 160K and is very different 
from that seen at 1000 Oe. During the FC cycle, the 
magnetization decreases with increase in temperature, 
exhibiting a sharp transition at about 160K 
resembling a transition from a magnetically ordered 
to a paramagnetic state. ZFC magnetization is low 
and shows a small increase with increasing 
temperature up to about 160K. Since ferromagnetic 
SrRuO3 impurity has been rules out, the behavior in 
LaSrCoRuO6 could be related to weak ferromagnetic 
interactions arising from anti-symmetric exchange 
interactions like the Dzyloshinskii-Moriya (DM) 
interactions [10, 11, 12] due to the monoclinic crystal 
structure of LaSrCoRuO6. Double perovskites with 
Ru5+ ions like Sr2YRuO6 are known to have 
competing ferromagnetic and antiferromagnetic 
interactions [13].  The low symmetry structures of 
these double perovskites are susceptible to structural 
distortions and these can give rise to some 
antisymmetric exchange interactions.  Since the 
symmetric exchange coupling between the Co and Ru 
sublattices is frustrated, the weaker antisymmetric 
(DM) interactions determine the perpendicular 
arrangement of the Co and Ru sublattice moments.  
 

 
Fig.5. Plot of Inverse Magnetic susceptibility (1/ χ = H/M) as a 
function of temperature for LaSrCoRuO6 and LaCaCoRuO6. 

The solid line is a fit to Curie-Weiss equation. 
 

 
Fig.6. Magnetization as a function of temperature at applied 

fields of 50 Oe in LaSrCoRuO6 and LaCaCoRuO6. 

These interactions strengthen the Co-O-O-Co or Ru-
O-O-Ru antiferromagnetic exchange paths leading to 
a slight canting of the Co and Ru moments. Since the 
Co-O-Ru bond angles in LaCaCoRuO6 are smaller, 
the antiferromagnetic alignment is strengthened 
which is reflected in the slightly higher TN and much 
larger negative value of θCW. 
 
IV. DISCUSSION 
 
In SrRuO3, the 4d electrons of the Ru4+ ions occupy a 
narrow π* band that is two-thirds filled but the 
spontaneous magnetization extrapolated to 0K is 
Ms(0) = 1.4µB/Ru [14], which is reduced from the 
spin-only value of 2.0µB/Ru. Broadening the π* band 
by substituting the more basic Ba2+ ion for Sr2+ ion in 
the cubic perovskite, lowers both Tc and Ms(0) as 
anticipated for itinerant-electron ferromagnetism 
[15]. Substitution of the more acidic Ca2+ ion for Sr2+ 
narrows the π* band, but this band narrowing does 
not lead to an increase in the Ms(0) [16]. Instead, it 
leads to a progressive transition to a nonmagnetic 
state (J =0) as a result of spin-orbit coupling. 
 
The narrow π* band at the threshold of a transition 
from itinerant to localized electronic behavior in the 
A2+RuO3 perovskites is due to Ru4+ -O2- -Ru4+ 
interactions. Introduction of the trivalent La3+ at the 
A-site in A2-xLaxRu2-xCoxO6 narrows the π* band 
further and converts some of the Ru ions to 
pentavalent state. At x =1, an archtype double 
perovskite of the type LaACoRuO6 results with Co2+ 
and Ru5+ states. This charge transfer is facilitated 
because the partially filled 3d levels of Co3+ are well 
below the conduction band of Ru4+. Therefore, it is 
energetically favorable to transfer electrons from the 
Ru4+ conduction band (π* band) to the electronic 
states of Co, even though such electrons will be more 
localized. This explains the transition from metallic 
ARuO3 to semiconducting double perovskites. 
Further, the presence of Co2+ in high spin state and 
Ru5+ ions ensure stable spins down to lowest 
temperature. 
 
In both the double perovskites, LaSrCoRuO6 and 
LaCaCoRuO6, the presence of substantial magnetic 
moments at both Co and Ru leads to dominant Co-O-
Ru-O-Co linear σ super-exchange interaction via the 
vacant eg orbital’s on Ru, leading to an 
antiferromagnetic Co and Ru Sublattices. In addition, 
the existence of competing 90° Co-O-O-Co and Ru-
O-O-Ru antiferromagnetic exchange paths results in 
magnetic frustration. Low values of long range 
magnetic moments detected by neutron diffraction are 
a result of this frustration [17]. Presence of Sr has an 
effect on the width of the π* band of Ru in the double 
perovskite. As can be seen from the Rietveld 
refinement of XRD patterns, Co-O-Ru bond angle is 
higher in Sr containing double perovskite than that in 
LaCaCoRuO6. A straighter bond angle will aid in 
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formation of quasi-itinerant π* bands. This results in 
lower resistivity. Further, such formation will result 
in weak ferromagnetic interactions due to anti-
symmetric exchange coupling which is a cause of 
large difference between the ZFC and FC 
magnetization curves in LaSrCoRuO6. 
 
CONCLUSION 
 
In summary, the double perovskites, LaSrCoRuO6 
and LaCaCoRuO6 form archtype double perovskites 
crystallizing in a monoclinic structure. This structure 
allows for ordering of the B-site cations in a NaCl 
fashion. This type of ordering is favored due to the 
charge difference of δ ≥ 3 between Co and Ru. 
Although, both are perfectly ordered systems with 
Co2+ and Ru5+ magnetic ions coupling 
antiferromagnetically, LaSrCoRuO6 sample exhibits 
ferromagnetic like rise in magnetization below 160K. 
This can be attributed to competition between linear 
Co-O-Ru-O-Co and the perpendicular Ru-O-O-Ru or 
Co-O-O-Co type antiferromagnetic correlations. This 
competition is enabled due to straightening of Co-O-
Ru bonds in the Sr containing sample. These 
interactions compete with each other leading to a 
slight canting of the antiferromagnetically aligned 
spins leading to the observed ferromagnetic signal. 
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