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A study has been conducted on the effects of partial, 10 % Co substitution by Fe in the perovskite Srg 775Y(.225C003_5
compound. The XRD data show that the resulted samples of Fe-free and Fe-doped compounds exhibit good 314 single phase
quality with a tetragonal I4/mmm crystal structure. The measured M-T curves display the typical feature of ferromagnetic (FM)
transition at 335 K for the Fe-free sample, while showing significantly degraded FM ordering for the 10 % Fe-doped sample.
The oxygen deficiency determined from our 10 % Fe doped sample is found to decrease by only 0.025. Further detailed analysis
of the XRD data also reveals distinctly different structural changes in the Co—O slabs compared to the 50 % Fe-doped sample
which exhibits a complete suppression of FM order. The results of this study, thus, have revealed the close relations among
the changes induced by Fe doping in the magnetic ordering of crystal, and its oxygen content as well as the associated local
structure in the Co—O layers responsible for the magnetic properties in the compound.
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1. Introduction

Among many well-known transition metal ox-
ides, perovskite cobalt oxides have emerged as
a new distinct class of materials offering a va-
riety of fascinating physical phenomena and po-
tentially useful physical properties, such as ferro-
magnetism [1], thermoelectricity [2], giant mag-
netoresistance [3-5] and multiferroism [6]. The
rich physical and complex properties of the ma-
terials are largely due to the possible presence of
multi-valence states of cobalt ions in the com-
pounds, namely Co?*, Co3*, Co** or the inter-
mediate mixed valence states, which are associated
with structural and compositional variations of the
system, giving rise to various charge and orbital or-
dering phases. Besides, this system has the abil-
ity to adopt different types of coordination rang-
ing from tetrahedral, pyramidal, to octahedral co-
ordination, making it an attractive candidate for the
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formation of a number of different structures, with
the oxygen nonstoichiometry, playing the role of a
crucial parameter for tuning their physical proper-
ties. Moreover, various possible states of low-spin
(LS, ,), intermediate-spin (IS, t3,e,), and high-
spin (HS, tégeé) configurations of cobalt ions may
also lead to different electrical transport and mag-
netic properties, covering ferromagnetic conduc-
tor, antiferromagnetism insulator, and multiferro-
ism. These variations of spin states are possible as
they are very closely placed in energy and, hence,
can be readily changed by temperature, pressure,
external magnetic field or oxygen content, resulting
in certain modifications of the Co—O atomic dis-
tance, O—Co-O bond angle and crystal field split-
ting. The rich relations among those structural and
spin state variations as well as their influences on
the compound magnetic properties have been the
subjects of intensive research worldwide [7].

Focusing on the magnetic properties, it is worth
recalling that the La;_4SryCoOj3 system has long
been shown to undergo ferromagnetic transition
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at the highest temperature of Tc = 250 K [8]. It
has also been more or less established that the
ferromagnetic ordering for x > 0.18 is the re-
sult of double exchange interaction between the t,
spins of Co** and Co** in either their intermedi-
ate spin [8, 9] or low spin states [10]. A higher T¢
of around 300 K was later reported in cobalt ox-
ide RBaCo0,055 (R = rare earth element) [3, 11],
where only Co®* was found in the compound, im-
plying the irrelevance of the conventional double
exchange interaction for the appearance of ferro-
magnetic ordering. For R = Tb [5], the ferromag-
netic coupling of the spins was suggested to be
driven by orbital ordering along the a-axis at 340 K,
with antiferromagnetic coupling appearing along
the b-axis at 260 K due to superexchange interac-
tion. The bulk ferromagnetic phase is believed to
be stabilized at the higher temperature of 300 K
as a result of spin state transition of Co** from IS
to HS [5], while LS to HS transition was found in
similar range of temperature for R = Gd [3, 11]
due to oxygen vacancy ordering reported for this
compound [3]. These developments were recently
followed by the discovery of new A-site ordered
perovskite Co-oxides of Sr;_xRxCoO3; (R =Y and
lanthanide) as independently reported by Withers
et al. [12, 13] and Istomin et al. [14, 15]. The ev-
idences and effects of cation ordering in the ab-
plane as well as the presence of oxygen vacan-
cies and their ordering were presented in those re-
ports, although the two groups differed in their in-
terpretations of the specific nature of oxygen or-
dering. It was later shown in a detailed study of
Sr2/3Y1/3C00g/35 compound [16] that a subtle
addition of oxygen (6 = 0.04) resulted in the col-
lapse of the orbital ordering found in the com-
pound with & = 0, and led to an FM-AFM tran-
sition along with metal-insulator transition. This
system has since attracted a growing interest of re-
searchers owing to the rich structural and magnetic
phases as well as the associated charge transport
properties [16—18]. An intensified research activity
on this system was further stimulated by the ob-
servation of room-temperature ferromagnetism in
the oxygen deficient Sr;_xYxCoO3_s compounds
(note the different and opposite meaning of § in
this formula compared with that used by Maignan

et al. [16]) at 335 K in a very narrow dopant con-
centration range of 0.2 < x < 0.25 [19]. This is in
clear contrast to the case of La;_,Sry,CoO3, where
both its magnetization and associated T¢ vary con-
tinuously with x over a relatively extended range.
This ferromagnetic transition temperature is so far
the highest attained among perovskite Co-oxides
and promising for future spintronic devices appli-
cations [20] and for use as cathode in solid oxide
fuel cells [21].

Instead of the double exchange interaction re-
sponsible for the ferromagnetism in some per-
ovskite Co oxides (Laj_xSry,CoOj3) [8] as noted
earlier, it has been shown that the Co orbital or-
dering, related to Y/Sr ordering as well as the oxy-
gen deficiency, are most likely to be at the root of
the ferromagnetism in the Sr;_yRyCoO3 R =Y
and lanthanides) system [19, 22, 23]. Recently, de-
tailed analyses based on synchrotron X-ray diffrac-
tion [24] and neutron diffraction data [25] have
mostly established that the oxygen vacancies are
responsible for the creation of a superstructure con-
sisting of oxygen rich octahedral (CoOg) layers and
oxygen deficient tetrahedral (CoOy4,5) layers. The
studies further revealed three distinct antiferromag-
netic orderings in the tetrahedral layer, which un-
der the influence of the local symmetry give rise
to a net ferromagnetic ordering. In an indepen-
dent study, electrical transport and magnetism of
the compound have been shown to be affected by
the type and amount of the R dopant [7]. In partic-
ular, the doping on the Co sites may have certain
effects on the magnetic properties since the par-
tial replacement of Co may either directly weaken
the magnetically active constituents in the system,
or indirectly induce the unfavorable changes in the
oxygen content as well as the structure and or-
bital orderings in the system. It was reported [26]
that 25 % substitution of Co with non-magnetic
Ga in the Sr(75Y(25C00, 6p515 resulted in lower-
ing of ferromagnetic (FM) transition temperature
and weakening of the FM ordering, while 50 % re-
placement of Co by magnetic Fe has instead led to
the suppression of the FM order, suggesting impor-
tant roles of doping induced effects, other than the
magnetic properties of the dopant. Indeed, the two
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cases were shown to be related to different induced
changes in oxygen content and the perovskite struc-
ture. Specifically, suppression of FM order shown
in the compound with 50 % Co replacement by
Fe is accompanied with a large reduction of oxy-
gen deficiency by 0.076, and significant changes in
the crystal structure, whereas 6 22 0 and relatively
small changes in the crystal structure were found
in the sample of 25 % Co substitution by Ga. In-
terestingly, more recent studies [27, 28], while con-
firming the suppression of FM ordering and 0.045
reduction of oxygen deficiency upon 50 % Fe dop-
ing of the same compound have also shown that
the compound with 12 % Fe doping still exhibits a
small residual FM signal somewhat similar to what
was found in 25 % Ga doped sample, while under-
going unequally smaller reduction of oxygen defi-
ciency of about 0.020. In view of the scarcity of
reports in this doping range, it is desirable to ver-
ify or confirm the dopant induced changes partic-
ularly at the low level Co replacement by Fe. For
that purpose we have conducted a study on the ef-
fects of 10 % Fe replacement of the Co ions in
Sr0.775 Y 0.225C005_5, in terms of the induced mod-
ification of the magnetic property, in conjunction
with changes of the oxygen content and local crys-
tal structure, for comparison with previously re-
ported results cited above.

2. Experimental

The samples of Srp775Y0.225C003_5 and
SI‘0.775Y0_225 (C00_9F60_1)03,5 were synthesized
by means of a standard solid-state reaction method.
The starting materials were SrCOs3, Y203, Co30y4,
and Fe,O3 powders provided by Sigma Aldrich
with purity better than 99.9 %. The two different
mixtures were separately prepared according to the
corresponding stoichiometric formulae by thor-
ough grinding and mixing before being pelletized
for subsequent calcination at 1000 °C for 10 hours.
This was followed by sintering process at 1100 °C
for 20 hours in air, interrupted by intermediate
grindings. The resulted samples were furnace
cooled.

The structural characterization of the samples
was performed by means of X-ray diffraction

(XRD) measurement using Philips machine with
CuK« radiation source. The data were taken for
diffraction angle (20) ranging from 10° to 80°,
at a step of 0.02°. Refinement analysis of the
XRD patterns was carried out according to Rietveld
method [29]. The dc magnetization measurements
were performed with a superconducting quantum
interference device (SQUID) magnetometer from
Quantum Design MPMS. The temperature depen-
dent magnetization (M-T) curves were measured in
both zero-field-cooled (ZFC) and field-cooled (FC)
modes between 5 and 300 K with an applied H field
of 1 kOe. The field dependent magnetization (M-H)
curves were measured within H = £70 kOe at 2 K.

For the determination of oxygen content, the
standard iodometric titration method was employed
by dissolving about 25 mg of the resulted samples
in HCI (1 M) solution containing an excess of KI.
This resulted in the reduction of Co®>* and Co**
ions in the sample, which were turned into Co*"
ions, leading to the formation of a stoichiometric
amount of iodine (Ip) in the solution. The iodine
was then titrated with Na;S,03 (0.015 M) solution
using starch as an indicator which was added just
before the end-point.

3. Results and discussion

3.1.

Fig. 1 shows the XRD patterns of Fe-free
(S10.775Y0.225C003_35) and Fe-doped (Sro.775 Y0.225
CogoFep.103_5) samples. The two samples show
closely similar patterns of diffraction peaks and
both of them exhibit reasonably good 314 single
phase quality, implying a good solid solubility of
the 10 % Fe dopant in the samples. The refine-
ment of XRD data for extracting the lattice parame-
ters was carried out by adopting the space group of
tetragonal 14/mmm for the crystal structure which
had been successfully used in previous works [14].

XRD characterization

The specific model employed for the detailed
analysis of the XRD data for the Fe-free sample
was chosen from among those proposed in the lit-
erature [12—-14]. It was found that the model best
fitted our data was the one proposed by Istomin
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Fig. 1. The XRD patterns of (a) Fe-free
(S10.775Y0.225C0035_5) and (b) Fe-doped

(Sr0.775 Y0.225C00 9Feg.1 O3_5) samples.

et al. [14]. For the structural analysis of the Fe-
doped sample, on the other hand, comparison
was made between the model proposed by Lind-
berg et al. [26] for SI‘O.75Y0.25C00,5F€0.502_625+5
sample and that used by Istomin et. al. [14] for
S10.7Y0.3C003_5 compound with modifications of
(S1,Y) cation distribution, and additional 10 % re-
placement of Co by Fe as well as small addition
of oxygen (O5). These two models were separately
applied to fit our data for the Fe doped sample.
The resulted fittings of the highest and third high-
est diffraction peaks are shown in Fig. 2. It is seen
that the two XRD intensity profiles are better fit-
ted by the modified Istomin model which has been,
henceforth, employed for the ensuing analysis.

The resulted best fitted lattice parameters and
the tetragonal distortion as measured by the c/a ra-
tio are summarized in Table 1, together with the
associated values of R, Ry, and th Further, the
observed and calculated XRD patterns using the
best fitted parameters as well as their differences
are shown in Fig. 3 for both Fe-free and Fe-doped
samples. As shown in the figure, the very small
intensity differences between the calculated and

56161
(a) (if)—>/|
()
| 204
[
I
28081 ;’J“ o0
[ i)
/| |\
) I .
32 33 34
14111 4007\, 400

(b) i— |\
i “ A : ) \\x

7055

Fig. 2. Comparison of intensity profiles of experimen-
tal XRD peaks (i) for Fe doped sample having
(a) the highest and (b) the third highest intensity,
with those fitted by Lindberg model [26] (ii) and
those fitted by the modified Istomin model [14]
(iii) as explained in the text.

measured patterns for both samples indicate the
quality of the best fitted crystal parameters given
in Table 1.

We further note from Table 1 that for
Sro.775 Y0.225C003_5 sample, the lattice parameters
and tetragonal distortion (c/a) are almost the same
with those given in previous report [22] for the
same Y dopant concentration which was in the oxy-
gen deficient sample. Upon doping of Fe, the lat-
tice parameter a is seen to decrease slightly, while
c increases by even a smaller percentage, resulting
in the tiny increase of the tetragonal distortion or
c/a ratio. Those changes are likely related to the
small differences between the ionic radii of the six-
coordinated trivalent Fe3* ions and the Co* ionic
radii in both LS and HS spin states as cited in a pre-
vious report [30] (r(Co>* in LS) = 0.545 A, r(Co>*
in HS) = 0.61 A, r(Fe3" in LS) = 0.55 A, r(Fe3*
in HS) = 0.645 A). These changes are opposite to
those reported by Lindberg et al. [26], but the dif-
ferences are bordering the limit of our data accu-
racy and, therefore, are not to be further discussed.
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Table 1. Lattice parameters together with the corresponding values of R, Ry, and %2, obtained from refinement of
the XRD data of Fe-free (Strp.775 Y0.225C003_s) and Fe-doped (Sry.775 Y0.2205C0g.9Fep.1 O3_5) compounds.

Compounds

St0.775 Y 0.225C003_5

S19.775 Y 0.225C00.9Fe0.103_5

Lattice parameters (A)

a=b=7.655(4),c=15353(5)

a=b=7.649 (8), c =15.358 (8)
c/a=2.007
1.642
20.210
28.660

Tetragonal distortion c/a=2.005
x2 1.397
R, 19.510
Rywp 28.410
= (a) Srg775Y0225C005 5 |
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Fig. 3. XRD patterns of Fe-free and Fe-doped samples
presented as the observed (crosses) and calcu-
lated (full lines) results as well as their differ-
ences (bottom trace).
3.2. Magnetization measurement and
analysis

The results of magnetization measurements
showing the temperature-dependent magnetiza-
tion (M-T) curves for Fe-free and Fe-doped
samples are presented in Fig. 4, and the cor-
responding field-dependent magnetization (M-H)
curves are given in Fig. 5. It is observed from
Fig. 4a and Fig. 5a that the Sry775Y.225C003_5
compound exhibits ferromagnetic ordering at
the clearly discernable onset temperature of
335 K, in agreement with those reported by
Kobayashi et al. [19], Balamurugan [22], and

Troyanchuk et al. [27, 28] for the oxygen deficient
samples at the same yttrium doping level. Upon
10 % Fe replacement of Co, the measured M-T
curve presented in Fig. 4b shows the relatively less
rapid rise of the ZFC magnetization around 335 K
and its splitting from the FC magnetization curve
remains clearly observable at a slightly higher tem-
perature, similar to the result reported for the sam-
ple with 12 % Fe-doping [27, 28] and the 25 %
Ga replacement of Co [26]. As shown in Fig. 5b,
a small but perceptible retention of FM ordering is
also observable, although it is marked by a magne-
tization value about one order of magnitude smaller
than that found in Sry775Y0225C003_5. The re-
sult presented in Fig. 4b is notably different from
the magnetization curves reported for the 50 % Co
substitution by Fe, which shows the complete sup-
pression of FM ordering [26, 27]. The cusp-like
anomaly occurring at the temperature about 325 K
on the ZFC curve is understood to signify the an-
tiferromagnetic contribution [27, 28]. For the two
compounds, there is no sign for the existence of
spin glass state as found in the SrCo;_xMxO3_s (M
= Nb, Ru) system [31], in agreement with the pre-
vious report [ 16]. It seems that with further increase
of Fe content, the ferromagnetic ordering becomes
smeared out and it turns into a stabilized antifer-
romagnetic ground state as observed in the 50 %
Fe-doped samples reported on the basis of neutron
diffraction data [26, 27].

3.3. Modified oxygen deficiency and local
structural change

As mentioned earlier on the basis of previously
published reports, the appearance of the peculiar
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Fig. 4. M-T curves for (a) Fe-free (Srg775Y0.225C003_5) and (b) Fe-doped (Srg 775 Y0.225C00.9Feo.103_5) sam-
ples. The transition of ferromagnetic order for Fe-free sample takes place at Tc = 335 K, while the signal

is relatively weak in (b).
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Fig. 5. M-H curves for (a) Fe-free (Srp775Y0.225C003_

ples, each of them measured at temperature of T

high temperature FM ordering in the 314 cobalt
oxide is crucially linked with the specific narrow
range of oxygen deficiency, which leads to cer-
tain vacancy and cation ordering yielding the net
FM ordering in the oxygen deficient CoOy4. 5 layer.
Given the degree of weakened FM order upon 10 %
Fe replacement of Co, it would be worthwhile to
find out the corresponding reduction of oxygen de-
ficiency in our sample. This was carried out by
the iodometric titration method. For each sample,
a series of three titration processes was performed,
which showed a reproducibility within an error

0.8
0.6
0.4
0.2
0.0

-0.2]

-0.4]
-0.6
-0.8

(b)

M[Emu/g]

T=5K

4 2 0 2 4 6 ¢
Magnetic field [ T ]

8 6

5) and (b) Fe-doped (Sr¢.775Y0.225C00.9Fep.103_5) sam-

=2Kand T=5K.

of about +0.006 for the oxygen content. The av-
erage oxygen-vacancy determined in this experi-
ment gave a & value of 0.025 for the reduction of
oxygen deficiency with respect to that found for the
Fe-free sample. This value is considerably less than
the values of 0.076 and 0.045 previously reported
for 50 % Fe substitution of Co [26-28] and more
or less the same with the value of 0.02 for 12 %
Fe-doped samples [27, 28], while being slightly
larger than the near zero change in Ga-doped sam-
ple [26]. All those three samples of low Fe dop-
ing and 25 % Ga doping exhibit weak retention of
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the ferromagnetic-like contribution in the measured
magnetization curves, in a clear contrast to the
complete suppression of FM ordering with much
larger increase of oxygen content in the 50 % Fe-
doped samples [26, 27]. These results, thus, have
corroborated the important correlation between the
oxygen deficiency and the magnetic property of
this compound.

In view of the close connection between the
oxygen deficiency and the appearance of structural
change, it is tempting at this point to further ascer-
tain the possible signs of the accompanying dop-
ing induced structural changes involving the octa-
hedral and tetrahedral layers of Co—O coordination.
To this end, the refinement analysis has been con-
ducted at the atomic level on the basis of the same
model employed for deducing the result given in
Table 1. The resulted atomic positions are given
in Table 2 for both Fe free and Fe doped samples,
and the associated crystal structures generated us-
ing Vesta 3 program [32] are presented in Fig. 6. As
shown in the figure, both structures generally con-
sist of alternate stacking of (Sr,Y)O and CoO;_s
layers. The A-site cations are ordered along the ¢
direction and the ab-plane, which is in good agree-
ment with the results reported previously [12, 14].
Referring to Table 2, Co-ions (Col and Co2) in
both structures are seen to occupy two different
sites in the alternating slabs of octahedral and
tetrahedral in agreement with Istomin et al. [14].
These so-called ordered 314 phase structure, as-
sociated with the Srg75Y(.25C003_5 stoichiomet-
ric formula, apparently resembles the Brownmil-
lerite structure found in the mineral Ca;[Fe,Al],Os5
which also consists of alternating layers of tetrahe-
dral and octahedral. In the 314 structure, however,
the Co ions in the tetrahedral section form the tetra-
cyclic Co4015 units due to Sr’> and YT ordering,
instead of the formation of infinite Co chains in
the tetrahedral section found in the brownmillerite
structure [14, 33].

A further analysis of the interatomic distances
between the Co cation and the neighboring anions
as well as the bond angles at the Co cation vertices
indicates perceptible differences in the changes of
Co-0; bond lengths similar to changes previously

QO sry)

o (Co, Fe)

° Oxygen

Fig. 6. Crystal structures of (a) Srp775Y0.225C003_5
and (b) Sr775Y0.225C009Fep.103_5 con-
structed on the basis of parameters presented in
Table 2.

Fig. 7. Front side of the crystal structure of the ordered
314 phase. The symbols dp and dt denote the
thicknesses of the slabs of octahedral and tetra-
hedral, respectively.
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Table 2. Atomic positions and coordinates of Fe-free and Fe-doped compounds.

Atomic positions

S19.775 Y 0.225C003_5 Sr0.775Y0.2205C00.9Fe0.103_5

Srl/Y1, 4e; 0,0, z 0.880 (10) 0.879 (4)

Sr2/Y2, 8g; 0, 0.5, z 0.866 (7) 0.869 (3)

Sr3/Y3, 4e; 0,0, z 0.356 (3) 0.353 (9)

Col(/Fel), 8h; x, x, 0 0.748 (11) 0.748 (3)
Co2(/Fe2), 8f; 0.25, 0.25, 0,25

0L, 16n:0, y. 2 0.245 (6) 0.257 (4)

z 0.244 (4) 0.107 (9)

02, 16m: x, x, X 0.272 (7) 0.277 (7)

z 0.110 (5) 0.107 (8)

03,38i;0,y,0 y 0.700 (7) 0.705 (5)

04, 8j;x,0.5,0 X 0.385 (15) 0.390 (14)

(Occupancy factor: 0.25) (Occupancy factor: 0.25)
05, 8j;x,0.5,0 X 0.169 (30)

(Occupancy factor: 0.151%)

*The value was taken from Lindberg et al. [26].

reported for 12 % Fe-doped and 25 % Ga-doped
samples but different from those reported for 50 %
Fe-doped samples. The consequence of this dif-
ference results in perceptible structural changes
of octahedral (dp) and tetrahedral (dr) slabs, as
depicted in Fig. 7. Specifically, the slab thick-
ness calculated as the distance between the O2
ions in each slab gives the estimated values of
do = 4.31 A, dr = 3.39 A for the Fe-free sample,
and do = 4.41 A, dr = 3.31 A for the Fe-doped
sample. We note that the same trend, marked by an
increase of octahedral block layer and the decrease
of tetrahedral block layer is also found in the 25 %
Ga-doped compound, while both slabs were found
to be elongated in the sample with 50 % Co re-
placement by Fe [26].

It is worth noting in this connection that re-
cent reports [25, 27, 28] have shown that the Co
ions in the octahedral slab are non-magnetic as
they are in the LS state, while Co ions in the
tetrahedral slab are magnetic. Related to those
structural changes, the magnetic effect of the di-
lation of octahedral block may be slightly com-
pensated by that of the shrinkage of the tetra-
hedral block, which results in smaller net in-
crease in the distance between the magnetic Co

ions compared to what happens in the 50 %
Fe-doped sample. This may roughly explain the
observed residual ferromagnetic ordering in this
sample instead of the complete suppression of FM
ordering in the 50 % Fe-doped sample.

4. Conclusion

We have presented the measurement results of
effects induced by 10 % Fe substitution of Co in
a perovskite Srg775Y0.205C003_5 compound. The
M-T and M-H data of the sample exhibit tiny hys-
teretic behavior, with the magnetization value re-
duced by one to two orders of magnitude in com-
parison to those measured for the Fe-free sample,
similar to the results for 12 % Fe doped sample and
25 % Ga doped sample reported previously. This
is in a clear contrast to the case of complete sup-
pression of FM order reported for 50 % Fe-doped
sample. It has been shown that relatively small re-
duction of oxygen deficiency of 0.025 is found
in our sample, similar to that reported for 12 %
Fe doped sample, but substantially smaller than
the value of 0.045 to 0.076 reported for 50 % Fe
doped samples. Further, the structural analysis per-
formed on the basis of XRD data also indicates per-
ceptible changes in the octahedral and tetrahedral



Effects of partial Co replacement by Fe in Sro775Y0.225C003_¢ on its magnetic property. ..

587

Co-0 slabs which are different from those found
for the 50 % Fe doped compound, and may offer
some hints regarding different effects on the FM
orderings in those different compounds.
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