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a b s t r a c t

The structural and magnetic properties of quasi-one-dimensional (1D) spin-chain compounds Ca3Co2-
xFexO6 (x ¼ 0, 0.1, 0.2 and 0.3) synthesized by a sol-gel method have been systematically studied by
means of X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), neutron powder diffraction
(NPD), dc and acmagnetization measurements. The samples adopt a rhombohedral crystal structure with
the space group R-3c in a temperature range of 5e100 K. Fe ions are found to locate at the trigonal prism
Co2 crystallographic sites. Fe doping converts some of low-spin Co3þ ions at Co1 octahedral sites into
Co2þ ions. For the high-temperature paramagnetic phase, the Curie paramagnetic temperature qp
changes its sign from positive to negative at x ¼ 0.2, implying that the dominant magnetic interaction is
driven from ferromagnetic (FM) to antiferromagnetic (AFM) upon Fe substitution. A partial low-spin to
high-spin state crossover of the Co1 ions is observed at high Fe-doping level x ¼ 0.3. All the samples
exhibit a long-range spin-density wave (SDW) AFM ordering below TN, followed by a spin-glass-like
transition at Tf. These low-temperature magnetic phases were significantly suppressed upon Fe
doping. The Fe substitution in Ca3Co2-xFexO6 weakened both intrachain and interchain magnetic in-
teractions, caused by enhanced magnetic disorder due to the different magnetic characters of Ising Co
and Heisenberg Fe spins.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Multiferroic materials exhibiting the magnetism-driven ferro-
electricity, where ferroelectricity is induced by magnetic ordering,
are characterized by a strong magnetoelectric coupling, close
ferroelectric transition, and magnetic ordering temperatures [1,2].
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It is worth noting that the magnetism-induced ferroelectricity is
commonly observed in magnetically frustrated systems, since spin
frustration induces spatial variation in magnetization, giving rise to
the loss of the lattice inversion symmetry and therefore resulting in
the occurrence of ferroelectricity.

Among magnetically and geometrically frustrated materials, the
quasi one-dimensional Ising chain compound Ca3Co2O6 has
attracted intensive attention due to its exotic magnetic properties
[3e10]. The rhombohedral R-3c crystal structure of Ca3Co2O6 con-
tains chains made up of alternating face-sharing Co1O6 octahedra
and Co2O6 trigonal prisms along the c axis, which are arranged in a
triangular lattice in the ab plane (Fig. 1). Due to the different crystal
electric fields, cobalt ions occupying the Co1 octahedral sites have a
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Fig. 1. The crystal structure of Ca3Co2O6 at different views. The paths of the intra (J1) and inter-chain (J2, J3) interactions are shown.
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low spin state (S ¼ 0), while the cobalt ions in the Co2 triangular
base prism have a high spin state (S ¼ 2) [11]. The intrachain
magnetic interaction between Co2 spins (J1) is strongly ferromag-
netic (FM), J1 ~ 25 K, while the interchain magnetic interaction is
governed by the weak super-superexchange antiferromagnetic
(AFM) interactions J2 and J3 through CoeOeOeCo path ways,
J2 ~ J3z 1 K (Fig. 1) [12e14]. The strong difference in strength of the
intrachain and interchain magnetic interactions combined with the
triangular arrangement of spin chains leads to a geometrical frus-
tration and consequently the complex magnetic behavior with a
coexistence of several magnetic states in this system [8,15e19].

It has been reported that Ca3Co2O6 exhibits a quasi-1D ferro-
magnetic ordering inside the chains below 100 K and then a long-
range magnetic order below the N�eel temperature TN ¼ 25 K
[8,15e17]. However, the exact nature of the long-range magnetic
order has remained a long-lasting debate. It was initially proposed
that the magnetic structure corresponds to a partially disordered
antiferromagnetic (PDA) configuration (M, - M, 0), where two third
of the ferromagnetic Ising spin chains are coupled antiferromag-
netically with each other, while the one third is left disordered with
zero net magnetization [20,21]. However, Agrestini et al. have
unambiguously shown that the magnetic structure is not a simple
PDA state but corresponds to a complex incommensurate
amplitude-modulated PDA or the so-called spin density wave
(SDW) structurewith awave propagation vector k¼ (0, 0, kz ~ 1.01),
with a phase shift of 120� between adjacent chains [18,19]. More-
over, the short range magnetic correlations were reported to
coexist with the long-range order at low temperature just below
the TN [18,19,22], probably due to the presence of defects in the
propagation of the long-range SDW order with stacking faults
developed along the c-axis direction [18]. The partial trans-
formation of the SDW state to the long-range metastable
commensurate antiferromagnetic (CAFM) state with k ¼ (0.5, - 0.5,
0) was shown to occur at TN2 ~ 10 K [19]. Notably, the volume
fractions of the phases are strongly dependent on the time and the
rate of sample cooling [19]. As a result of the delicate competition
between these magnetic interactions, an “exotic” spin-glass-like
state was found below ~7 K [17,23].

The delicate balance of the intra- and interchain magnetic in-
teractions on the geometrically frustrated triangular lattice makes
Ca3Co2O6 extremely susceptible to variation in magnetic field,
pressure, or chemical doping. Multiple metamagnetic transitions
associated with the formation of ferri- and ferromagnetic states, as
well as their inter-conversion were observed in Ca3Co2O6 upon the
application of a magnetic field along the c-axis of the material
[15e17]. Notably, we have recently observed a full suppression of
the ambient-pressure long-range SDWand short-range phases and
a stabilization of the CAFM phase at high pressures P � 2 GPa [22].
In contrast to the pressure-induced effect [22], the chemical doping
has been shown to stabilize the SDW phase and decrease the TN in
Ca2.75R0.25Co2O6 (R¼ Dy, Lu) [24] and Fe-doped Ca3Co2-xFexO6 with
x � 0.4 [25]. The origin of the observed phenomena can be attrib-
uted to modifications of the strength ratio between the intra- and
interchain magnetic interactions [26]. The calculations have shown
that the lower energymagnetic configuration is the CAFM structure
for |J2,3/J1| < 1.7 and becomes the SPW structure for |J2,3/J1| > 1.7,
where J2,3 is the average strength of the interchain magnetic in-
teractions [26]. The pressure-induced stabilization of the CAFM
phase has been attributed to the reduction of |J2,3/J1|, due to the
more rapid enhancement of the intrachain exchange interactions
compared to the interchain ones [22]. In case of the Fe- or R-doped
Ca3Co2O6 compounds [24,25], the chemical doping reduces the
intrachain magnetic interactions and enhances the interchain ones,
thus increasing |J2,3/J1|. This consequently stabilizes the SPW phase
[24,25,27]. A worthy of note is that while the variation in the
magnetic interactions in Ca2.75R0.25Co2O6 (R ¼ Dy, Lu) was related
to the modification in the bond lengths within the exchange
pathways [24], it was suggested to arise from the difference in Ising
Co and Heisenberg Fe spins in Ca3Co2-xFexO6 [28]. In the latter case,
a low-temperature neutron diffraction study revealed structural
modifications in Ca3Co2O6 upon Fe doping [29]. However, how such
structural changes influence the magnetic properties of the Fe-
doped compounds is not fully understood, and there is an open
question on how the valence of Co ions evolves with Fe doping.

To shed more light on these, we have performed a systematic
study of the structural and magnetic properties of Ca3Co2-xFexO6
(x ¼ 0, 0.1, 0.2, and 0.3) samples by means of X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), neutron powder
diffraction (NPD) andmagnetometry. Results obtained show that Fe
ions locate at the trigonal prism Co2 crystallographic sites. The Fe
doping converts some of low-spin Co3þ ions at Co1 octahedral sites
into Co2þ ions. We demonstrate that the Fe substitution weakens
both intrachain and interchainmagnetic interactions, caused by the
enhanced magnetic disorder due to the different magnetic char-
acters of Ising Co and Heisenberg Fe spins.
2. Experiment

Polycrystalline Ca3Co2-xFexO6 (x ¼ 0, 0.1, 0.2, 0.3) samples were
prepared by a conventional sol-gel method. Aqueous solutions of



Fig. 2. SEM micrographs of Ca3Co2-xFexO6 samples with (a) x ¼ 0, (b) 0.1, (c) 0.2, and
(d) 0.3, and their corresponding XPS spectra at the Co L2,3 edge (e).
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Ca(NO3)2$4H2O (99.0%), Co(NO3)2$6H2O (99.999%) and
Fe(NO3)3$9H2O (99.999%) with stoichiometric ratio of the desired
cations and a bridging compound citric acid (99.0%) were prepared
and stirred for 30 min to ensure homogeneous mixing of cations.
Citric acid was used as a binding ligand to form metal organic
complexes. Then the sol was aged at 80 �C in water bath. After
aging, the xerogel was dried on a hot plate, to eliminate all of the
water. Roughly around 200 �C, auto-combustion occurs, in which a
self-sustaining exothermic redox reaction results in a black ashy
powder. To improve the crystallinity and obtain the proper phase
this ash was calcined at 1000 �C for 1 h.

The structural phase analysis was carried out using a Bruker AXS
powder X-ray diffractometer (XRD) with Cu-Ka radiation. X-ray
Photoelectron Spectroscopy (XPS) was performed with a PHI Ver-
saProbe II, in ultra-high vacuum (~10�8 torr). The neutron powder-
diffraction measurements in the temperature range T ¼ 5e300 K
were performed with the DN-6 diffractometer (IBR-2 pulsed
reactor, JINR, Russia) [30]. Diffraction patterns were collected at
scattering angle of 90� with resolution Dd/d ¼ 0.025. The typical
data collection time at one temperature was 2 h. The experimental
data were analyzed by the Rietveld method using the Fullprof
program [31]. Magnetic measurements were performed using a
Quantum Design Physical Property Measurement System (PPMS)
with the Vibrating Sample Magnetometer (VSM). Magnetization
versus applied magnetic field (M vs. H) was measured from
H ¼ 0e70 kOe for temperatures ranging from T ¼ 2e300 K. Using
the ac/dc Magnetometry System (ACMS) option of the PPMS, ac
susceptibility measurements were performed with frequencies
ranging from 10 Hz to 10 kHz at the ac driving field of 5 Oe while
warming up from 3 K.

3. Results and discussion

Fig. 2(aed) shows SEM images of Ca3Co2-xFexO6 samples with
x ¼ 0, 0.1, 0.2, and 0.3, respectively. The micrographs indicate that
the particles are quasi-spherical in morphology and they are fused
together due to high temperature calcination. The calculated
average particle size is 300, 240, 225, and 250 nm for x ¼ 0, 0.1, 0.2,
and 0.3, respectively. A M€ossbauer study revealed a pure trivalent
valence and high-spin state of Fe ions in Ca3Co2-xFexO6 [26].
However, the valence evolution of Co ions with Fe doping was
unclear. Therefore, in the present study, the XPS datawere recorded
at the Co L2,3 edge and fitted using the CASAXPS software [32] (see
Fig. 2e). It should be mentioned that we are unable to resolve the
XPS spectra at the Fe edge due to Auger electrons from Co occurring
near the Fe L-edge. Additionally, due to the powder nature of the
sample and the low (<5 nm) probing depth of the XPS the Co va-
lences should be treated as nominal. From the analysis of the Co 2p
XPS spectra, we have found that the undoped sample contains
almost Co3þ ions, and the Fe substitution converts some amount of
Co3þ ions into Co2þ ones. The fraction of Co2þ ions demonstrates an
almost linear increase with increasing x from 12% at x ¼ 0.1e25% at
x ¼ 0.2 and then to 42% at x ¼ 0.3. The errors in the fits are most
likely due to the powder nature of the sample, which leads to
enhanced broadening at the absorption edge as well as errors due
to potential oxygen vacancies which were not accounted for.
Additionally, there are satellite peaks at approximately 790 eV and
804 eV which were not fitted in this present case but, has been
shown [33] to be associatedwith the CoeO charge transfer. Notably,
the similar ionic transfer for Co ions was also reported for Pb3þ,
Sm2þ or F-doped Ca3Co2O6 systems [34e36]. Moreover, it was
established that the Co2þ ions prefer to locate at the octahedral Co1
sites and be in the low-spin state [34,35], which is consistent with
the magnetization results as shown below.

The crystal structure of the Ca3Co2-xFexO6 samples has been
analyzed by both XRD and NPD. Room-temperature XRD and NPD
patterns of the samples are shown in Fig. 3a and b, respectively. The
data analysis has revealed that all of the samples are single phase
and adopt the R-3c rhombohedral crystal structure (see Fig. 3),
except for x ¼ 0.3, which contains about 4.6 wt % of CaFeO3 im-
purity (see inset of Fig. 3a). It is worth noting that CaFeO3 has a
strong A-type antiferromagnetic order at TN ~116 K [37e39]. Since
no AFM sign of the CaFeO3 was observed from the magnetic mea-
surements (presented below) for the x ¼ 0.3 compound, its
contribution to the magnetism of the sample can be neglected. It is
important to note that as an advantage of the neutron diffraction
compared to the X-ray diffraction, NPD allows us to exactly deter-
mine the distribution of Co and Fe over their possible crystallo-
graphic sites due to the large difference in the neutron scattering
lengths of Co (2.49 fm) and Fe (9.45 fm). As a result, we have
observed that most Fe ions locate at the trigonal prism Co2 crys-
tallographic sites, consistent with the previously reported works
[25,29]. Moreover, the lattice parameters increase with increasing
Fe concentration, x, which can be explained due to the larger ionic
sizes of high-spin Fe3þ (0.645 Å) and low-spin Co2þ (0.65 Å) ions
compared to those of high-spin (0.61 Å) and low-spin (0.545 Å)
Co3þ ones [40,41].

In order to understand effects of Fe doping on the magnetic
properties of Ca3Co2-xFexO3, temperature-dependent magnetiza-
tionwas first measured at amagnetic field of 100 Oewith zero-field
cooling (ZFC) and field-cooling (FC) regimes, as shown in Fig. 4. At
high temperature, the ZFC and FC M(T) curves of all the samples
coincide and follow the paramagnetic CurieeWeiss law c ¼ C/
(T � qp), where qp is the paramagnetic Curie temperature and C is
the Curie constant (see the insets of Fig. 4). The refined values of C
and qp, determined by extrapolation of the linear region of these
curves, are presented in Table 1. It should be noted that the positive
value of qp for the undoped sample evidences that FM interactions
are dominant in the sample at high temperature. Upon Fe-doping,
qp decreases monotonously and changes its sign at x � 0.2 (Fig. 5b),



Fig. 3. Room-temperature X-ray (a) and neutron (b) powder diffraction patterns of Ca3Co2-xFexO6 with x ¼ 0.0, 0.1, 0.2 and 0.3, refined by the Rietveld method. The experimental
points and calculated profiles are shown. The ticks below represent the calculated positions of the nuclear peaks from the structural phase. The most intense peaks of Al used as a
sample cover are marked by symbol Al. The inset in Fig. 3a shows an enlarged view of the region of the diffraction pattern of x ¼ 0.3, containing the peak of impurity CaFeO3 marked
by an arrow.

Table 1
Characteristic temperatures Tirr, Tf and TN, paramagnetic Curie temperature qp, Curie
constant C, experimental and theoretical values of meff for Ca3Co2-xFexO3-d samples.

x Tirr (K) Tf (K) TN (K) qp (K) C (emu/mol.Oe) meff (mB)

0.0 43.91 8.12 25.10 24.914 3.987 5.645
0.1 10.85 6.54 22.35 15.835 4.1716 5.774
0.2 8.54 5.79 19.38 �3.674 4.756 6.166
0.3 6.38 5.22 17.25 �64.318 6.858 7.404
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lending evidence for the weakened FM interactions and the
dominant AFM interactions at higher Fe concentrations. The Fe
concentration dependence of the effective magnetic moment,
determined by the relation meff z 2.83C1/2 (mB), is shown in Fig. 5.
Concerning the Co2þ ions, if Fe-doping converts amount of the
high-spin Co3þ ions at the Co2 sites into Co2þ ions, meff should
decrease in magnitude with increasing x, which is contrary to the
experimental result. We recall the above-mentioned assumptions
on the preferable location at the Co1 sites and the low-spin state of
the Co2þ ions. Considering the low-spin state of Co2þ (S ¼ 1/2) at
the Co1 site and the high-spin states of Co3þ (S¼ 2) and Fe3þ (S¼ 5/
2) at the Co2 site, the theoretically calculated spin-only meff values
have been obtained using an expression meff ¼ ð1 � xÞ, mCo2 þ x,

mFe2 þ y,mCo1;where m ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SðSþ 1Þp

; x and y are the fractions of
Fe3þ and Co2þ at their sites, respectively. For x ¼ 0, the experi-
mental value of mexp ¼ 5.65 mB is larger than those of the spin-only
Fig. 4. Temperature dependences of ZFC, FC magnetizations and their difference for Ca3Co
susceptibility vs temperature for the samples.
one of 4.90 mB, which can be attributed to the contribution of the
orbital magnetic moments of the Co2 ions originated from the spin-
orbital coupling and an unusual coordination of the Co3þ ions at
these sites [27,42e44]. As can be seen in Fig. 5b, the difference Dmeff
between mexp and mtheor values decreases as x increases to 0.2,
indicating the suppression of the orbital moment, which is similar
2-xFexO6 with (a) x ¼ 0.0, (b) 0.1, (c) 0.2 and (d) 0.3. Insets: Plots of inverse magnetic



Fig. 5. a) Theoretical and experimental values of meff and b) Difference between the
experimental and spin-only values of the effective moment (left) and Curie para-
magnetic temperature qp (right) as functions of Fe-doping concentration.

Fig. 7. Magnetic-field dependent magnetization curves of Ca3Co2-xFexO6 (x ¼ 0e0.3) at
10 K. The insets (a) and (b) show an enlarged view around the origin and derivative
curves of M(H) at 10 K for x ¼ 0 and 0.3.
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to that caused by F� doping [35]. By extrapolating the Dmeff curve,
the orbital contribution is estimated to be ~0.2 mB at x ¼ 0.3, which
is much smaller than the Dmeff value of 0.96 mB obtained for x ¼ 0.3
(Fig. 5b). This can be attributed to a partial low-spin to high-spin
state transition for Co3þ/Co2þ at the Co1 site located near Fe3þ

ions, due to the competition between the crystal field energy and
Hund’s exchange energy, leading to the distribution of the electrons
in the t2g and eg orbitals [27].

With further decrease of temperature, the ZFC and FCM-Tcurves
begin to deviate from the CurieeWeiss line, which may be attrib-
uted to the presence of short-range magnetic ordering. A sudden
Fig. 6. Temperature dependent ac susceptibility measured at an ac driving field of 5Oe a
increase in magnetization is evident in the ZFC/FCM-T curves for all
the samples at low temperatures below TN, indicating the onset of
the long-range AFM order. An additional important magnetic
feature of the systems is a separation between the FC and ZFC
magnetization starting at a so-called thermal irreversibility tem-
perature Tirr along with a cusp at Tf in the ZFC M-T curves. These
features can be ascribed to the presence of a spin-glass-like mag-
netic state [45,46], whose nature will be discussed below. More-
over, as the Fe-doping concentration increases, the magnetization
shows a monotonous decrease. It indicates the suppression of the
FM interchain interaction due to reduced correlation length be-
tween the Co2 moments along the c-axis. Furthermore, as can be
seen in Table 1, the Fe doping causes decrease of TN, Tirr, and Tf,
implying the suppression of both the long-range AFM order and the
glass-like magnetic phase. The different magnetic characters of
Ising Co and Heisenberg Fe spins should thus be responsible for the
observed features [27].

To further probe the nature of the low-temperature spin-glass-
t selected frequencies for Ca3Co2-xFexO6 with (a) x ¼ 0.0, (b) 0.1, (c) 0.2 and (d) 0.3.



Fig. 8. Low-temperature neutron diffraction patterns of Ca3Co2-xFexO6 with (a) x ¼ 0.0,
(b) 0.1, (c) 0.2 and (d) 0.3, refined by the Rietveld method. The experimental points and
calculated profiles are shown. The ticks below represent the calculated positions of the
nuclear peaks from the structural phase. The most intense peaks of the magnetic phase
and Al used as a sample cover are marked by symbols AFM and Al, respectively.

Fig. 9. Temperature dependencies of the average magnetic moment at the Co2 site for
Ca3Co2-xFexO6 and their interpolation by the function m(T) ¼ m0$(1-(T/TN)a)2b [55]. The
inset shows the concentration dependence of TN and its linear fit.
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like magnetic state, ac susceptibility measurements were per-
formedwith various frequencies ranging from 10 Hz to 10 kHz at an
ac driving field of 5 Oe, and the results are present in Fig. 6. For all
the samples, broad peaks were observed around the freezing
temperature Tf in the c0(T) curves, exhibiting a strong frequency
dependence. As frequency increases, these peaks exhibit a shift
toward to higher temperature and a decrease in intensity (see
Fig. 6), reflecting the slow dynamics of Ca3Co2-xFexO6 compounds,
which is typically observed for spin-glass-like systems. The
phenomenological parameters, estimated from the frequency-
dependent shift of Tf, K ¼ DTf/Tf Dlog f [47,48], are 0.143, 0.168,
0.236, 0.252 for x¼ 0, 0.1, 0.2, and 0.3, respectively. For the undoped
sample (x ¼ 0), the obtained value of K is consistent with that re-
ported previously [16,49]. Notably, these values of K are much
larger compared to conventional spin glasses [47,48] but similar to
those of superparamagnetic systems [48,50,51]. Such large fre-
quency dependence of ac c0 was also been observed in other iso-
structural spin-chain compounds Ca3CoIrO6 [52] and Ca3CoRhO6
[53].

As shown in Fig. 7, at 10 K the M(H) curves show two distinct
plateaus and steps at quite low field H1 z 0 and H2 above 3.2 T.
Additionally, the magnetization (M) on the low-H plateau is equal
to 1/3 of that on the high-H one. It has been suggested that the first
step ofM corresponds to a formation of the ferrimagnetic state with
two spins-up and one spin-down ferromagnetic chains on a tri-
angle, while the second one corresponds to its transformation to
the full ferromagnetic ordering of the FM chains [27]. By examining
the derivative dM/dH, we have found two additional steps at 1.2 and
2.4 T (see inset (b) of Fig. 7). The magnetization multisteps are
metastable and suggested to arise from quantum tunneling of the
magnetization [49,54]. Upon Fe doping, both the plateaus became
smeared out and demonstrated a decrease in their magnetization.
Moreover, the value of H2 decreased continuously as the Fe doping
concentration increased (see inset of Fig. 7). These features indicate
that the Fe substitution suppressed the intrachain couplings in
these samples. One important feature of the M(H) data is the
presence of a small hysteresis. It is clearly seen in the inset of Fig. 7a
that both remanent magnetization and coercive field decreased
with increasing Fe concentration, which is consistent with the
reduction of the interchain interactions upon Fe doping as revealed
by the dc magnetization study.

To probe the evolution of the long-range magnetic order upon
Fe doping, we have collected NPD patterns for the samples at low
temperatures down to 5 K, and the results are presented in Fig. 8.
We have found that for all samples studied, the initial crystal
structure symmetry remains unchanged in the whole investigated
temperature range (5e300 K). The extra peaks of magnetic nature
located at dhkl positions of 3.10, 3.41 and 3.90 Å appeared at low
temperatures (Fig. 8). The data analysis has shown that these peaks
correspond to the presence of the long-range SDW order. It is
important to note that during the magnetic refinements for the
samples, the magnetic moment at Co1 site was refined and was
found to be near zero within experimental error, indicating a
paramagnetic behavior of the spins located at this site. The tem-
perature dependence of the average magnetic moment at the Co2
site of the samples is presented in Fig. 9.

Unlike in the Fe-doped samples, the undoped sample
(Ca3Co2O6) demonstrates an unusual decrease of the average
magnetic moment of Co2 ions below T ¼ 15 K, which can be
attributed to the development of the short-range magnetic orders
as reported earlier [18,19,22]. As can be seen in the inset of Fig. 9,
the TN value shows a linear decrease with increasing Fe-doping
level from 25 K for x ¼ 0e18 K for x ¼ 0.3. Simultaneously, the
ordered Co2 magnetic moment value at 5 K decreases nearly line-
arly from ~3.9 to ~3.6 mB as x increases from 0.1 to 0.3, which can be
attributed to the magnetic disorder in the Co sublattice, caused by
the Fe doping [56]. The trend of TN and the average magnetic
moment are consistent with the observed dcmagnetization results,
confirming the reduction of both intrachain and interchain in-
teractions with Fe doping. On the other hand, the strength of the
magnetic interactions is dependent on relevant interatomic dis-
tances and bond angles. Thus, a detailed analysis of the Fe-doping
dependence of the related structural parameters has been made,
and the results are shown in Fig. 10. The refined structural pa-
rameters, characteristic bond distances and angles at 30 K are also
summarized in Table 2.

According to a previous study [22], the strength of the intra-
chain FM interactions is determined by the transfer integral be-
tween the Co2(HS) and Co1(LS) ions, J1 ~ tdd

4 ~ (dCo1-Co2)�20, while
the strength of the interchain AFM interactions is determined by
the transfer integrals between the Co2(HS)eO ions and OeO ions,
J2,3 ~ t4pdt

2
pp ~ (dCo2-O)�14$(dO-O)�4. As summarized in Table 2, the



Fig. 10. Fe-concentration dependences of Co1eCo2, Co2eO (a), OeO (b) interatomic distances, and the ratio of strength of magnetic interactions J normalized to its value at x ¼ 0 (c).

Table 2
Refined structural parameters, characteristic bond lengths and angles of the Ca3Co2-
xFexO6 systems at 30 K. In the structure of R-3c symmetry, atomic crystallographic
sites are Ca 18e (x, 0, 1/4), Co1 6e (0, 0, 0), Co2 (Co/Fe) 6a (0, 0, 1/4), and O 36f (x, y, z).

x (Fe) 0 0.1 0.2 0.3

a (Å) 9.080 (5) 9.089 (6) 9.092 (6) 9.098 (6)
c (Å) 10.394 (5) 10.398 (6) 10.398 (9) 10.403 (9)
Ca: z 0.3695 (5) 0.3701 (4) 0.3721 (5) 0.3714 (5)
O2: x 0.1781 (5) 0.1772 (5) 0.1766 (5) 0.1760 (7)
y 0.0253 (8) 0.0250 (7) 0.0247 (7) 0.0242 (7)
z 0.1143 (3) 0.1141 (4) 0.1139 (6) 0.1139 (7)
Co1eCo2 2.5985 (12) 2.5995 (15) 2.5995 (22) 2.6007 (22)
Co1eO 1.9256 (64) 1.9202 (43) 1.9159 (67) 1.9141 (58)
Co2eO 2.0702 (36) 2.0680 (56) 2.0666 (67) 2.0651 (71)
OeO (J2) 2.9130 (56) 2.9280 (55) 2.9383 (61) 2.9496 (72)
Co2eOeO (J2) 101.61 (24) 101.58 (23) 101.50 (23) 101.46 (24)
OeO (J3) 2.911 (10) 2.9224 (95) 2.9270 (96) 2.931 (11)
Co2eOeO (J3) 135.78 (23) 135.63 (25) 135.53 (27) 135.58 (34)
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values of the interatomic Co2eOeO angles, corresponding to the J2
and J3 interactions, slightly change with varying the Fe-doping
concentration and their contribution to the modification of mag-
netic interactions can be neglected. Based on the experimental
values of the structural parameters, the Fe-concentration depen-
dence of the strength of the magnetic interactions normalized to
the value at x ¼ 0 has been calculated and presented in Fig. 10c. As
can be seen in Fig. 10, with increasing x, the distance Co1eCo2
slightly increases, weakening the intrachain interaction J1. In the
case of J2,3, a decrease in the Co2eO distance is compensated by a
strong increase of the relevant OeO distances. Upon increasing x, J2
and J3 show opposite behaviors, e. g. J2 is weakened in contrast to a
weak enhancement of J3. As a result, the average strength of the
interchain interactions slightly decreases.

If taking J1 ¼ 23.9 K, J2 ¼ �1.1 K and J3 ¼ �1.2 K reported for
Ca3Co2O6 [12] and using the experimental Fe-concentration de-
pendences of their normalized values (Fig. 10c), their absolute
values can be calculated. Based on the obtained values of the
magnetic interaction strength, the TN temperature of the long-
range SDW order of the studied samples has been estimated us-
ing the analytical solutions for the static susceptibility of the one-
dimensional Ising model within the mean field approach:

cðTÞ¼ ð1 = kBTÞ
1

cosh
�

2J1
kBT

� 1

1� tanh
�

2J1
kBT

�; (1)

c�1(TN) ¼ �2(J2þJ3). (2)

Although this calculation qualitatively reproduces a trend
towards TN reduction upon Fe doping, the evaluated change from
27.0 K for x ¼ 0e26.66 K for x ¼ 0.3 is significantly less than
experimentally observed one (see the inset of Fig. 9). This can be
explained due to the Fe-doping induced magnetic disorder and
distinct magnetic features of Ising Co and Heisenberg Fe spins,
providing additional source for more rapid TN decrease found in
Ca3Co2-xFexO6.
4. Conclusion

The Fe-doping effects on the structural and magnetic properties
of Ca3Co2-xFexO6 (x ¼ 0, 0.1, 0.2 and 0.3) have been systematically
investigated. The initial rhombohedral crystal structure remains
stable upon Fe doping in thewhole temperature range of 10e300 K.
The Fe ions locate at the trigonal prism Co2 sites. The Fe doping
converts some of the low-spin Co3þ ions at the Co1 octahedral sites
into Co2þ ions, whose fraction remarkably increases with the in-
crease of x. For the high-temperature paramagnetic phase, the sign
of the Curie paramagnetic temperature qp changes from positive to
negative at x ¼ 0.2, signalizing the weakening of the FM in-
teractions and the dominance of the AFM interactions at higher Fe
concentrations. A partial low-spin to high-spin state crossover of
the Co1 ions is observed at the high Fe-doping level (x¼ 0.3). All the
samples exhibit a long-range spin-density wave (SDW) AFM
ordering, followed by a spin-glass-like transition at lower temper-
ature. The low-temperature magnetic phases are suppressed by the
Fe doping. The Fe substitution for Co in Ca3Co2-xFexO6 weakens
both the intrachain and interchainmagnetic interactions, caused by
the enhanced magnetic disorder due to the different magnetic
characters of Ising Co and Heisenberg Fe spins.
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