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We report the structural and magnetic properties of quasi-one-dimensional �1D� spin chain compounds
Ca3Co2−xFexO6 �x=0, 0.1, 0.2, and 0.4�. Simultaneous Rietveld refinement of powder neutron and x-ray
diffraction patterns at room temperature confirmed the single-phase formation for all the samples in the

rhombohedral structure with space group R3̄c. Rietveld refinement and Mössbauer study confirmed that Fe3+

ion was doped at trigonal prism site, 6a �0, 0, 1 /4� of Co. Decrease of intrachain positive exchange constant
J and increase of interchain negative exchange constant J� with iron substitution result in deviation from “1D
character” in these spin chain compounds. Deviation from the H−3/2 dependence of magnetization-approach to
its saturation value for higher iron concentration �x=0.4� further supports this observation. The observed
results have been ascribed to a breaking of the ferromagnetically ordered linear spin chains along the crystal-
lographic c axis with iron doping and strengthening of antiferromagnetic exchange interaction between Fe3+

ions.
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I. INTRODUCTION

Low dimension materials are currently in limelight due to
their anisotropic electronic and magnetic properties.1 For ex-
ample, Haldane2 has predicted that the one-dimensional �1D�
Heisenberg antiferromagnets, described by the Hamiltonian:
H=�iJSi·Si+1, have different behavior for integer and nonin-
teger values of the spins. In the former case, the ground state
is separated from the excited state by an energy gap while
the latter does not show any energy gap. Among the low
dimensional materials, quasi-one-dimension compounds of
type A3MXO6 �A=Ca, Sr and �M ,X�=alkali or transition
metal ions� have recently attracted a lot of interest.3–24 These
compounds crystallize in the K4CdCl6 �rhombohedral� type

structure with space group R3̄c. Crystal structure of these
compounds consists of chains of alternating face-sharing
MO6 trigonal prism �TP� and XO6 octahedra �OCT� along
the crystallographic c axis �Fig. 1�. These chains are linear if
no structural distortion exists at MO6 trigonal prism and XO6
octahedra. The K4CdCl6 type rhombohedral structure under-
goes a monoclinic distortion if ions at �M ,X� position are
Jahn-Teller ions. For example Sr3CuPtO6 crystallizes in the
monoclinic structure �space group C2/c� due to the presence
of Cu2+ �Jahn-Teller� cation at the M site4 resulting in the
zigzag arrangement of Cu and Pt ions along the c axis. For
the rhombohedral structure, these linear spin chains of
�M ,X� ions are arranged on a triangular lattice in the ab
plane and each chain is surrounded by six chains. These
linear spin chains are separated by nonmagnetic A2+ ions.
One-dimensional character in magnetic properties for these
compounds is expected because distance between the mag-
netic ions along the chain is approximately half that of the
interchain distance �5.24 Å for Ca3Co2O6�. Geometrical
frustration in these compounds with a triangular lattice of
spin chains is expected if the spins are Ising type �aligned
along the crystallographic c axis� and interchain interaction
is antiferromagnetic �AFM�. Many compounds of the afore-
said series have been synthesized and their magnetic proper-
ties have been studied from the point of view of one-

dimension magnetism. Among these compounds, Ca3Co2O6
has attracted a lot of attention due to its peculiar magnetic
properties.5–20 In this compound both the Co3+ ions located
at OCT and TP sites in this compound, are in the trivalent
electronic state, but due to the different crystalline electric
fields, they are in the different spin states �high spin �HS�
state �S=2� at the TP site and low spin �LS� state �S=0� at
the OCT site�.5,6 Some of the important features5–22 of this
compound are �i� strong Ising nature of the spins along the
chain, �ii� ferromagnetic �FM� intrachain interaction, �iii�
AFM interchain interaction �which combines with the trian-
gular lattice arrangement of the chains and gives rise to a
geometrical frustration�, �iv� at 25 K it undergoes to a par-
tially disordered antiferromagnetic �PDA� state, where two
third of the chains are coupled antiferromagnetically while
the one third is left disordered, �v� at 7 K it shows a spin
freezing state, and �vi� below 7 K, a sequence of regularly
spaced steps in the dc magnetization �M� versus magnetic
field �H� curve is observed which is taken as the signature of
the quantum tunneling of magnetization �QTM�.19

Since the electrical and magnetic properties of oxides
with this type of structure strongly depend on the spin and

FIG. 1. �Color online� Schematic diagram of A3MXO6 type
compounds. For clarity oxygen atoms are shown smaller in size and
other atoms are not marked.
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valence states of transition metal, a large number of oppor-
tunities exist to modify these physical properties by tuning
intrachain and interchain interactions in this compound by a
suitable substitution at the Co site of Ca3Co2O6. For ex-
ample, Kageyama et al.23 carried out the Mössbauer study on
Fe doped Ca3Co2O6 compound �Ca3Co2−xFexO6 with x
=0.02 alone�. Arai et al.24 reported the results of their tem-
perature dependent �over �2–30 K� zero field-cooled and
field-cooled dc magnetization under 1 kOe external magnetic
field and Mössbauer measurements on Ca3Co2−xFexO6 com-
pounds to study the effect of Fe57 impurity up to a maximum
x value of 0.1. However, systematic study on these iron-
doped compounds has not been reported in the literature so
far. Here we report the effect of iron doping at the Co site on
the structural and magnetic properties of Ca3Co2O6. The
choice of iron to tune intrachain and interchain magnetic
interactions was motivated because the ionic radii of Co3+

and Fe3+ with six oxygen coordination are very close �0.61
and 0.645 Å, respectively25�. No strong lattice effect will,
therefore, be introduced, and changes only due to the differ-
ent electronic structures of Co3+ and Fe3+ are expected.
Moreover, the present study deals with the mixed Ising �Co�
and Heisenberg �Fe� spin chains system. We believe that the
result of the present experimental study would be of great
importance to develop the theory for these types of quasi-1D
spin chain systems.

II. EXPERIMENTAL

Polycrystalline samples of Ca3Co2−xFexO6 �x=0, 0.1, 0.2,
and 0.4� were prepared by solid state reaction method. The
required amounts of reagents, CaO, Co3O4, and Fe2O3 were
intimately mixed using an agate mortar pestle and placed in
alumina crucibles. These powders were calcined at 800 °C
for 24 h and then pressed in the form of bars under
2 ton/cm2 and subsequently heated at 1000 °C for 48 h with
intermediate grindings.

Powder x-ray diffraction �XRD� measurements were per-
formed on all the samples at room temperature using Cu K�
radiation from scattering angle �2�� 10° to 90° in equal
2� steps of 0.02° �covering a scattering vector Q
�=4� sin � /�� range of 0.71 to 5.77 Å−1�.

Neutron diffraction patterns were recorded at room tem-
perature with the five linear position sensitive detector �PSD�
based powder diffractometer ��=1.249 Å� at Dhruva re-
search reactor, Trombay from scattering angle 6° to 138°
covering a Q range of 0.53 to 9.398 Å−1. Neutron diffraction
patterns were converted in equal 2� steps of 0.02° using the
standard procedure.

The dc magnetization measurements were carried out on
all the samples using a commercial �Oxford Instruments� vi-
brating sample magnetometer. For the zero-field-cooled
�ZFC� magnetization measurements, the samples were first
cooled from room temperature down to 2 K in zero field.
After applying the magnetic field of 1 kOe at 2 K, the mag-
netization was measured in the warming cycle with the field
on. Whereas, for the field-cooled �FC� magnetization mea-
surements, the samples were cooled down to 2 K in the same
field �1 kOe� and the FC magnetization was measured in the

warming cycle under the same field. The hysteresis curves
were recorded at 1.5 K over +110 to −110 kOe applied
field.

Mössbauer spectra for all samples were measured at room
temperature using a conventional constant acceleration spec-
trometer in transmission geometry. A �-ray source of 57Co in
Rh matrix at room temperature was used. An �-Fe absorber
was used at room temperature to calibrate the Doppler ve-
locity V and also as the standard for the isomer shift �IS�.

III. RESULTS AND DISCUSSION

A. Structural characterization

The x-ray and the neutron powder diffraction patterns,
recorded at 297 K, are shown in the Figs. 2 and 3, respec-
tively. The diffraction patterns were analyzed by the Rietveld
refinement technique using the FULLPROF program.26 Both
the x-ray and the neutron diffraction patterns for each com-
position were refined simultaneously. In the Rietveld refine-
ment of the neutron diffraction pattern, coherent scattering
lengths �bcoh� 0.470�10−12, 0.249�10−12, 0.945�10−12,
and 0.580�10−12 cm for Ca, Co, Fe, and O, respectively,
have been used. The refinement confirms that these com-
pounds crystallize in the rhombohedral structure �space

group R3̄c�. There are six formula units per unit cell. The
refinement also confirms that for all iron doped compounds
entire Fe is located at the TP site, 6a �0, 0, 1 /4�, with no
trace of unreacted Fe. In these compounds, Fe/Co ions,
therefore, form the linear chain along the crystallographic c
axis. The refined unit cell parameters and other structural
parameters are given in Table I. Figure 4 depicts the Fe dop-
ing dependence of the lattice constants and the unit cell vol-
ume. Selected interatomic distances and bond angles �along
the chain and between the chains� are shown in Fig. 5 and
their values are given in Table II. The values of the cell
constants, interatomic distances and bond angles obtained for
the undoped compound Ca3Co2O6 match well with values
reported in the literature.8 It is evident that there is no sig-
nificant change in the lattice parameters �only slight increase
in lattice constant a�, unit cell volume, bond angles, and
bond lengths by Fe doping.

B. Mössbauer study

Mössbauer spectra for Ca3Co2−xFexO6 �x=0.1, 0.2, and
0.4� at room temperature are shown in Fig. 6. All spectra
have been fitted well with an asymmetric doublet. Analysis
of these spectra gives the quadruple splitting �QS�: 1.21, 1.23,
1.23 mm/s and isomer shift �IS�: 0.41, 0.40, and 0.40 mm/s
for x=0.1, 0.2, and 0.4 samples, respectively. In the litera-
ture, the similar values of IS for HS Fe3+ have been reported;
0.35, 0.39, and 0.43 mm/s for LiFe0.5Mn1.5O4,27 �-LiF5O8,28

and Ca3FeRhO6,29 respectively. The QS values, observed for
our compounds, are similar to the values reported in the lit-
erature for HS Fe3+ at TP site in the same class of com-
pounds; 1.13 mm/s for Ca3FeRhO6 �Ref. 29� and
1.23 mm/s for Ca3�Co0.99Fe0.01�2O6.23 For HS Fe3+ in the
FeO6 OCT, the reported QS values, are 0.02, 0.58, and
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0.75 mm/s for �-LiF5O8,28 �-LiFeO2,30 LiFe0.5Mn1.5O4,27

respectively which are much lower than our experimentally
observed values. Therefore, possibility of Fe3+ going at oc-
tahedral site can be ruled out. From the observed value of IS
and QS we can conclude that HS Fe3+ is doped at the TP
�Co2� site. This result �Fe is doped at the TP site� is consis-
tent with the outcome of our Rietveld refinement of x-ray
and neutron diffraction data.

C. dc-magnetization study

1. ZFC and FC magnetization vs temperature

The temperature dependence of the ZFC and FC dc mag-
netization for all samples under H=1 kOe is shown in Fig 7.
Inverse magnetic susceptibility vs temperature has been plot-
ted in the inset of Fig 7. It is clear from Fig. 7 that the high
temperature magnetic susceptibility obeys the Curie-Weiss
law ��mol=Cmol/ �T−�p��. Here Cmol is molar Curie constant
and �p is the paramagnetic Curie temperature. The value of
�p decreases as the concentration of iron increases; reaching

FIG. 2. Observed �open circles� and calculated �solid lines�
x-ray diffraction patterns of Ca3Co2−xFexO6 �x=0,0.1,0.2,0.4� at
297 K. Solid line at the bottom of each panel show difference be-
tween observed and calculated patterns. Vertical lines show the po-
sition of Bragg peak. The �hkl� values corresponding to stronger
Bragg peaks are also listed.

FIG. 3. Observed �open circles� and calculated �solid lines� neu-
tron diffraction patterns of Ca3Co2−xFexO6 �x=0,0.1,0.2,0.4� at
297 K. Solid line at the bottom of each panel show difference be-
tween observed and calculated patterns. Vertical lines show the po-
sition of Bragg peak. The �hkl� values corresponding to stronger
Bragg peaks are also listed.
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17.6 and 7.5 K for x=0.1 and 0.2, respectively against �p
=27.9 K for x=0 and it becomes negative �−1.6 K� for x
=0.4 sample, which indicates that at this higher concentra-
tion of iron, AFM interaction dominates over FM interaction.

The effective paramagnetic moment �eff
�=�3CmolkB /NA�B

2�1/2��8Cmol�1/2�, where kB stands for Bolt-
zmann constant and NA stands for Avogadro number�, ob-
tained from the slope of �−1 vs T curves, are depicted in Fig.
8. Theoretically expected �spin only� values of the �eff

using the expression �eff= ��1−x�g	SCo�TP��SCo�TP�+1�
+xg	SFe�TP��SFe�TP�+1���B with g=2 are also shown in Fig.
8. Here �eff has been calculated �assuming spin only contri-
bution� by considering Co3+ at OCT site in the LS state �S
=0�, Co3+ at TP site in the HS state �S=2�, and Fe3+ at TP
site in the HS state �S=5/2�.23 For the parent compound

Ca3Co2O6, experimental value �4.8 �B per formula unit�
matches with the theoretical value �4.89 �B per formula unit�
and for iron doped samples, experimental �eff values are
higher than theoretically expected values. If we assume that
orbital moment of Co3+ is not quenched in the TP site �or-
bital moment of Fe3+ is zero since it has half filled 3d shell�,
the calculated values of �eff are higher than the observed
values �Fig. 8�. If we consider that orbital momentum is
partially quenched, theoretical value of the �eff �considering
different values of L� do not match with the experiment val-
ues. Another possibility of observing higher experimental

TABLE I. Atomic positions, lattice constants, and thermal parameters for Ca3Co2−xFexO6 samples. All
crystallographic sites are fully occupied.

x Atom Site x y z Biso

0 Ca 18e 0.3698�2� 0 1
4 0.39 �4�

Co1 6b 0 0 0 0.37 �8�
Co2 6a 0 0 1

4 0.48 �9�
O 36f 0.1774�4� 0.0257 �5� 0.1145 �3� 0.53 �2�

0.1 Ca 18e 0.3697�6� 0 1
4 0.40 �5�

Co1 6b 0 0 0 0.38 �9�
Co2 6a 0 0 1

4 0.34 �9�
Fe 6a 0 0 1

4 0.49 �8�
O 36f 0.1779�6� 0.02377�6� 0.1133�6� 0.73 �4�

0.2 Ca 18e 0.3693�3� 0 1
4 0.49 �4�

Co1 6b 0 0 0 0.45 �8�
Co2 6a 0 0 1

4 0.5 �2�
Fe 6a 0 0 1

4 0.5 �4�
O 36f 0.1765�2� 0.0238�2� 0.1138�2� 0.69 �3�

0.4 Ca 18e 0.3692�2� 0 1
4 0.55 �4�

Co1 6b 0 0 0 0.39 �9�
Co2 6a 0 0 1

4 0.54 �7�
Fe 6a 0 0 1

4 0.49 �7�
O 36f 0.1759�3� 0.0235�3� 0.1139�2� 0.85 �4�

FIG. 4. Lattice constants and unit cell volume for
Ca3Co2−xFexO6 as a function of iron content. Solid lines are guides
to the eye.

FIG. 5. �Color online� Unit cell of Ca3Co2−xFexO6, showing
selected �Co1-O-Co2 and Co2-O-Co2� bond angles. Paths of inter-
chain and intrachain exchange interactions are also shown as J� and
J, respectively. Only selected atoms are shown for clarity.
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values of effective paramagnetic moment as compared to the
theoretically expected spin only values for Fe doped com-
pounds may be LS to HS transition of octahedral Co3+ ions
that are located near Fe3+ ions,31 which could also be respon-
sible for the slight increase of cell constants for the present
Fe doped compounds. Increase of cell parameters by such a
spin transition has been reported in the literature.31 Such a
transition is possible31 because covalency of the Fe-O bond
is higher than the covalency of Co-O bond �i.e., electronega-
tivity of Fe3+ is higher than that of Co3+; 1.9, and 1.8,
respectively32�. Under the framework of spin transition for
Co3+ at the octahedral site, the �eff can be calculated using
the expression

�ef f = ��1 − x�g	SCo�TP��SCo�TP� + 1� + xg	SFe�TP��SFe�TP� + 1�

+ xfg	SCo�OCT��SCo�OCT� + 1���B

with g=2 �Fig. 8�. Here f is the fraction of Co3+ ions �at the

octahedral site� that undergoes LS to HS transition for each
doped Fe3+ ion. The experimental and the theoretical values
match for x=0.1 and 0.2 by taking f =0.75 �Fig. 8�. For x
=0.4 the experimental and the theoretical values match by
taking f =0.34. The observed lower value of f for the x
=0.4 sample can be explained by the fact that for higher
concentration of iron, there could be pairs/sequence of Fe3+

ions along the chain, so the effective number of Co3+ ions
�with Fe3+ ions as nearest neighbors� showing transition from
LS to HS is small. For the parent compound Ca3Co2O6, there
is a sudden increase in the magnetization at around 25 K and
also there exist a peak in the magnetization at around 10 K.
These observations are consistent with the reported results
for this compound.4–6 In the literature, two kinds of magnetic
exchange interactions have been considered in this chain
compound.17 The exchange interaction J between the mag-
netic Co2 ions located at TP site along the chain axis �c axis�
is FM and the superexchange interaction J� between the

TABLE II. Selected bond lengths and bond angles for Ca3Co2−xFexO6 samples.

x Bond
Length �Å�

along the chain Bond angle

0 Ca-O 2.345�5� 2.459�2�
2.550�3� 2.470�1�

Co1-O 1.916�2�
Co2-O 2.070�1� Co1-O-Co2 81.14�9�°
Co1-Co2 2.59569

between the chains

Co2-O 3.905�2� Co2-O-Co2 132.55�8�°
Co2-Co2 5.52000

0.1 Ca-O 2.339�4� 2.452�3�
2.476�3� 2.548�3�

Co1-O 1.919�3� Co1-O-Co2 80.8�1�°
Co2-O 2.079�3�
Co1-Co2/Fe 2.59570

between the chains

Co2-O 3.903�3�
Co2-Co2 5.52147 Co2-O-Co2 132.40�2�°

0.2 Ca-O 2.393�2� 2.463�2�
2.474�1� 2.552�3�

Co1-O 1.920�2� Co1-O-Co2 81.25�3�°
Co2-O 2.067�2�
Co1-Co2/Fe 2.59572

between the chains

Co2-O 3.912�1�
Co2-Co2 5.52191 Co2-O-Co2 132.44�6�°

0.4 Ca-O 2.346�3� 2.468�2�
2.551�3� 2.468�2�

Co1-O 1.922�2� Co1-O-Co2 81.48�9�°
Co2-O 2.062�2�
Co1-Co2 2.59573

between the chains

Co2-O 3.918�2�
Co1-Co2 5.52203 Co2-O-Co2 132.39�8�°
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magnetic Co2 ions �via oxygen ions� is AFM �Fig. 5�. Sud-
den increase in the magnetization at around 25 K has been
ascribed in the literature4–20 as due to the combined effect of
FM ordering along the chain and AFM ordering between the
chains. This argument is supported by the simultaneous ap-
pearance of AFM and FM Bragg peaks in the neutron dif-
fraction pattern at T�25 K �Refs. 21 and 22� and sharp peak
in the specific heat �under zero fields�9 at the same tempera-
ture. This type of spin configuration has been described as
the onset of the PDA state and it is supported by the muon
spin relaxation study.33 While peak in the magnetization
curve at around 10 K is considered as an indicative of mag-
netic transition to the ferrimagnetic �FIM� state.34

From the temperature dependence of FC and ZFC dc
magnetization �shown in Fig. 7� it is evident that for all the
samples a bifurcation between FC and ZFC magnetization is
found at lower temperatures. This bifurcation in FC and ZFC
magnetization may be taken as the signature of geometrical
frustration due to triangular lattice of Ising Co moments in
the ab plane. Results of the reported low temperature Möss-
bauer study24 show that Fe3+ remains in the paramagnetic
state in the FM ordered chains below 25 K. Figure 7 also
indicates that as the concentration of iron increases, magne-
tization decreases. This decrease in the magnetization and �p
�negative for x=0.4� indicates that as the doping of iron in-
creases the long range FM ordering along the chain is re-
duced �due to reduced correlation length between Co mo-
ments along the chain� and AFM interchain interaction
dominates over the FM intrachain interaction. The reason
behind this has been ascribed due to different magnetic char-
acter of Co host �Ising� and Fe impurity �Heisenberg�
spins.23

Figure 9 depicts the temperature dependence of molar
susceptibility, where �T vs T is plotted. It reveals four main
features �i� in the high temperature range �150–300 K� �T
approaches its paramagnetic limit, �ii� as temperature is de-
creased below the 150 K, �T starts increasing giving the
signature of short range ordering along the chains, �iii� fur-
ther decreasing the temperature, a dip in �T vs T plot is
found. The temperature corresponding to the dip varies with
x �24.83 K for x=0 and 3.59 K for x=0.4�. This dip in �T vs
T plot may be ascribed as FIM ordering at low

FIG. 6. Mössbauer spectra for Ca3Co2−xFexO6 �x=0.1,0.2,0.4�
at room temperature. Solid lines are the fitted curves.

FIG. 7. �Color online� dc magnetization vs temperature curves
under 1 kOe field for Ca3Co2−xFexO6 �x=0,0.1,0.2,0.4�. The open
circles and the solid line correspond to ZFC and FC modes, respec-
tively. Insets show inverse dc susceptibility vs temperature curves
fitted with the Curie-Weiss law.
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temperatures,35 and �iv� sharp increase in �T below the dip
temperature and then again decreases at lower temperatures
down to 2 K. The decrease in the �T at low temperature
�T	7 K� has been assigned to a three dimension ordering
�3D� in the literature36 for the undoped compound.

2. Intrachain and interchain exchange interactions

The intrachain exchange constant can be determined by
fitting the experimental �T vs T curves.36,37 Theoretical stud-
ies show that the parallel36 and the perpendicular38 suscepti-
bilities for S=2 1D Ising spin chain are given by

�
T =
3

4
g2 exp�8J/kBT� �1�

and

��T =
3

4
g2. �2�

Here g is the Lande factor and kB stands for the Boltzmann
constant. J is the intrachain exchange constant. For polycrys-
talline �powder� sample, susceptibility can therefore be writ-
ten as

�pT = 1/3�
T + 2/3��T . �3�

Equation �3� is strictly valid for the S=2 Ising spin chain.
But our system �except Ca3Co2O6� is not S=2, 1D Ising spin
chain system �for Fe3+ ions, value of S is 5 /2�. In the litera-
ture no theoretical expression is available for S=2 and S
=5/2 mixed spin system. We have therefore, used Eq. �3� to
estimate approximate value of exchange constant J. This
type of approximate method has already been used in the
literature18 for Ca3CO2−xCrxO6, where Co3+ is in the HS and
the LS state in the TP and OCT, respectively and Cr3+ at the
OCT site is in the HS �S=3/2� state. By fitting the higher
temperature part of �pT vs T curve using Eq. �3� �Fig. 9� as
per the procedure followed in the literature,18 we have esti-
mated the value of intrachain exchange constant J �shown in
Table III�. It is found that as the concentration of iron in-
creases, J decreases. For instance as x increases from 0
to 0.2, J decreases from 8.1 to 4.3 K and for x=0.4 it be-
comes negative �J=−0.7 K�. Positive value of J refers that
intrachain interaction is FM while negative value of J indi-
cates that interaction is AFM. The derived negative value of
J for the x=0.4 sample is consistent with the negative value
of �p for this sample. Here we give some physical argument
to explain the negative value of J. For Ca3Co2−xFexO6, when
concentration of Fe is low �small value of x�, the probability
of having Fe pairs or clusters in a Co chain is very small and
Fe3+ ions are mainly isolated. For small value of x, iron
limits the correlation length by breaking FM order between
Co3+ ions along the c axis and reduces the strength of intra-
chain exchange coupling constant J. When x increases
�
0.2�, formation of pairs of Fe3+ ions along the chain is
probable. There may be AFM exchange interaction �via oxy-
gen� between Fe3+ ions along the chain �Fig. 5� which can
give the negative value of J. This can lead to a FIM ordering
�with negative �p� at lower temperatures. Low temperature
neutron diffraction is necessary to confirm these findings.
However, at our research center at present we are limited to

FIG. 8. Theoretical and experimental �eff vs iron concentration.
Solid lines are guide to the eye.

FIG. 9. �Color online� Plots of �T vs T for Ca3Co2−xFexO6 �x
=0,0.1,0.2,0.4� derived from FC magnetization curves. Solid lines
represent the fitted curve using Eq. �3�. For x=0.1 and 0.2, �T
values are shifted down by 5 and 10 �emu K mol−1 Oe−1�, respec-
tively for clarity.

TABLE III. Magnetic exchange constants for Ca3Co2−xFexO6

samples.

x J�K� J��K� �J� /J�

0 8.13 −0.20 0.025

0.1 6.13 −0.27 0.044

0.2 4.39 −0.30 0.068

0.4 −0.71 −0.32 0.451
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a lowest temperature of about 20 K for neutron diffraction
study, which restricts us to perform the required low tem-
perature neutron diffraction experiments.

Interactions between the chains in the ab plane give de-
viation from the 1D spin system. The deviation from the
ideal 1D character of Ising chain can be taken into account
by introducing the mean field correction to the ideal 1D Ising
spin model. Mean field correction to the S=1/2, 1D Ising
spin chain is available in the literature and it has been used39

to evaluate the interchain exchange constant. However, in the
literature no mean field expressions, either for S=2 Ising
spin chain or for S=2 and S=5/2 mixed spin system, exist. It
will be of great importance to evaluate the interchain inter-
action if the mean field corrections for such spin systems are
available. An alternate option to calculate interchain interac-
tion is by using ferri- to ferro-magnetic transition field
�HFIM-FM�. A field induced FIM to FM-like transition is
found in our M vs H study �Fig. 10�. In a model of Ising spin
chain, interchain interaction is related to HFIM-FM through the
relation J�=

g�BHFIM-FM

12S .18 For the present system of mixed
spins �S=2 and S=5/2�, assuming S=2 and g=2, we have
derived the value of J� as used for S=2 and S=3/2 mixed
spin chain system in the literature.18 The value of J� varies
from −0.20 K for x=0 to −0.32 K for x=0.4. Therefore, as
the concentration of iron increases from 0 to 0.4, interchain
interaction increases. Since the distance between the mag-
netic ions perpendicular to the chain axis and the bond angle
via oxygen do not change by iron doping, the increase in the
value of J� can be understood by assuming that strength of
exchange coupling for Co2/Fe-O-Co2/Fe pathway is greater
than that of the Co2-O-Co2. This is consistent with the fact
that Fe is known to introduce negative exchange interactions.
Fe3+ has five electrons in the d orbital, while Co3+ has six
and also spin character of host �Co� is Ising while impurity
�Fe� is of Heisenberg nature. The ratio J�

J characterizes the
“one dimensionality” of the magnetic system. It varies from
0.025 for x=0 to 0.451 for x=0.4 as shown in the Table III.
In the literature, Clardige et al. reported J�

J �0.33 for
Sr3CuPtO6 �Heisenberg chain compound�40 and they con-
cluded that it should not be considered as 1D magnetic sys-
tem due to a higher value of J�

J . Since for the present x
=0.4 compound J�

J �0.451, this compound should also not be
considered as 1D magnetic system. The J�

J ratio is very small
for Ca3Co2O6 hence it has predominantly a one dimension
character. We can therefore conclude that as the concentra-
tion of iron increases, the one dimensional character of Ising
spin chains is reduced.

Previous reports by Flahaut et al. on substitution of Co3+

by Cr3+ in Ca3Co2O6 �Ref. 18� shows that as the concentra-
tion of Cr increases from x=0 to x=0.1 in Ca3Co2−xCrxO6,
both J and J� decrease. Here we would like to point out that
effects of substitution of Cr are much different from the
present study where Fe is doped. Cr3+ substitutes the LS
Co3+ at octahedral site and it is in the HS state �S=3/2�. In
Ca3Co2−xCrxO6, solubility range of Cr3+ is limited to about
10 at. % occupation of octahedral site. In the Cr substitution
case, cell constants a and c change by �0.14% and 0.08%,
respectively for the change in x from 0 to 0.15, whereas in
the present case, the cell constant a changes only by 0.01%
for change in the x from 0 to 0.4.

3. Field dependent magnetization

Figure 10 depicts hysteresis loops �field up to 110 kOe� at
1.5 K for all the samples. It is evident from the figure that
virgin magnetization �M� varies linearly with field in a small
field region. It is also found that large hysteresis exists in M
versus H curves of all samples but as the concentration of
iron increases, these curves become less hysteric. The mag-
netization saturates for x=0 but for x=0.1, 0.2, and 0.4

FIG. 10. Hysteresis curves at 1.5 K for Ca3Co2−xFexO6 �x
=0,0.1,0.2,0.4�. Virgin magnetization curves �first leg� show a
possible field induced FIM to FM transition �marked by arrows�.
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samples the magnetization does not saturate even under the
highest applied field. Experimentally observed values of the
remanent magnetization and the coercive fields are shown in
Fig. 11. It is clear that as the concentration of iron increases
both remanent magnetization and coercive field decrease. It
is therefore, evident that the magnetic hardness decreases
with Fe doping. This is consistent with the observed fact that
with increasing Fe doping, the 1D character of Ising spin
chains is reduced.

The spatial dimensionality �d� of arrangement of mag-
netic ions in the present system can be deduced from the
approach of the magnetization to its saturation value �MS� in
the high field region.41 This dependency is given by

MS − M

MS
� �H��d−4�/2. �4�

Here, the proportionality constant is given by �
= �C /MS��4−d�/2 with C as magnetocrystalline anisotropy con-
stant. According to Eq. �4�, approach of magnetization to its
saturation value M /MS �here M =MS−M� obeys H−3/2

and H−1/2 dependence for the 1D and three-dimensional �3D�
interaction of magnetic ions, respectively. Figure 12 depicts
the variation of M /MS with H−3/2 and H−1/2 for all the
samples at 1.5 K. Inset of Fig. 12 depicts variation of aniso-
tropy constant �C� with composition, derived from the slope
�=�C /MS�3/2� of M /MS vs H−3/2 curves. The results show
that for x=0, 0.1, and 0.2 samples, M /MS is proportional
H−3/2 and hence imply the 1D character of the spatial ar-
rangement of magnetic ions in these samples. For x=0.4
sample, M /MS deviates from H−3/2 dependence, which can
be ascribed as a deviation from ideal 1D character of this
sample �consistent with highest derived value of J� /J�. The
decrease of anisotropy constant �C� with the increase of iron
concentration �inset of Fig. 12� is also consistent with the
aforesaid argument.

IV. SUMMARY AND CONCLUSIONS

We have prepared single phase polycrystalline samples of
quasi-1-D compounds Ca3Co2−xFexO6 �x=0, 0.1, 0.2, and
0.4�. Simultaneous refinement of the neutron and the x-ray
diffraction data confirms that Fe is located at the TP site. The
values of IS and QS derived from the Mössbauer spectra also

confirm that Fe is doped at the TP site and it is in the Fe3+

HS state. The magnetic properties of Ca3Co2O6 are found to
be sensitive to Fe doping. The values of intrachain exchange
constant J derived by fitting the high temperature �T vs T
curves with the theoretical model indicates that as the
concentration of iron increases, J decreases and for higher
concentration of iron �x
0.2� it becomes negative. These
results can be understood by considering the formation of
pairs of Fe3+ ions along the chain for higher Fe doping con-
centration and negative exchange interaction between Fe3+

ions along the chain �via oxygen�. Interchain exchange con-
stant J� derived from the FIM to FM-like transition field
indicates that J� increases with Fe concentration. This indi-
cates that the strength of negative exchange interaction for

FIG. 11. Variation of remanent magnetization and coercive
fields with composition. Solid lines are guide to the eye.

FIG. 12. �Color online� Plots of M /MS vs H−3/2 �open circles�
and M /MS vs H−1/2 �solid triangles� obtained from high field
region of virgin magnetization curves. Straight lines represent linear
fit of M /MS vs H−3/2. Inset shows variation of anisotropy constant
with composition.
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Co2/Fe-O-Co2/Fe pathway is greater than that of the
Co2-O-Co2 which can be ascribed to the different spin na-
ture of Co3+ and Fe3+ ions. Deviation from M /MS
=�H−3/2 behavior with increasing iron concentration indi-
cates the deviation form quasi-1D character of spins for
higher Fe doped compounds. In summary, doping of iron
breaks the ferrmognetically ordered chain and reduces the
strength of intrachain positive exchange interaction. It also
enhances the strength of interchain negative exchange inter-
action. Low temperature neutron diffraction and other micro-
scopic measurements are necessary to throw more light on
the microscopic nature of magnetic correlation in these com-
pounds. Here it should be noted that these 1D materials are
highly anisotropic in terms of electronic spin character. Mag-

netization measurement using powder samples gives average
information. Therefore measurements using single crystals
are necessary to get the detailed quantitative information.
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