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Mössbauer studies over 4.2–550 K of iron doped quasi-one-dimensional spin chain compounds

Ca3�Co1−xFex�2O6, crystallizing in rhombohedral structure �space group R3̄c� for x�0.2, reveal that the iron
resides only in the Co2 �6a� site. The compounds are paramagnetic at 90 K, and the iron exhibits slow spin
relaxation phenomena even at room temperature. However, for the x=0.5 compound, the crystal structure is
triclinic �P1�, and the iron resides almost equally in two different crystallographic sites and exhibits a very high
magnetic ordering temperature TN�500 K. Both iron sites exhibit quadrupole interactions of almost equal
size; however, with opposite sign � 1

4e2qQ� �0.62 mm /s�. At Tsr=193 K, a spin reorientation of the iron
magnetic moments is observed. Below 150 K the magnetic moments are tilted at 20° relative to the local
electric field gradient axis and above 230 K they are aligned perpendicular to this axis. These results agree well
with magnetic susceptibility measurements, in which a sharp drop in magnetization is observed above 200 K.
The magnetic hyperfine fields in the two sites at 4.2 K are 53.3 and 45.7 T, respectively. The net magnetic
interaction is antiferromagnetic, however, with a small ferromagnetic component displaying hysteresis along
with a saturation magnetization of about 0.02�B / f.u. at 1.5 K.

DOI: 10.1103/PhysRevB.77.054403 PACS number�s�: 76.80.�y, 61.05.cp, 75.30.Cr, 76.60.Es

I. INTRODUCTION

The compound Ca3Co2O6 with K4CdCl6-type crystal
structure �space group R3̄c� has quasi-one-dimensional spin
chains, which are made up of alternating face-sharing CoO6
octahedra �Co1� and CoO6 trigonal prisms �Co2� arranged
along the hexagonal c axis. The Co ions at both sites are in
trivalent oxidation state, but due to the different crystalline
electric fields they are in the different spin states �high spin
state �S=2� at the trigonal prism site and low spin state �S
=0� at the octahedral site�. The important features1–11 of this
compound are ferromagnetic intrachain and antiferromag-
netic interchain interactions. The magnetic properties of iron
doped compounds, namely, Ca3�Co1−xFex�2O6 �x�0.2�, have
been studied in the literature12,13 and also by some of us.1

The major conclusion was that the substitution of iron for
Co, occupying the Co2 site, weakens the one-dimensional
character of the Co-Co exchange interactions, and introduces
much stronger Fe-Fe intrachain and interchain exchange in-
teractions. Here we present the results of x-ray diffraction, dc
magnetization, and Mössbauer spectroscopy studies of iron
doped compounds Ca3�Co1−xFex�2O6 �x=0.1, 0.2, and 0.5� to
investigate the magnetic properties of these Fe substituted
samples. The present study shows that for the compounds
with x�0.2, the crystal structure is rhombohedral �space

group R3̄c�. These compounds show a paramagnetic behav-
ior at 90 K along with slow spin relaxation phenomena for
iron even at room temperature. The results of x-ray diffrac-
tion study show that for the highest concentration of Fe, i.e.,
for the compound Ca3CoFeO6, the crystal structure has
changed to triclinic �space group P1�. Due to the change of
crystal structure, the magnetic properties of this x=0.5 com-
pound are very much different from the compounds with x
�0.2. It is found that the compound Ca3CoFeO6 orders mag-
netically much above room temperature �TN�500 K� and

displays a spin reorientation transition at �193 K.

II. EXPERIMENTAL DETAILS

The polycrystalline samples of Ca3�Co1−xFex�2O6 �x=0.1,
0.2, and 0.5� were prepared by the conventional solid state
reaction method as described earlier.1 Powder x-ray diffrac-
tion �XRD� measurements were performed on all the three
samples at room temperature using the Cu K� radiation from
scattering angle �2�� 10° to 90° in equal 2� steps of 0.02°.
The magnetization measurements were carried out using a
commercial �Oxford Instruments� vibrating sample magneto-
meter. The Mössbauer study was performed using a conven-
tional constant acceleration drive, a 50 mCi 57Co: Rh source,
and absorbers, putting in perspex holders for low tempera-
tures �4.2–300 K� and in boron nitride holders for high tem-
perature measurements �300–520 K�. The velocity calibra-
tion was done with a room temperature �-Fe absorber. The
experimentally observed spectra were least square fitted with
calculated spectra according to various models. The spectra
for the x=0.1 and 0.2 samples, at 90 and 300 K, were fitted
in terms of spin up-down relaxation theory formulas.14 The
spectra for the x=0.5 sample were analyzed in terms of full
diagonalization of the Hamiltonian of magnetic and quadru-
pole interactions, where the magnetic field is at an angle �
relative to the local axis of the electric field gradient �EFG�,
for simplicity, assuming axial symmetry for two different
sites of iron.

III. EXPERIMENTAL RESULTS AND DISCUSSION

Rietveld analysis of the x-ray diffraction patterns for the
compounds Ca3�Co1−xFex�2O6 �x=0.1 and 0.2� confirms the
single phase formation in the rhombohedral structure �space
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group R3̄c� as already reported.1 The profile matching refine-
ment of the x-ray diffraction pattern for Ca3CoFeO6 �x
=0.5�, using the WINPLOTR,15 shown in Fig. 1, confirms the
formation of a single phase, in the triclinic structure �space
group P1�. The unit cell parameters are shown in the figure
panel. The c axis is at angle of 18.47�0.04° relative to the
perpendicular to the a-b plane. The unit cell volume is
523.3 Å3. It may be mentioned here that the used profile
matching refinement method15 allows one to obtain only the
name of the crystal system, its space group, and the lattice
parameters. Since with the highest Fe substitution �x=0.5�
the crystal structure has completely changed from the known
rhombohedral structure �for lower Fe substituted samples�, it
is not possible to use the Rietveld refinement method which
needs position of all the atoms in the unit cell. Hence the
used method, unlike the Rietveld profile refinement, does not
give the refined position of the atoms in the unit cell. Hence,
we are not in a position to give any further structural details.
However, the present diffraction data analysis could clarify
the single phase nature of the sample with the above men-
tioned crystallographic information. Our Mössbauer study
clearly shows that the Fe atoms occupy two different crys-
tallographic sites.

The Mössbauer spectra for the x=0.1 and 0.2 samples
�Fig. 2� were analyzed in terms of the spin relaxation
theory,14 and it yields perfect fits in terms of �2 values, and
confirms the earlier conclusions1 that the iron occupies only
one site �Co2�, with a negative quadrupole interaction, EQ
= 1

4e2qQ �=−0.62 mm /s at 90 K�. The analysis also yields
�assuming a fluctuating magnetic hyperfine field of 45 T� the
room temperature spin relaxation rates, which are 1.5
�1011 and 7.7�1010 s−1 for x=0.2 and x=0.1, respectively,
indicating the dominance of Fe-Fe spin-spin relaxation. The
ratio of the relaxation rates ��2� equals the ratio of iron
concentration, expected for spin-spin relaxation. Also the
fact that the x=0.2 sample at 90 K exhibits a spectrum with
a relaxation rate of 5.5�1010 s−1, not very much smaller

than that at 300 K, indicates the dominance of the spin-spin
relaxation process. The relaxation rate certainly does not fol-
low a high temperature power law expected for spin-lattice
relaxation.

The x=0.5 sample, Ca3CoFeO6, exhibits spectra display-
ing magnetic order up to 500 K. Spectra were recorded at
temperatures ranging from 4.2 to 520 K. Some of the spectra
are displayed in Figs. 3 and 4. Just by counting the number
of absorption lines in the spectra �Fig. 3� it is obvious that
they are composed of two Fe subspectra of different crystal-
lographic sites. The one with the larger hyperfine field, larger
isomer shift, and positive qaudrupole interaction is denoted
arbitrarily as site 1. Table I depicts the parameters that are
obtained from the analysis of the spectra in terms of full
diagonalization of the Hamiltonian of magnetic and quadru-
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FIG. 1. The x-ray diffraction pattern for Ca3CoFeO6. The solid
line at the bottom of the figure shows the difference between the
observed and the calculated patterns.
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FIG. 2. The Mössbauer spectra of Ca3�Co1−xFex�2O6 for the x
=0.1 and 0.2 samples.
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FIG. 3. The Mössbauer spectrum of Ca3CoFeO6 at 4.2 K.
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pole interactions, where the magnetic field is at an angle �
relative to the axis of the EFG for two different crystallo-
graphic Fe sites. The solid lines in the figures show the least
square fit simulated spectra. Figure 5 depicts the temperature

dependence of the relative spectral areas under the two sub-
spectra, giving approximately the relative occupation of Fe
in the two sites. One observes that they are almost of equal
intensity; the slight difference may be the result of a slightly

0 100 200 300 400 500
0

10

20

30

40

50

60

R
el
at
iv
e
In
te
ns
ity
(%
)

Temperature (K)

Ca3CoFeO6

FIG. 5. The relative intensity of one of the subspectra of Fe
�“1”�.
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FIG. 6. The temperature dependence of the isomer shifts of the
two Fe sites, �“1” open circles�.
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FIG. 4. The Mössbauer spectra
of Ca3CoFeO6 at various
temperatures.
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different recoil free fraction for the two sites. Thus it is clear
that for this concentration of iron �x=0.5�, the iron occupies
two different crystallographic sites with almost equal prob-
ability. In Fig. 6, we show the temperature dependence of the
isomer shift for the two sites. Except for the fact that the
isomer shift is different for the two sites, there is nothing
unusual in these behaviors, displaying the normal high tem-
perature linear shift.

In Fig. 7, the temperature dependencies of the quadrupole
interactions are shown. Here we observe a surprising result,
the Fe quadrupole interaction in the two sites is almost equal
in strength, yet of opposite sign. The quadrupole interactions
change very little with temperature, as expected for an ionic
Fe+3 �S5/2 state�, where the electric field gradient is due to
lattice charges.

Figure 8 displays the temperature dependence of the two
hyperfine fields. We observe that the hyperfine field for two
different sites varies smoothly with temperature, the value of
hyperfine field changing from 52 and 43 T, respectively, at
low temperature to zero above 500 K. The solid lines in Fig.
8 represent the parameterless �except for the normalization of
the fields to 52 and 43 T at low temperatures� pure spin 5 /2
Brillouin functions, indicating almost identical temperature
dependencies of the magnetic moments in the two sites. The
spectrum at 520 K, shown in Fig. 4, was analyzed in terms
of two pure quadrupole doublets. A very interesting result is
displayed in Fig. 9, in which the temperature dependence of
the angles �1 and �2 at which the hyperfine fields point rela-
tive to the local EFG axis are displayed. One observes that �1
and �2 are equal to each other and change drastically with
temperature. While at low temperatures, below 150 K, the
moments in both sites are aligned at an angle of 20�3°
relative to the EFG axis, above 230 K they are perpendicular
to the EFG axis. These results indicate that the axis of the

TABLE I. The parameters derived from the analysis of the Ca3CoFeO6 Mössbauer spectra. The error bars of these parameters are shown
in the corresponding figures. The isomer shifts �IS1 and IS2� are relative to that of iron at room temperature. EQ1 and IN1 stand for the
quadrupole interaction and the relative intensity of site “1.”

Temp.
�K�

IN1
�%�

IS1
�mm/s�

EQ1
�mm/s�

HF1
�T�

� 1
�deg�

IS2
�mm/s�

EQ2
�mm/s�

HF2
�T�

� 2
�deg�

4.2 54 0.42 0.68 53.3 25 0.28 −0.64 45.7 23

90 56 0.42 0.60 51.5 18 0.26 −0.64 43.7 20

150 54 0.43 0.60 49.9 29 0.26 −0.68 42.8 35

185 50 0.41 0.60 48.9 48 0.26 −0.61 42.2 51

200 51 0.40 0.59 48.0 61 0.24 −0.70 41.2 64

225 52 0.39 0.60 47.1 79 0.21 −0.73 40.5 80

250 51 0.37 0.62 46.0 82 0.2 −0.7 39.2 81

300 54 0.35 0.56 43.2 80 0.16 −0.67 36.3 85

350 53 0.32 0.54 40.3 90 0.15 −0.65 33.5 90

380 54 0.28 0.56 36.8 90 0.11 −0.62 29.7 90

450 53 0.24 0.56 28.6 90 0.07 −0.57 21.9 90

500 52 0.23 0.62 0 0.08 −0.65 0

520 46 0.22 0.64 0 0.05 −0.65 0
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FIG. 7. The temperature dependence of the two quadrupole in-
teractions in the two Fe sites �“1” open circles�.
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FIG. 8. The temperature dependence of the two hyperfine fields.
The solid lines are pure spin 5 /2 Brillouin functions.

NOWIK et al. PHYSICAL REVIEW B 77, 054403 �2008�

054403-4



EFG in both sites is perpendicular to the unit cell basal plane
�a-b plane� and at low temperatures the moments are prob-
ably along the unit cell c axis, which is at an angle of 18.5°
relative to the perpendicular to the a-b plane, as obtained by
the x-ray diffraction results shown in Fig. 1. At the high
temperatures the magnetization lies in the basal plane. The
solid line in Fig. 9 is a least square fit of the step function
formula: �=�0+ �90.0−�0� / �1.0+exp��Tsr−T� /W��, yielding
�0=20�3°, Tsr=193�5 K, and W=23�2 K. The relative
alignment of the magnetic moments for the two sites is de-
picted schematically in Fig. 10.

The temperature dependent dc magnetization curves in
the temperature range 5–320 K are shown in Fig. 11. It is
clear that the magnetic ordering temperature is above the
highest recorded temperature. The zero field cooled and field
cooled magnetization curves do not merge even at 320 K, in
agreement with the Mössbauer studies. Around 200 K, one
observes a sharp drop in magnetization, which can be asso-
ciated with the spin reorientation found in the Mössbauer
studies. The magnetic field dependence of magnetization at
1.5 K presented in Fig. 12 indicates that at high magnetic
fields, the magnetization varies linearly with magnetic field,
as expected for an antiferromagnet; however, a small ferro-

magnetic component, displaying hysteresis, is also present. It
seems that the magnetic coupling between the intrasite irons
is ferromagnetic while the intersite sublattices are coupled
antiferromagnetically. The small ferromagnetic component
observed in Fig. 12 may be due to an unequal iron concen-
tration in the two sites �shared with cobalt�. A difference of
�0.2% in the concentration is enough to explain the ob-
served ferromagnetic component. Alternatively a very small
canting �only �0.2°� of the moments in the antiferromag-
netic structure may also produce the observed ferromagnetic
component.

Here it may be noted that the magnetic properties of
Ca3CoFeO6 are very much different from that of the isostruc-
tural compound Ca3CuMnO6.16 For the Ca3CuMnO6, two
transitions for long-range magnetic ordering �not a common
feature in a quasi-one-dimensional system�, one at 5.5 K and
other below 3.6 K, have been reported in the literature.16 The
transition at 5.5 K has been ascribed due to the antiferromag-
netic ordering. Recently, the magnetic and electronic proper-
ties of Ca3FeRhO6 �Ref. 17� with the chemical formula simi-
lar to the present compound Ca3FeCoO6 but with a crystal
structure like that of Ca3Co2O6 have been studied. It was
found that the ordering temperature of Ca3FeRhO6 is only
TN=20 K. The iron occupies the trigonal prism site, similar
to the iron doped Ca3Co2O6 and an equal strength of quad-
rupole interaction for both Ca3FeRhO6 and Ca3FeCoO6 has
been found in the Fe Mössbauer study. These similarities and
differences between the two compounds Ca3FeRhO6 and
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FIG. 9. The temperature dependence of the angles �1 and �2.

FIG. 10. �Color online� A schematic diagram of the relative
alignment of two site moments with respect to the EFG and the
crystallographic c axis.
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Ca3FeCoO6 prove that the local oxygen environment of Fe in
the two compounds is very similar; however, due to the dif-
ferent crystal structure, the Fe-Fe exchange interactions are
very different, TN observed to be approximately 20 and
500 K for Ca3FeRhO6 and Ca3FeCoO6, respectively.

IV. CONCLUSIONS

Our Mössbauer studies of the iron doped
Ca3�Co1−xFex�2O6 compounds reveal that for x�0.2 the iron
resides only in the Co2 site. These compounds show para-
magnetic behavior at 90 K and the iron exhibits slow spin
relaxation phenomena even at room temperature. For the x
=0.5 compound, the crystal structure changes �from rhombo-
hedral to triclinic�, where the iron resides almost equally in
two different crystallographic sites and it exhibits a very high
magnetic ordering temperature, TN�500 K. At Tsr�193 K a

spin reorientation of the iron magnetic moments is observed.
Below Tsr, the moments in the two sites are aligned along the
crystallographic c axis, whereas above Tsr they are aligned in
the basal a-b plane. The magnetic order is ferromagnetic
within each iron site and antiferromagnetic between the sites.
A small ferromagnetic component observed in the magneti-
zation studies is probably due to a very small difference in
the occupation of the two iron sites. The unique magnetic
properties of Ca3CoFeO6 �x=0.5� compare to the compounds
with lower x values, or Ca3FeRhO6, are due to its different
crystal structure, which may have some importance for its
practical applications.
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