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Anomalous magnetic properties of the double perovskite ruthenate compound Sr2YRuO6 are reported here.
Magnetization measurements as a function of temperature in low magnetic fields show clear evidence for two
components of magnetic order �TM1�32 K and TM2�27 K� aligned opposite to each other with respect to
the magnetic-field direction even though only Ru5+ moments can order magnetically in this compound. The
second component of the magnetic order at TM2�27 K results only in a magnetization reversal, and not in the
negative magnetization when the magnetization is measured in the field-cooled �FC� mode. Isothermal mag-
netization �M-H� measurements show hysteresis with maximum coercivity �Hc� and remnant magnetization
�Mr� at T�27 K, corroborating the presence of the two oppositely aligned magnetic moments, each with a
ferromagnetic component. The two components of magnetic ordering are further confirmed by the double peak
structure in the heat-capacity measurements. These anomalous properties have significance to some of the
earlier results obtained for the Cu-substituted superconducting Sr2YRu1−xCuxO6 compounds.

DOI: 10.1103/PhysRevB.78.024432 PACS number�s�: 75.60.Jk, 75.50.Ee, 74.70.Pq

I. INTRODUCTION

Sr2YRuO6 belongs to the family of double perovskite in-
sulators, Sr2LnRuO6 �Ln=rare earth or Y�,1 where the Ru
ions exist in the pentavalent state �Ru5+� with a high-spin
state 4A2g and 4d3 configuration �J=3 /2�. Even though the
structure of these compounds can be derived from the well-
known perovskite structure of SrRuO3 by replacing alternate
Ru ions with Ln ions,2 these compounds do not show any
similarity to their parent compound SrRuO3, which is a fer-
romagnetic metal. The layered structure,3 consisting of alter-
nate LnRuO4 and SrO planes, accommodates both the Ru
and rare-earth atoms in the same LnRuO4 plane and hence
both the atoms share the same site symmetry �B site of the
perovskite structure ABO3�. The alternating positions of the
Ru and Ln atoms in the unit cell result in two types of inter-
actions between the Ru atoms: �i� direct interaction of Ru-O-
O-Ru and �ii� indirect interaction through the rare-earth at-
oms, Ru-O-Ln-O-Ru. Since the compounds having
nonmagnetic Ln ions �Y and Lu� are also found to order
magnetically,2,4 the direct interaction is assumed to be stron-
ger than the indirect interaction through the rare-earth atoms.
Among the Sr2LnRuO6 compounds, Sr2YRuO6 has captured
additional interest due to the occurrence of superconductivity
when Ru is partially ��15%� replaced by Cu.5–10 Cu is
found to get substituted at the Ru site in the YRuO4 planes
and thus the structure of the substituted compounds remains
the same as that of the parent compound, without creating
any additional Cu-O planes.7

The parent compound Sr2YRuO6 is known to be an anti-
ferromagnetic insulator with the Ru moments ordering at
TN=26 K.2 The magnetic ordering temperature �TN� was in-
ferred as 26 K from the position of the peak in the magneti-
zation measurements. Neutron-diffraction measurements at
4.2 K have confirmed the magnetic ordering of the Ru mo-
ments, consisting of a type I antiferromagnetic �AFM� struc-
ture. Due to the monoclinic distortion of the structure, the
compound is expected to show canting of the Ru moments
resulting from the Dzyaloshinsky–Moriya �DM�

interactions11,12 among the antiferromagnetically ordered
spins. How such a compound becomes a metallic magnetic
superconductor without creating Cu-O planes is still a puz-
zling question. There are still many unanswered questions
regarding the origin of magnetism and superconductivity in
the Cu-substituted Sr2YRuO6 compounds. At the same time,
there are no detailed magnetization studies available for the
parent compound itself, except for one report on Sr2YRuO6
single crystals,13 which confirms the magnetic ordering and
weak ferromagnetism. In addition, the resistivity of
Sr2YRuO6 single crystals13 shows anomalous behavior be-
low TN followed by a Mott-type transition at 17 K, whereas
the magnetoresistance becomes negative below 30 K. The
band-structure calculations14 have indicated the competition
between the antiferromagnetic and ferromagnetic fluctua-
tions among the Ru moments. We present here some addi-
tional evidence for the competition between antiferromag-
netic and ferromagnetic couplings in this compound.
Detailed measurements of magnetization and heat capacity
show some anomalous properties exhibited by Sr2YRuO6.
Both the measurements unfold clear evidence for two mag-
netic orderings �TM1�32 K and TM2�27 K�, even though
the magnetic ordering in this compound can occur only by
Ru moments. The magnetization measurements corroborate
that both the magnetic ordering occurs with ferromagnetic
components and these two components align opposite to
each other with respect to the magnetic-field direction, re-
sulting in a magnetization reversal. The results presented
here have relevance to the magnetic properties exhibited by
the Cu-substituted superconducting Sr2YRu1−xCuxO6
compounds.5–10

II. EXPERIMENTAL DETAILS

Polycrystalline samples of Sr2YRuO6 were prepared by
the standard solid-state reaction method by mixing stoichio-
metric amounts of SrCO3, Y2O3, and Ru metal powder and
heating at 960 °C for 12 h. The final sintering of the pellet-
ized powder was carried out at 1360 °C for 24 h after sev-
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eral intermediate heat treatments followed by grindings.
X-ray diffraction pattern of the samples was recorded on an
X’pert PRO diffractometer �PANalytical, Holland�. The mag-
netization as a function of temperature and magnetic field
was measured using a vibrating-sample magnetometer
�Quantum Design, USA�. The heat-capacity measurements
using the relaxation method were performed using a physical
property measurement system �Quantum Design, USA� in
the temperature range of 1.8–300 K.

III. RESULTS AND DISCUSSION

The Rietveld analyses of the x-ray diffraction patterns us-
ing FULLPROF software showed that the compound forms in
single phase with a monoclinic structure �space group
P21 /n�. The lattice parameters obtained from the analyses
are a=5.769 Å, b=5.772 Å, and c=8.159 Å along with �
=90.18°, which are in good agreement with those reported
earlier.2 Figure 1 illustrates the magnetization of Sr2YRuO6
as a function of temperature in zero-field-cooled �ZFC� and
field-cooled �FC� modes. In the ZFC measurements, the
sample was cooled in zero applied field to 2 K; the required
magnetic field was applied and then the data were taken
while increasing the temperature. For the FC measurements,
the sample was cooled from the paramagnetic state to 2 K in
an applied field and the data were recorded while heating the
sample. In order to minimize the remnant field in the super-
conducting magnet before the ZFC measurements, the mag-
netic field was reduced to zero from a large field value in the
oscillating mode. This made sure that the remnant field was
within �2 Oe. The lower panel shows the ZFC measure-

ments for various applied field values. For low-field values,
the magnetization is negative at lower temperatures. As the
temperature is increased, the magnetization remains indepen-
dent of temperature until �20 K and then surprisingly de-
creases to go through a minimum. As the temperature is fur-
ther increased, the magnetization increases, goes through a
positive maximum, and then shows the normal paramagnetic
behavior. For H=1.5 kOe, the ZFC magnetization starts
with a positive value at low temperatures but goes through
negative value at the minimum. For higher fields, the mag-
netization is always positive, even though it goes through a
minimum. The width of the peaks at the maximum and mini-
mum as well as the temperature at which they occur depends
slightly on the applied fields; both decrease with increasing
field. The upper panel of Fig. 1 shows the FC measurements
at various applied fields. The FC magnetizations show a
broad peak and the temperature at which the peak occurs
shows a weak temperature dependence on the applied fields.

In order to ascertain that the anomalies observed in the
ZFC magnetization is not entirely due to effects of negative
remnant magnetic field in the superconducting coils, we have
carried out FC measurements in smaller field values, both
positive and negative. Figure 2 shows the FC measurements
for an applied field of �10 Oe. It is clear that the FC mag-
netization remains negative whether the field is positive or
negative. Such effects are seen up to 25 Oe above which the
FC curves switch over to the positive side. Neutron-
diffraction studies at 4.2 K �Ref. 2� had indicated only an
AFM ordering of the Ru moments. It was also proposed that
the distorted monoclinic structure can give rise to a small
canting of the Ru moments and hence a small ferromagnetic
component in this compound resulting from the DM interac-
tions between the antiferromagnetically ordered Ru mo-
ments. This, however, cannot explain the observed magneti-
zation behavior in this compound. A simple ferromagnetic
component due to canting can make the magnetization nega-
tive in the ZFC mode if the remnant field is negative. How-
ever, then the magnetization will monotonically decrease as
the temperature is increased and will cross over to the posi-
tive side before completing the magnetic order. A typical
example for such a behavior is shown in the inset of Fig. 2
for MnCO3, which is a well-known canted antiferromagnet
having DM interactions.15 We have also made sure that the
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FIG. 1. �Color online� Magnetization vs temperature for
Sr2YRuO6 in ZFC and FC modes under various applied fields.
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compound does not contain any SrRuO3 impurities �not de-
tected in x-ray diffraction patterns� by taking the ZFC and
FC data for small field values in the temperature range of
100–200 K �even a small trace of SrRuO3 impurity will give
a thermal hysteresis around its ferromagnetic ordering tem-
perature �150–160 K� between the ZFC and FC measure-
ments�.

In order to further corroborate that there exists more than
a simple canting in this compound, we have carried out de-
tailed magnetization measurements as a function of magnetic
field at different temperatures. Figure 3 depicts the low-field
magnetic isotherms at some selected temperatures. At low
temperatures, well below the magnetic anomalies, the mag-
netization curves are almost linear with a small value for
coercivity �Hc�. As the temperature crosses 22 K, the mag-
netization shows significant hysteresis and the magnetization
loops open up. The opening of the loop increases until the
temperature reaches �27 K and then decreases as the tem-
perature is further increased. Even at 32 K, the hysteresis is
much more than the same at 5 K. At 35 K, we see only a
linear behavior expected for a paramagnet. Even though the
hysteresis loops are not closed at some temperatures �Figs.
3�d� and 3�e��, they show a normal behavior when the ap-
plied fields are extended to higher values �see main panel of
Fig. 4�. No other anomalies are observed in the high-field
magnetization curves. The coercivity and the remnant mag-
netization plotted as a function of temperature in the inset of
Fig. 4 show a maximum near 27 K and a decrease in either
side of this temperature. This clearly demonstrates that some
sort of magnetization reversal happens at 27 K.

There are no reports about the heat capacity of this com-
pound in the literature. The result of our heat-capacity mea-
surements for Sr2YRuO6 is presented in Fig. 5�a�. Two peaks
are obvious, one at T= �30 K and the other at T= �26 K,
which correspond well to the anomalies observed in the mag-

netization. There is only a minor effect by the magnetic field
on the heat capacity of the sample even at 50 kOe �Fig. 5�a��,
even though a small decrease in the temperature dependence
of the peak positions were observed in the magnetization
measurements. In order to have an estimate of the approxi-
mate magnetic heat capacity, the phonon contribution needs
to be subtracted from the total measured heat capacity. Since
there are no nonmagnetic analogs available for this com-
pound, the phonon contribution was calculated from the
combined Debye and Einstein equations,16

Cph = R� 9

1 − �DT
� T

�D
�3	

0

xD x4ex

�ex − 1�2dx
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1
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where �s are the anharmonicity coefficients, �D is the Debye
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FIG. 3. �Color online� Isother-
mal magnetization curves for
Sr2YRuO6 at different
temperatures.
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temperature, �Ei
is the Einstein temperature, and xD=�D /T.

The best possible fit was obtained when the calculations
were performed by using one Debye and three Einstein fre-
quencies along with a single �E. The solid line in Fig. 5�b�
represents the fit to the phonon contribution, which is in
good agreement with the experimental data at high tempera-
tures �above the magnetic ordering�. The parameters ob-
tained from the best fit are �D=200 K, �E1=300 K, �E2
=529 K, �E3=615 K, �E=1.0�10−4 K−1, and �D=1.0
�10−4 K−1. The anharmonic coefficients were added for ob-
taining a better fit at high temperatures. The Debye and Ein-
stein temperatures obtained for Sr2YRuO6 are comparable
with those obtained for YVO3 where the phonon contribution
was obtained in a similar fashion, but with only two Einstein
frequencies along with one Debye frequency.17 The magnetic
heat capacity Cmag, obtained by subtracting the calculated
phonon heat capacity from the total heat capacity, is shown
in the Fig. 5�c� along with the magnetic entropy �Smag

=�T1

T2
Cmag

T dT�. The two peaks become more obvious in the
magnetic heat capacity. In Sr2YRuO6, the magnetic transition
can occur only due to the ordering of Ru5+ moments. In that
case, the exact reason for the observed double peak behavior
is not very clear at present. Magnetic entropy �Smag� in-
creases with temperature and saturates to a value of
�2.6 J mol−1 K−1 above 30 K. If we consider the ground
state of Ru5+ ions as J=3 /2, then the expected magnetic

entropy is 11.52 J mol−1 K−1 �S=R ln�2J+1��, correspond-
ing to the fourfold-degenerate ground sate. However, the
crystalline electric fields, if present, can split this ground
state into two doubly degenerate states, giving rise to a
ground-state multiplicity of only 2.18 This will reduce the
magnetic entropy of the compound to 5.76 J mol−1 K−1

�S=R ln 2�. The observed entropy, however, is even less than
half of this value. In fact, neutron-diffraction measurements
had estimated a value of 1.8 �B /Ru5+ at 4 K �instead of the
expected value of 3 �B /Ru5+� in the magnetically ordered
state.2 This moment value corresponds well with the doubly
degenerate ground state. If we compare the reduction in en-
tropy of Sr2YRuO6 to that observed for YVO3,17 frustrations
of Ru spins at high temperatures �above the magnetic order-
ing� can be attributed as the reason for the reduction in en-
tropy. The correlation between the frustrated moments at
high temperatures reduces the contribution of the entropy to
the magnetic ordering. Such a frustration among the Ru mo-
ments is inferred in Sr2YRuO6 as the possible reason for the
reduction in TN even though the compound possesses a large
exchange integral value.14

It is clear that Sr2YRuO6 exhibits two anomalies, the first
at �32 K �TM1� and the second at �27 K �TM2� even
though the magnetic ordering in this compound can come
only from the Ru5+ moments. If we assume that the two
anomalies are associated with the magnetic ordering of the
Ru moments, then the observed behavior is very interesting.
The isothermal magnetization curves at different tempera-
tures �Fig. 3� clearly demonstrate that the first magnetic or-
der starts at TM1�32 K with a ferromagnetic component
resulting in the increase of hysteresis and Hc as the tempera-
ture is lowered. This ferromagnetic component is expected
from the canting of the antiferromagnetically ordered Ru
moments because of the DM interactions. However, the de-
crease in hysteresis and Hc below 27 K indicates that a sec-
ond component of the magnetic order also develops with a
ferromagnetic component �TM2� but aligns itself opposite to
the first component and hence opposite to the applied field.
This component almost cancels the first component and
hence the hysteresis is negligible at low temperatures
��20 K�. These anomalies are further confirmed in the zero-
field remnant magnetization measurements, as shown in Fig.
6�a�. Here the sample was cooled �FC� in a field of 5 kOe
down to 10 K. The field was then removed and the remnant
magnetization was measured in zero field while warming the
sample. The remnant magnetization shows a normal decrease
up to �20 K, but then increases, goes through a maximum
at �27 K, and then decreases to zero above 32 K. This
clearly demonstrates that the magnetic ordering consists of
two components and they are aligned opposite to each other
with respect to the magnetic-field direction. While cooling
the sample in magnetic field, the first component orders and
aligns parallel to the field at �32 K, but the second compo-
nent aligns antiparallel to the field at �27 K, decreasing the
net magnetization. However, this antiparallel component is
not strong enough to make the magnetization negative as in
the case of some LnVO3 compounds. As the sample is
warmed up in zero field, the remnant magnetization increases
when the antiparallel component relaxes and completes its
disordering.
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In order to verify the thermodynamic reversibility of the
FC state, we have measured the remnant magnetization by
field cooling the sample down to two preselected tempera-
tures �T1 and T2� on either side of the maximum in the FC
magnetization curve, as shown in Fig. 6�a�. In the first case,
the sample was field cooled to 28 K �TM2�T1�TM1�, where
only the first magnetic component would have ordered, and
the field was removed. In the second case, the sample was
field cooled to 23.5 K �T2�TM1 ,TM2�, where both compo-
nents would have undergone magnetic ordering, before re-
moving the field. In both cases, the remnant magnetization
follows exactly the original remnant curve, which was ob-
tained by switching the field off at 10 K, proving the ther-
modynamic reversibility of the magnetically ordered states.
Further evidence for the opposite alignments of the two com-
ponents of magnetic ordering is evident from the data in Fig.
6�b�. Here the sample was cooled in a negative field
�−50 Oe� so that the magnetization at 5 K is negative. At 5
K, the field was increased in the positive direction
��2.2 kOe� until the magnetization became positive. Mag-
netization shows normal behavior up to 20 K but shows a
sudden dip to go through a negative minimum at �27 K.
Thus it is clear that whether the sample is cooled in positive
or negative field, the two components of magnetic order
align always opposite to each other.

Neutron-diffraction measurements in this compound at
4.2 K �Ref. 2� had indicated that the nuclear structure of the

compound remains unchanged at 4.2 K, ruling out the pos-
sibility of any structural changes. On the other hand if we
assume that one of the anomalies is due to a possible struc-
tural change, then the changed structure should again revert
back to the original structure at low temperatures. From the
position of the magnetic diffraction peaks, magnetic ordering
of the Ru moments was deduced to be antiferromagnetic
with a type I structure.2 However, the temperature variation
of the intensity of magnetic peak�s� was not reported and
hence the exact temperature at which the Ru moments order
is not available. TN of �26 K was assigned to this com-
pound simply from the position of the peak in the high-field
magnetization measurements.2 Even though there are no de-
tailed experimental observations in Sr2YRuO6, many experi-
mental results including neutron diffraction exist for Cu-
substituted Sr2YRu1−xCuxO6 compounds.7–10 Assuming that
the magnetic properties associated with the ordering of the
Ru moments are not drastically altered, we can analyze the
results of the �SR measurements in the Cu-substituted
compounds.8,10 Both the precession frequency and relaxation
rate show anomalies at �30 K for muons trapped in the two
possible sites: oxygen in the YRuO4 layers ��O�1,2�� and oxy-
gen in the SrO layers ��O�3��. The authors assigned this
anomaly to the fluctuation of the Ru moments, which order
in a spin-glass state. This is exactly the same temperature
range at which the first component of magnetic ordering
starts in our studies for the parent compound �TM1�. The
variation of the power exponent at the �O�1,2� site as a func-
tion of temperature10 almost resembles the mirror image of
our temperature variation of the coercivity and remnant mag-
netization �inset of Fig. 4�. It was also proposed that the
fluctuations of the Ru moments stop at T=23 K and order
antiferromagnetically. We have identified this temperature in
our studies as the temperature at which the second compo-
nent of magnetic moments completes its ordering. 99Ru
Mössbauer measurements in Sr2YRu1−xCuxO6 �x=0.05�
�Refs. 8 and 9� have confirmed the magnetic ordering of Ru
moments. Both the isomer shift and the hyperfine field val-
ues are consistent with the pentavalent nature of the Ru mo-
ments. From the temperature variation of the Mössbauer
spectra,9 it was concluded that the magnetic ordering of the
Ru moments persists up to 30 K, which is consistent with the
magnetic ordering temperature TM1 in our measurements.
Additional support for the Ru ordering as high as 30 K
comes from the neutron-diffraction measurements reported
for Sr2YRu1−xCuxO6 �x=0.15� where the intensity of the
magnetic peak due to the ordering of Ru moments is evident
up to �30 K.7

In ZFC measurements, the sample is always cooled in a
nominal remnant field ���2 Oe in our case�. This may
result in the negative magnetization at low temperatures.
When the magnetic field is applied, the magnetization re-
mains negative for low fields �Fig. 1� but changes over to
positive values for sufficiently large fields. Even then a mag-
netization reversal happens and the magnetization goes
though a negative minimum in between the two transitions.
This behavior may be caused by the fact that the large fields
flip �to orient parallel to the field� some, but not all, of the
spins oriented against the field. As the field value increases,
the majority of the spins, oriented antiparallel to the field,
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align parallel to the field, resulting only in a small minimum
at TM2. In FC magnetization �H	50 Oe�, the first compo-
nent of the magnetic transition aligns along the field at TM1,
resulting in a positive magnetization. However, at TM2, the
second component aligns antiparallel to the first component,
resulting in the reduction in magnetization. When this align-
ment is over, the magnetization remains constant, as in the
case of FC measurements in smaller fields.

The reason for the two components of the magnetic or-
dering reminiscent of ferrimagnetic ordering in this com-
pound is not clear. In the ordered double perovskite
Sr2LnRuO6 compounds, the B site of the perovskite structure
ABO3 is uniquely occupied either by Ru or the rare-earth
metal ions due to the lower coordination number compared
to Sr. Since ruthenium is considered to be in the oxidation
state of 5+ in these compounds, the chances of ferrimagnetic
ordering of Ru5+ /Ru4+ moments are very rare. We have re-
peated the measurements with samples annealed in air, oxy-
gen, or argon and all of them showed the same behavior. In
fact, the isomer-shift values from the 99Ru Mössbauer mea-
surements in Sr2YRuO6 had confirmed the pentavalent oxi-
dation state of Ru moments.8,19 Even if the spin-glass state is
assumed as suggested by Harshman et al.,10 the observed
properties—the magnetization reversal, thermodynamic re-
versibility of magnetization, and two peaks in heat
capacity—cannot be explained. The magnetic interactions
among the ordered Ru moments can take place in two ways:
�i� the 
-superexchange interaction between nearest-
neighbor �nn� Ru5+ ions via Ru-O-O-Ru pathway and �ii� the
�-superexchange between the next-nearest-neighbor �nnn�
Ru5+ ions via Ru-O-Y-O-Ru pathway. The relative strengths
of these two interactions will determine the type of magnetic
ordering at low temperatures. Since Y is a nonmagnetic ion,

it is not expected to take part in the exchange interaction and
hence the second interaction between the nnn is assumed to
be negligible. This assumption can further be supported by
the fact that the relaxation rate at the �O�3� site for the muons
is very much smaller than the relaxation rate at the �O�1,2�
site8,10 since the Ru-O-Y-O-Ru pathway includes the oxygen
at the O�3� sites only. Whether the competition between
these two interactions, however, can give rise to the observed
double peak behavior needs further investigations. It is pos-
sible that the stronger interaction orders the Ru moments at
TM1 and the weaker interaction realigns some of the Ru mo-
ments in the opposite direction at TM2. It is possible that the
second component of the magnetic order at TM2 is not strong
enough to bring the magnetization down to negative values
even though it gets reduced. However, why the second com-
ponent aligns the moments against the first component and
hence the magnetic field is not clear now. Detailed neutron-
diffraction measurements are needed as a function of tem-
perature to explain the reason for the observed anomalies.

In conclusion, we have reported some of the anomalous
properties exhibited by SrYRuO6 deduced from the detailed
magnetic and heat-capacity measurements. Two distinct
magnetic orderings are evident in the compound even though
only Ru moments can order in this compound. The two com-
ponents of the magnetic order align always opposite to each
other and to the magnetic field. Observation of hysteresis and
coercivity in magnetic isotherms below the magnetic order
indicates the presence of ferromagnetic component associ-
ated with the magnetic ordering. The presence of two well
defined peaks in the heat capacity indicates that the two mag-
netic components have large entropy change associated with
the ordering.

1 P. C. Donohue and E. L. McCann, Mater. Res. Bull. 12, 519
�1977�.

2 P. D. Battle and W. J. Macklin, J. Solid State Chem. 52, 138
�1984�.

3 D. Serrate, J. M. De Teresa, and M. R. Ibarra, J. Phys.: Condens.
Matter 19, 023201 �2007�.

4 P. D. Battle and C. W. Jones, J. Solid State Chem. 78, 108
�1989�.

5 M. K. Wu, D. Y. Chen, D. C. Ling, and F. Z. Chien, Physica B
�Amsterdam� 284-288, 477 �2000�.

6 D. R. Harshman, W. J. Kossler, A. J. Greer, C. E. Stronach, E.
Koster, B. Hitti, M. K. Wu, D. Y. Chen, F. Z. Chien, H. A.
Blackstead, and J. D. Dow, Physica B �Amsterdam� 289-290,
360 �2000�.

7 H. A. Blackstead, J. D. Dow, D. R. Harshman, W. B. Yelon,
Ming Xing Chen M. K. Wu, D. Y. Chen, F. Z. Chien, and D. B.
Pulling, Phys. Rev. B 63, 214412 �2001�.

8 H. A. Blackstead, J. D. Dow, D. R. Harshmanl, M. J. DeMarco,
M. K. Wu, D. Y. Chen, F. Z. Chien, D. B. Pulling, W. J. Kossler,
A. J. Greer, C. E. Stronach, E. Koster, B. Hitti, M. Haka, and S.
Toorongian, Eur. Phys. J. B 15, 649 �2000�.

9 M. DeMarco, H. A. Blackstead, J. D. Dow, M. K. Wu, D. Y.
Chien, F. Z. Chien, M. Haka, S. Toorongian, and J. Fridmann,
Phys. Rev. B 62, 14301 �2000�.

10 D. R. Harshman, W. J. Kossler, A. J. Greer, D. R. Noakes, C. E.
Stronach, E. Koster, M. K. Wu, F. Z. Chien, J. P. Franck, I.
Isaac, and J. D. Dow, Phys. Rev. B 67, 054509 �2003�.

11 I. Dzyaloshinsky, J. Phys. Chem. Solids 4, 241 �1958�.
12 T. Moriya, Phys. Rev. 120, 91 �1960�.
13 G. Cao, Y. Xin, C. S. Alexander, and J. E. Crow, Phys. Rev. B

63, 184432 �2001�.
14 E. V. Kuz’min, S. G. Ovchinnikov, and D. J. Singh, Phys. Rev. B

68, 024409 �2003�.
15 S. B. Romanova and M. P. Orlova, Zh. Eksp. Teor. Fiz. 31, 579

�1956�.
16 C. A. Martin, J. Phys. Condens. Matter 3, 5967 �1991�.
17 G. R. Blake, T. T. M. Palstra, Y. Ren, A. A. Nugroho, and A. A.

Menovsky, Phys. Rev. B 65, 174112 �2002�.
18 Y. Doi, Y. Hinatsu, A. Nakamura, Y. Ishii, and Y. Morii, J. Mater.

Chem. 13, 1758 �2003�.
19 R. Greatrex, N. N. Greenwood, M. Lal, and I. Fernandez, J.

Solid State Chem. 30, 137 �1979�.

RAVI P. SINGH AND C. V. TOMY PHYSICAL REVIEW B 78, 024432 �2008�

024432-6


