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Magnetic ordering in the spin-chain compounds Ca;Co,_,Fe, O (x=0.2 and 0.4):
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We report the results of the neutron diffraction experiments on the spin-chain compounds Ca;Co,_.Fe Og

(x=0.2 and 0.4) crystallizing in the rhombohedral structure (space group R3c) in the temperature range of
1.5-100 K. Additional magnetic Bragg peaks in the low-temperature neutron powder diffraction patterns
mainly indicate an antiferromagnetic ordering for these iron-substituted compounds. The observed magnetic
reflections can be indexed in the nuclear lattice with a propagation vector K=(0,0, 1) which indicates that the
centering translations have been lost in the magnetic structure. The Rietveld refinement of the neutron diffrac-
tion patterns for both the compounds confirms that the I, irreducible representation of the little group G*
classifies the magnetic structure which corresponds with ferromagnetic planes perpendicular to the b axis,
where the magnetic moment is aligned along the ¢ axis, coupled antiferromagnetically along the b direction.
We demonstrate that two different magnetic structures, (i) amplitude modulated structure with a propagation
vector K=(0,0,1) and (ii) partially disordered antiferromagnet structure, are able to fit the same neutron
diffraction pattern because the Fourier coefficients for each solution only differs in a global phase factor that
cannot be determined by the experiment. The temperature-independent intensity of the (110) Bragg peak and
the fact that the determined Fourier coefficients assure that the magnetic structure has net zero magnetic
moment in the lattice confirm the absence of any phase transition to a ferrimagnetic state.

DOLI: 10.1103/PhysRevB.79.184428

I. INTRODUCTION

A;MXOg-type [A=Ca and Sr, and (M,X)=alkali or
transition-metal ions] quasi-one-dimensional (1D) spin-chain
compounds,'~* crystallizing in the K,CdClg-type rhombohe-
dral structure, have recently attracted much interest because
of their peculiar magnetic properties. The crystal structure of
these compounds consists of chains of alternating face shar-
ing XO¢ octahedra (OCT) and MOy trigonal prism (TP) run-
ning along the crystallographic ¢ axis. These chains, sepa-
rated by A" ions, are arranged on a triangular lattice in the
ab plane and each chain is surrounded by six chains. The
ferromagnetic intrachain and antiferromagnetic interchain in-
teractions combined with a triangular arrangement of the
Ising spin chains can give rise to a geometrical frustration in
these compounds. In the literature, there are a few examples
where the 1D Ising spin chains are arranged on a triangular
lattice. The most of the compounds belong to either the
A3;MXOq family (considered in the present study) or the
A'BX; (where A’ is an alkali ion, B is a transition-metal ion,
and X is a halide ion)>-?7 family. The compound CsCoCl;,
(Refs. 25 and 26) is one of the well-studied 1D Ising spin-
chain compounds in the ABX; family. The results of most of
theoretical models?>?” for the A’ BX; compounds predict the
partially disordered antiferromagnet (PDA) structure [as
shown in the Fig. 1(a)] at higher temperature and a ferrimag-
netic (FI) structure [as shown Fig. 1(b)] at lower temperature
(e.g., below 9 K for the compound CsCoCl;). The crystal
structure of the compound CsCoCl; consists of chains of
Co?* ions with effective spin § :%, arranged on a triangular
lattice, running along the crystallographic ¢ axis. Both the
intrachain and interchain interactions in this compound are
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antiferromagnetic. However, the strength of the intrachain
exchange interaction is much stronger than that of the inter-
chain exchange interaction. This compound undergoes two
successive magnetic phase transitions; one at 21 K and other
at 9 K. In the temperature range between 9 and 21 K the
PDA state and below 9 K a ferrimagnetic state have been
found.

Among the A;MXOg-type spin-chain compounds, the
most studied compounds are Ca;Co,0¢ (Ref. 2-21) and
Ca;CoRhOg.2%2* Unlike the compound CsCoCls, the intrac-
hain interactions for the compounds Ca;Co,04 and
Ca;CoRhOg are reported to be ferromagnetic. Both the com-
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FIG. 1. (Color online) Schematic diagram of (a) PDA state and
(b) ferrimagnetic (FI) state. The circles correspond to the Ising spin
chains running along the crystallographic ¢ axis. The plus and mi-
nus signs correspond to the direction of the magnetic moment along
the crystallographic ¢ axis; zero (0) represents the incoherent (the
chain with net zero moment) spin chain. The red short-dashed lines
represent the unit cell in the ab plane, and the blue long-dashed
lines represent the triangular arrangement of spin chains.
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pounds Ca;Co,04 and Ca3;CoRhOg crystallizes in the rhom-

bohedral structure with space group R3c. In the Ca;Co,0y,
Co** ions are located at 6a (TP) and 65 (OCT) crystallo-
graphic sites. In this compound, the spin chains, made up of
alternating face sharing CoOg octahedra and CoOg trigonal
prism, are separated by Ca’* ions. It is reported that the
different crystalline electric field at the OCT and TP sites
leads to the different spin states of the Co’" ions in this
compound: low spin (S=0) and high spin (§=2) at the OCT
and TP sites, respectively.® Due to the crystalline electric
field, the Co®* ions in this compound have very strong Ising-
type anisotropy with moment (for the TP sites), preferentially
aligned along the crystallographic ¢ direction. The Co®* ions
in the adjacent spin chains are shifted by 1/6 or 1/3 along the
¢ axis, perpendicular to the ab plane.!” The compound
Ca3Co,0q is reported to undergo two successive magnetic
phase transitions at Ty; =25 K and Ty,~10 K."” In the
temperature range between Ty; and Ty, this compound
would exhibit a PDA state [as shown in the Fig. 1(a)], a state
where 2/3 ferromagnetic Ising spin-chain orders with antifer-
romagnetic interchain interaction while the remaining 1/3 are
left incoherent (disordered with zero net magnetization).'”
There is sill an ambiguity regarding the nature of the mag-
netic state of this compound below T',, whether it is a frozen
spin state (a state in which 1/3 incoherent spin chains freeze
randomly) or a FI state [as shown Fig. 1(b)]. To the best of
our knowledge, for the compound Ca;Co,04 there are only
three reports in the literature on neutron diffraction studies;
two on powder samples®'% and one on the single crystal.!3
The very first low-temperature neutron powder diffraction
study for the compound Ca;Co,0O4 was carried out by
Aasland et al.’ Based on the analysis of neutron diffraction
patterns, Aasland et al.’ proposed a model for the magnetic
structure; according to this model the magnetic structure
consists of chains (ordered ferrimagnetically) of alternating
magnetic moments of (0.08 +0.04)uz and (3.00 % 0.05)ug
for Co>* at OCT and TP sites, respectively. The moments in
a single chain lie along the ¢ axis (coupled ferromagneti-
cally). Kageyama et al.'* also proposed the same model, and
they ascribed a reduction in the intensity of the (100) peak
below 13 K to a decrease in the ferrimagnetic domain size.
The single-crystal neutron diffraction study for the com-
pound Ca;Co,0¢ was carried out by Petrenko et al.'> in an
applied magnetic field Hllc, and they proposed the existence
of the PDA state. However, based on the ratio of intensity of
antiferromagnetic peaks for field-cooled and zero-field-
cooled samples they concluded that the ground state of
Ca;Co0,0¢ was not a simple PDA state.

The effect of iron substitution on the structural and the
magnetic properties of the compounds Ca;Co,_,Fe O (x=0,
0.1, 0.2, and 0.4) has been investigated by some of us'7-?
using room-temperature neutron diffraction, x-ray powder
diffraction, dc magnetization, and Mossbauer spectroscopy
techniques. Kageyama et al.'> and Arai et al.'® investigated
the magnetic properties of the compounds Ca;Co,_.Fe Oq
(x=0.1) using the Mdossbauer spectroscopy study. In the
Mossbauer spectroscopy study, the well-resolved nuclear hy-
perfine structure corresponding to the exchange polarized
Fe* electron spins (m,=*5/2, +3/2, =1/2) has been ob-
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served for T=20 K. This observation is very remarkable in
the present magnetically dense system. The observed hyper-
fine structure'>'%28 has been ascribed to the different spin
nature of the Fe** (Heisenberg) in comparison to the Co**
(Ising). The magnetism of these Fe-substituted compounds is
unique in the sense that spin chains are made up of different
type of spins: Fe’* (Heisenberg) and Co** (Ising). In our
previous study,!” based on the dc magnetization, the possi-
bility of a spin state transition for the Co** moment at the
octahedral site was shown in the Fe-substituted compounds.
In general, the spin state transition in the cobalt oxides can
be induced by pressure, temperature, or carrier concentration.
There are various possible spin states for Co** ions in these
cobalt oxides: low spin (5 eg, S$=0), high spin (t;‘ge;, S$=2),
and intermediate spin (tgge o 5= 1) states. The transition from
one spin state to another spin state occurs due to the compe-
tition between the crystal field energy and Hund’s exchange
energy leading to the distribution of the electrons in the 7,,
and e, orbital. To date, there is no report available in the
literature on the neutron diffraction study of these iron-
substituted compounds as a function of temperature. It is
necessary to determine the spin structure of these compounds
to understand the exotic magnetic properties of these spin-
chain compounds. In this paper, we report the results of the
neutron powder diffraction study as a function of tempera-
ture for the compounds Ca;Co,_,Fe, Og (x=0.2 and 0.4). The
aim of this study is to investigate the nature of the magnetic
ground state of these iron-substituted compounds and to
compare it with that of the parent compound Ca;Co0,04. In
this work we will demonstrate that the low-temperature neu-
tron diffraction patterns for these iron-substituted compounds
can be fitted with a PDA structure as well as with amplitude
modulated structure. However, out of these two magnetic
structures, which one is the ground state that will require
detailed theoretical investigations?

II. EXPERIMENTAL

Polycrystalline samples of the compounds Ca;Co,_,Fe, Og
(x=0.2 and 0.4) were prepared by the conventional solid-
state reaction method as described in an earlier paper.!” Ri-
etveld refinement of room-temperature x-ray powder diffrac-
tion pattern confirmed the single phase formation of these

compounds in the rhombohedral structure (space group R3c¢).
The neutron diffraction experiments in the temperature range
of 1.5-100 K were performed on the cold neutron powder
diffractometer DMC at the Paul Scherrer Institute (PSI),
Switzerland. For low-temperature measurements, a vana-
dium can containing the sample was placed in a helium
“orange” cryostat. A constant wavelength of 2.46 A was
used, and the diffraction data were analyzed by the Rietveld
method using the FULLPROF (Ref. 29) program. The repre-
sentation theory analysis was performed using the BASIREPS
software.?

III. RESULTS AND DISCUSSION

Figures 2 and 3 show, respectively, the Rietveld refined
neutron powder diffraction patterns for the compounds
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FIG. 2. (Color online) Observed (open circles) and calculated
(solid lines) neutron diffraction patterns of Ca;Co, gFe(,0¢ using
(a) amplitude modulated (K=0,0,1) (b) PDA structure. Solid line
at the bottom of each panel shows the difference between the ob-
served and the calculated patterns. The (hkl) values corresponding
to stronger Bragg peaks are also listed. Vertical marks correspond to
the position of all allowed Bragg reflections for the crystal (top
row) and magnetic (bottom row) reflections. Neutron diffraction
patterns at 100 and 25 K show only nuclear Bragg reflections.

CasCo,_,Fe, Og with x=0.2 and 0.4. The lattice parameters
and refined atomic positions at 100 K for all the atoms are
listed in Table I. The refined values of the structural param-
eters are in good agreement with those previously reported
from independent x-ray and neutron diffraction studies.>!”
The Rietveld refinement of the neutron diffraction patterns
confirmed that iron was located at the trigonal prism site (6a)
which had already been confirmed by the Mossbauer spec-
troscopy in the previous study.!” As shown in Figs. 2—4, the
additional Bragg peaks start growing below 20 and 17 K for
x=0.2 and x=0.4, respectively. These additional peaks, in-
dexed with a propagation vector K=(0,0,1) referred to the

space group R3c, can be ascribed to an antiferromagnetic
ordering of the Co** and Fe* spins in these compounds. The
magnetic structure has been analyzed using the standard ir-
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FIG. 3. (Color online) Observed (open circles) and calculated
(solid lines) neutron diffraction patterns of Ca3Co; ¢Fe(4O¢ using
(a) amplitude modulated (K=0,0,1) (b) PDA structure. Solid line
at the bottom of each panel shows the difference between the ob-
served and the calculated patterns. The (hkl) values corresponding
to stronger Bragg peaks are also listed. Vertical marks correspond to
the position of all allowed Bragg reflections for the crystal (top
row) and magnetic (bottom row) reflections. Neutron diffraction
patterns at 100 and 20 K show only nuclear Bragg reflections.

reducible representational theory as described by Bertaut.3%3!

For the propagation vector K=(0,0,1), the irreducible rep-
resentations of the propagation vector group G* are given in
Table II. The magnetic reducible representation I for 6a and
6b sites can be decomposed as direct sum of irreducible rep-
resentations as

I'(6b|Col) = 1T\ + 118" + 21
and
I'(6a|Co2/Fe) = 1TV + 1TV 4+ TP

The representations I'; and T, are one dimensional, while
representation I'; is two dimensional. According to the Ber-
taut method, in the first approximation, the vectors having
the same representation of both sites may be coupled.’%3!
Therefore, we shall first consider the representations I'; and
I', to describe the magnetic structure for these compounds.
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TABLE 1. Results of the Rietveld refinement of neutron powder diffraction patterns at 100 K for

Ca;Co,_,Fe, 04 (x=0.2 and 0.4) samples. Atomic positions for the space group R3c: Ca at 18e (x,0, 41'1)’ Col
at 6b (0, 0, 0), Fe/Co2 at 6a (0, 0, 1/4), and O at 36f (x,y,z).

Lattice constants (A)

X a c Atom X y z

0.2 9.0774(1) 10.3821(3) Ca 0.3717(3) 0 i
0 0.1768(3) 0.0226(3) 0.1147(2)

0.4 Ca 0.3715(3) 0 :
9.0756(1) 10.3835(2) 0 0.1772(2) 0.0236(2) 0.1142(2)

The representation I'; has not been used to describe the mag-
netic structure because it does not contribute at the 6a sites.
The basis vectors of special positions 6a and 6b for the rep-
resentations I'; and I',, calculated using the projection opera-
tor technique implemented in the BASIREPS,” are given in
Table III. The observed neutron powder diffraction patterns
for these compounds cannot be fitted with the magnetic
structure corresponding to representation I';. The magnetic
structure corresponding to representation I';, shown in Fig.
5(a), is suitable to describe the observed neutron powder
diffraction patterns. The Rietveld refined neutron diffraction
patterns for representation I', are shown in Figs. 2(a) and
3(a) for the x=0.2 and x=0.4 compounds, respectively. The
magnetic moments for Col and Co2/Fe ions located at the 6
(0,0,0) and 6a (0,0,i) sites, respectively, are given by

a (b)
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FIG. 4. Temperature dependence of the integrated intensity of
the antiferromagnetic reflections (100) and (210) and nuclear Bragg
peak (110) for (a) CazCo; gFe(,04 (b) CazCo; ¢Fe( 4Os.

1 .
My (i-6a,6b} = E ESJK exp{— 2K - RL}

{-K,+K}
l x . K .
= E(Sj exp{-2miK- Ry} +8;" exp{27iK - Ry })

= SJK cos{27K - Ry }. (1)

Here Sga and Sgb, the Fourier coefficients, are the maxi-
mum magnetic moments at the 6a and 6b sites, respectively,

(2)

# Co2/Fe (6a) site
Col (6b) site

(b)

FIG. 5. (Color online) Magnetic structures corresponding to the
representation (a) I', and (b) PDA model. Sites 6a and 6) are in
blue and red, respectively. At 6a site there are two atoms Co and Fe
with occupation factor (1—x) and x, respectively. At 6b there is only
one atom Co with an occupation factor of 1. Magnetic moments are
scaled in order to show the small magnetic moment at 6a sites. (a)
In representation I',, the moments are aligned ferromagnetically
along the ¢ direction and are coupled antiferromagentically in the
ab plane. (b) The PDA model, similar to I"; but with 1/3 of the sites
with zero averaged magnetic moment. Long arrow: 6a site, short
arrow: 6b site.
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TABLE II. Irreducible representation of the group of the propagation vector Gy. a=exp(2mi/3); b

=exp(4mi/3).
Symmetry element of Gy 1 300. 3%0. (x,—x,2) (x,2x,2) (2x,x,2z)
r, I 1 1 1 1 1
I, 1 1 1 1 -1 -1

" o1 (3]

b o) ()

and R; is the translation vector with respect to zeroth cell
including the noninteger translations inside the magnetic unit
cell 11=(2/3,1/3,1/3) and 12=(1/3,2/3,2/3). The values
of mg, and mg, for the x=0.2 compound are 3.8(4)uz and
0.04(2) g, respectively. While for the x=0.4 compound, the
values of mg, and mg, are 3.9(4)up per site (6a) and
0.02(1) up per site (6b), respectively. The magnetic moments
at the translated related positions by 11=(2/3 1/3 1/3) and
2=(1/3 2/3 2/3) are amplitude modulated by a factor of
cos(27/3)=cos(47/3)=-0.5. This kind of magnetic struc-
ture may arise due to the presence of the competing interac-
tions in the presence of the large axial anisotropy. In the
present compounds, ferromagnetic intrachain and antiferro-
magnetic interchain interactions combined with the triangu-
lar lattice arrangement of the Ising spin chains give rise to
the competing interactions. As mentioned in Sec. I a stronger
crystalline electric field at the OCT site (65 site) can lead to
the low spin state (S=0) of the Co®* ions in this compound?
and, therefore, gives an explanation of the nearly zero value
of the observed moment at the 6b site. For the 6a site, the
observed value of the magnetic moments is less than the
theoretically calculated value using the expression mg,=[(1
—Xx)M¢,+xmg.]. Here m¢, and mg, are the spin only values
of the ordered moment for Co** and Fe®*. The theoretically
expected ordered moment values with quenched orbital mo-
ment for mg, (6a site) are 4.2uy per site and 4.4y per site
for x=0.2 and 0.4, respectively. The R factors for the refine-
ment are: Ryyciear= 1.35 and Ryagneiic=9.24 for the x=0.2 and
Ryuctear=2-96, Rytagneiic=14.7 for the x=0.4 sample.

In a first inspection of the magnetic structure described
above, it can be easily verified that the magnetic moments
are not vanishing at any site and so no PDA model can be
simulated using the propagation vector K=(0,0,1) and the

space group R3c. Therefore, in search of a possible PDA
structure, we have tried to explain our experimental data us-
ing another model in which all the observed Bragg peaks

have been indexed using the space group P1 and a (0, 0, 0)
propagation vector referred to the nuclear cell. The advan-

TABLE III. Basis vectors of positions 6a and 6b for represen-
tations I'y and I',.

IR Basis vectors 1//;/," for 6b site  Basis vectors l[/(ajm for 6a site

(0,0,0) (0,0,1/2) (0,0,1/4) (0,0,3/4)
I 001 (0 0-1) 001 (0 0-1)
r, 001 001 001 001

tage of this model, in which we reduce the symmetry con-
straints, is that, for each site, the six initial positions before
related by the translations t; and t, and the operator (-y,
—x,z+%) are decoupled in three pairs of sites only related
now by (—y,—x,z+%). Then the low-temperature neutron
powder diffraction patterns for all these iron-substituted
compounds have been refined considering the PDA model. A
schema of the PDA magnetic structure has been shown in
Fig. 5(b). In the PDA structure, 2/3 ferromagnetic Ising spin-
chain orders with antiferromagnetic interchain interaction
while the remaining 1/3 is left incoherent (disordered with
zero net moment).

The Rietveld refined neutron diffraction patterns at 1.5 K
using the PDA structure for the x=0.2 and the x=0.4 samples
are shown in Figs. 2(b) and 3(b), respectively. The results of
the magnetic Rietveld refinement are given in Table IV. The
moments for both the sites 6a and 6b lie along the ¢ axis.
Both 6a and 6b sites for this compound are fully occupied.
The refined values of the site averaged order moment for the

K=(0 0 0)

K
JS)

cos(o.

z-coordinate or phase angle (pj}; /2n

FIG. 6. (Color online). Magnetic moment modulation as func-
tion of the z coordinate (or equivalently, as can be observed in Table
IV, the cpﬁ/2'rr phase angle) for 6a (red; thick line) and 65 (blue;
thin line) sites. From the figure it is easily observed that an /6
global phase shift, the same for all the sites, allows to pass from
model with K=(0,0,0) on the top to model with K=(0,0, 1) at the
bottom. For that reason the two models give the same magnetic
pattern in powder neutron diffraction experiments. Lines are guides
to the eyes to better show the modulation of each site. Also it is
observed that the averaged magnetic moment along a unit cell is
zero_ following, for each site (6a and 6b), the sequence
..N3/2,0,-\3/2,33/2,0,-y3/2. .. for the model K=(0 0 0) and

.,1,=3,-%,1,-%,~3... for the model with K=(0,0,1).
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TABLE 1IV. Fourier coefficients (vector and phase) and results of the magnetic Rietveld refinement of
neutron powder diffraction patterns at 1.5 K for Ca;Co,_,Fe, O¢ using (a) amplitude modulated (K=0,0,1)
(model 1) and (b) PDA structure (model 2). At 6a site there are two atoms Co and Fe with occupation factor
(1-x) and x, respectively. At 6b there is only one atom Co with an occupation factor of 1. The moments are
ahgned in the ¢ direction for both sites; as a result m, and m, are zero for both sites. [Constant is c=1 and
¢=213 for the amplitude modulated (K=0,0,1) and the PDA structure, respectively.]

Sﬁ:mz(OOC)exp( 1277(,0”)
gqﬁ/Z?T m,/ g
eh=di+yf X=0.2 X=04
Model 1 Model 2 Model 1 Model 2 Model 1 Model 2
6a (0,0,i) 0 1/12 3.8(2) 3.8(2) 3.94) 3.7(6)
(0,0,3)
(2/3,1/3,7/12) 1/3 1/4 -1.9 0.0 -1.95 0.0
(2/3,1/3,1/12)
(1/3,2/3,11/12) 2/3 7/12 -3.8(2) -3.7(6)
(1/3,2/3,5/12)
6b (0,0,0) 0 1/12 0.04(2) 0.04(2) 0.02(1) 0.02(1)
(0.0,3)
(2/3,1/3,1/3) 1/3 1/4 -0.02 0.0 -0.01 0.0
(2/3,1/3,5/6)
(1/3,2/3,2/3) 2/3 7/12 —-0.04(2) —-0.02(1)
(1/3,2/3,1/6)
R mag 9.24 9.98 14.7 15.2

6a site (four out of six) at 1.5 K are 3.8(2) and 3.7(6) up per
site for x=0.2 and 0.4, respectively. The refined values of the
ordered moment for the 60 site are very small for both the
compounds (Table IV). The R factors are: Ryycjear=1.73 and
RMagnelic=9'98 for Ca3C01_8F60_206 and RNuclear= 306 and
Ryagneic=15.2 for CazCo, ¢Fe( 4O¢. In this model also the
observed ordered moments for 6a site at 1.5 K are less than
the calculated spin only values.

Hence, we realize that two different magnetic structures,

one in the R3¢ and the other in P1, are able to fit our experi-
mental intensities. In fact they are not so different because
their Fourier coefficients are only differing in a global phase
factor of W( /6, which cannot be fixed by symmetry and it
is the same for the two dlfferent sites. That is, SK'(OOI)
SK‘(OOO) exp{—im/6} where “js* is 6a or 6b. Another im-
portant common point in the two structures is that the total
magnetization, independent of the model, is zero in the unit
cell, which excludes a possible ferrimagnetic configuration.
In Fig. 6, the effect of this global phase shift is represented.
As described in the literature,'>'# both the PDA and fer-
rimagnetic structures have been observed for the parent com-
pound Caz;Co,04. The PDA state for the parent compound
Ca3Co0,0¢ has also been confirmed by muon spin relaxation
study.'>!® The important point here is that if the iron-
substituted compounds adopt the ferrimagnetic structure then

some of the fundamental Bragg peaks, especially the funda-
mental (110) Bragg peak, should have a magnetic contribu-
tion below the magnetic ordering temperature. A simple cal-
culation shows that magnetic contribution in the intensity of
(110) Bragg peak is zero in the PDA state, while in the fer-
rimagnetic state the magnetic contribution is finite. Figure 4
shows the temperature dependence of the integrated intensity
of peak (110) for the x=0.2 and 0.4 samples. It is evident
from the figures that there is no change in the integrated
intensity of the (110) peak down to 1.5 K for both the com-
pounds. This clearly rules out the possibility of the ferromag-
netic or ferromagnetic state. The observed reduction in the
value of the ordered moment for the 6a site in both the
models may be due to spin-orbit coupling and covalence
effects.’> The small moment on the 6b site may come
from the spin state transition of some of the Co’* ions at
octahedral site (6b site) from low spin (S=0) to high spin
(S=2)/intermediate spin (S=1) state.

Now we discuss an important point which goes beyond
the models used here. Figure 4 shows the temperature depen-
dence of the integrated intensity of the prominent antiferro-
magnetic Bragg peak (100) for the present iron-substituted
compounds. The (100) peak appears below 20 and 17 K for
x=0.2 and x=0.4 samples. Here it may be noted from the
literature®!>!4 that for the parent compound Ca;Co,0, the
intensity of the (100) peak first increases with decreasing
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temperature; however, below 18 K the intensity of the (100)
peak decreases with decreasing temperature. This has been
ascribed to a transition from the PDA to the ferrimagnetic
structure for Ca;Co,0q. In the present study, the observed
intensity variation (Fig. 4), combined with no change in the
intensity of the (110) fundamental peak, indicates that there
is no phase transition to a ferrimagnetic or ferromagnetic
state (in the zero applied magnetic field) for the iron-
substituted compounds.

The Rietveld refinement of the neutron diffraction pat-
terns suggests that the PDA structure, as well as the ampli-
tude modulated structure [K=(0,0,1)], is suitable for the
magnetic structure of the Fe-substituted compounds (their
magnetic R factors are very close). A theoretical study is
required to find out the most stable ground-state configura-
tion (out of these two possible magnetic structures) for these
compounds. If the ground state of these iron-substituted
compounds is a PDA state [Fig. 1(a)], then the overall de-
generacy of the ground state will be very large because the
center chain in Fig. 1(a) can be chosen in a large numbers of
ways. The large degeneracy of the ground state may give rise
to residual entropy in the specific-heat measurement. The
polarized neutron diffraction study using a single crystal may
be useful as it can measure the phase factor and hence can
possibly determine the ground state of these compounds.

PHYSICAL REVIEW B 79, 184428 (2009)

IV. CONCLUSION

We have investigated the magnetic structure of the quasi-
one-dimensional spin-chain compounds Ca;Co,_Fe O¢ (x
=0.2 and 0.4) by neutron powder diffraction experiments in
the temperature range of 1.5-100 K. Additional magnetic
diffraction peaks in the low-temperature neutron powder dif-
fraction patterns indicate the presence of the antiferromag-
netic structure for these iron-substituted compounds. Two
models are proposed to explain the observed magnetic struc-
ture. The observed neutron powder diffraction patterns for
both compounds are consistent with the amplitude modulated
structure [K=(0,0,1)] [Fig. 5(a)] as well as the PDA struc-
ture [K=(0,0,0) (Fig. 5(b)]. No phase transition from the
PDA state to a ferrimagnetic state for these iron-substituted
compounds has been found. We demonstrate that the same
experimental neutron diffraction data can represent two very
different magnetic structures differing only in a global phase.
The common point is that magnetization in the unit cell is
zero for both magnetic structures. The important point is that
neutron powder diffraction experiments are unable to distin-
guish between the proposed model structures because of the
fact that a global phase factor cannot be determined by the
experiment. A unique determination of the ground state will
require detailed investigations. The magnetic moment reduc-
tion at the 6a site may be due to spin-orbit coupling and
covalence effects.
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