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Complex-doped cobaltite CasCoq 7 Fe( 305 was synthesized using the sol-gel method. The crystal
structure of this compound was studied using X-ray diffraction (XRD), and it was found to have a
solid brownmillerite-type orthorhombic phase with the Pbcm space group. Scanning electron
microscopy and small-angle X-ray scattering (SAXS) revealed that the synthesized compound
consisted of large grains with an average gyration radius of 832(9) nm. Neutron diffraction was
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used to determine the structural parameters of the brownmillerite phase as well as the magnetic
structure properties. It was found that in the temperature range of 10-300 K, the magnetic
structure is G-type antiferromagnetic, but below temperature of 200 K, a gradual spin-reorien-
tation phase transition occurs.

Keywords: X-ray diffraction; neutron diffraction; crystal and magnetic structure; brownmillerite-
type oxide.

PACS Nos.: 61.10.Nz, 61.12.1.d, 61.10.Eq, 75.47.Lx, 75.50.Ee

1. Introduction

The search and synthesis of new oxide materials' with novel structural, magnetic,
ferroelectric, and transport properties due to the peculiarities of the crystal structure
or the distribution of cations between different crystallographic positions is one of the
key areas in modern inorganic chemistry and condensed matter physics.?? In com-
plex iron and cobalt oxides, additional doping or variations in synthesis conditions
can lead to unexpected redistribution of ions or the emergence of stable defect states
where new physical properties may arise.”” CayFeCoOs is a rare example of a
mixed-valent brownmillerite phase®%? with a unique crystal structure and magnetic
properties, which makes it an interesting compound for studying the relationship
between cation disorder and physical properties.'%'! The crystal structure of the
CayFeCoO5 compound has an orthorhombic structure with Pbem space group,™?-12
with doubling along the b-axis compared with the classical brownmillerite-type
structure. This results in two unequal octahedral and two tetrahedral sites. The BOg
octahedra are primarily occupied by Co3* cations with a small fraction of Fe3* ions,
while the BO, tetrahedra mostly occupy Fe3* ions and slightly cobalt Co®* ions.
Interestingly, the tetrahedral structural chains in the orthorhombic phase of
CayFeCoO5 can have either left or right orientations.'®!4 The disorder of cations
between the octahedral and tetrahedral sites in the CasFeCoO5 compound leads to
the formation of unique magnetic structures including complex antiferromagnetic
states,”!?!4 spin canting, and temperature-dependent reorientation of magnetic
moments. The ability to finely tune magnetic properties by changing the composi-

7:9:15,16 of complex cobalt oxides makes

tion, dopant type, or synthesis conditions
these materials attractive for the development of new functional devices, such as
spintronic devices, magnetic sensors, memory cells, and data storage devices.

In a brownmillerite-type CasFeCoOs5 oxide, the ordered arrangement of oxygen
vacancies produces alternating BOg octahedral layers and BO, tetrahedral
chains,” 1410 giving rise to distinct Fe-O-Fe, Fe-O—Co, and Co—O—Co superexchange
pathways with different bond angles and bond lengths. According to the Good-
enough—Kanamori-Anderson rules,'”-'® these geometric variations strongly modulate
the geometry and magnitude of the superexchange interactions. The magnetic struc-
ture of the CayFeCoOs compound below 100 K is antiferromagnetic.®%'> When the
temperature increases to ~225K, a spin reorientation occurs, with the average
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magnetic moment aligning along the short axis. Among transition metals, the Co3*+
ions provide unique opportunities for varying their spin state.'?:?° It has been found
that ordered average magnetic moments of Fe?* and Co3* are lower than expected for
high-spin (HS) states of cobalt ions, consistent with results for related compound
Sr,FeCo0s.? The partial disordering of iron and cobalt ions between octahedral and
tetrahedral sites contributes to the decrease of the effective magnetic moment in this
system due to spin states of Co®* ions, which may be intermediate-spin (IS) or low-spin
(LS) state depending on local structural features.

The sol-gel synthesis method?' 2% involves mixing the initial components to form
homogeneous precursors, where the cations are evenly distributed. This approach
allows for the production of materials with high concentrations of oxygen defects,”2*
which cannot be achieved with classical solid-phase synthesis methods. It is crucial to
obtain a defect-rich phase and a high degree of cation disorder between octahedral
and tetrahedral sites for complex oxides such as CayFeCo0QO5,%1? CasFey0s5,3:16:20
SryFeCo00s5,%% and CayCry05.1* This can be accomplished by varying the synthesis
conditions such as drying, heat treatment, or controlled reducing atmosphere.
Additionally, gel precursors are highly reactive allowing for crystallization and phase
formation at lower temperatures compared with solid-phase synthesis. It has been
found that the orientation of oxygen units affects the magnetic properties of com-
pounds. Thus, a spin-reorientation phase transition was detected in the CasFeCoOj
compounds,’ but no changes were detected in the magnetic structure of CasCo505
and CayCry05.'* The effects of relative concentrations of cobalt and iron ions have
not been studied. In the presented work, the compound of iron-doped CasCo; 7
Feq 305 was synthesized using the sol-gel method. To understand the role of cationic
disorder in the formation of the magnetic properties of these materials, studies of
temperature evolution of magnetic structure of synthesized compound were per-
formed, using neutron diffraction, as well as other complementary techniques such as
X-ray diffraction (XRD), small-angle X-ray scattering, and scanning electron
microscopy (SEM).

2. Experimental

The CayCo, ;Fe; 305 sample was synthesized using the sol-gel method.?*?” The poly-
crystalline CayCo, ;Fej 305 sample was synthesized using a modified sol-gel method.
Stoichiometric quantities of high-purity precursors — comprising Ca(NOj3), - 4H50
(2.1281¢), Co(NO;).6H,O (1.4862¢), and Fe(NO); - 9H,0 (0.3641¢g) — were dis-
solved, along with anhydrous citric acid (7.5749¢) in 10ml of distilled water. This
mixture yielded an initial metal cation concentration of approximately 1.5 M and a ratio
of citric acid to total metal of 2.63:1. The mixture was vigorously stirred for 30 min at
room temperature to promote complete chelation of the cations. To induce gel forma-
tion, the mixture was kept in a controlled-temperature bath at 80°C for 5h. The
resulting gel was then dried at 200°C over 7h to form a xerogel solid. The xerogels were
pulverized in an agate mortar for chemical homogenization, transferred to an alumina
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crucible, and calcined at 1000°C for 10 h under ambient air conditions (heating rate of
20°C per hour). Finally, the furnace was allowed to cool naturally to room temperature,
yielding a target crystalline powder.

The morphology and size of particles have been studied by means of SEM TES-
CAN VEGA Compact LMH with energy-dispersive detector, Xplore 15. The XRD
patterns were collected with the PANalytical Empyrean Advance X-ray diffrac-
tometer in Bragg—Brentano geometry with a Mo-K, radiation source and the PIXcel
3D detector. The generator settings for the tube were 40kV and 40 mA. Scanning
was performed in the Bragg—Brentano geometry with a scattering angle 26 in the
range of 5° < 260 < 32°.

Small-angle X-ray scattering (SAXS) is a valuable method for characterizing the
structural features of syntheses compound. X-ray small-angle scattering experiments
were performed using the Xeuss 3.0 instrument (located at the FLNP, JINR, Russia)
manufactured by XENOCS (Grenoble, France). The radiation was emitted from the
GeniX3D source (Cu-Ka edge, A = 1.5443 A). The analysis of the small-angle
scattering data was performed using the SasView software.

The obtained complex SAXS curves were analyzed using the unified exponential-
power law model of Beaucage,?* " where the scattering intensity is a combination of
exponential and power-law parts to fit the Guinier and Porod regions with a smooth
transition region between them. According to this model, the observed scattering
intensity can be presented as a superposition of two functions corresponding to

different structural levels?8:30:

—Q*R% —Q2R% P, 2R
-5 () 3 s

— 2, Py
+ Buexp <Q3R> (35) - m
2

where the refactors G, Gy, By, and B,, the radius of gyration R, and R, , the
exponents of the power-law decrease P, and P, are fitting parameters for the first and
second structural levels, correspondingly. The variables Q] and @5 are renormalized
in the power laws as follows:

9 9
T e

where k; and k, are the empirical constants equal to 1.0 or 1.06.%°

Neutron powder diffraction measurements were carried out using the DN-12
diffractometer®! at the IBR-2 high-flux pulsed reactor (FLNP, JINR, Dubna,
Russia). The diffraction patterns were collected at scattering angles of 20 = 90° and
20 = 52°. The spectrometer had a resolution of Ad/d = 0.012 at neutron wavelength
of A=2 A. Typically, data collection for one temperature point took 2h. The

Q1= and Q3 = (2)

samples were approximately 20 mm? in volume and were placed inside a cryostat
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with a closed-cycle helium refrigerator that cooled the samples from room temper-
ature to 10 K.

Neutron and XRD data were analyzed using the Rietveld method with FullProf
software.?? In the Rietveld analysis of diffraction data, we used a background model
that was generated by linearly interpolating between selected points. The peak
model was based on the convolution of the pseudo-Voigt function for time-of-flight
neutron diffraction data and a typical pseudo-Voigt peak shape for XRD patterns.

3. Results
3.1. Scanning electron microscopy and X-ray small-angle scattering

An example of an electron microscopy image of the synthesized CayCoy ;Fej 305
compound is shown in Fig. 1(a). Apparently, the compound consists of weakly
aggregated powders with rough prismatic particles with well-defined grain bound-
aries and variable size. The average particle size, as determined by SEM, is in the
range of 200-1200 nm. Smaller particles merge into larger agglomerates or larger
grains. Energy-dispersive X-ray spectroscopy (EDS) was used in conjunction with
SEM to analyze the elemental composition. Additional elemental analyses of elec-
tronic spectroscopy data indicate the presence of iron (Fe), cobalt (Co), oxygen (O),
and calcium (Ca) in the compound. The estimated atomic mass ratios of iron and
cobalt are 0.162:0.838. It should be noted that these estimates are approximate due
to small amounts of impurities of cobalt oxide. Thus, a more accurate chemical
formula for this compound can be expressed as CasCoy grsFeq 30405. Of course, it is

Intensity, (arb. units)

0.001 0.01 0.04
g, (A

(a) (b)

Fig. 1. (Color online) (a) Scanning electron microscope images of CayCo, ;Fe 305 compound. (b) SAXS
curve of CayCo, ;Fe; 305 compound. The experimental points (pink) and fitting profile (blue) are pre-
sented. The degree of slope of the SAXS curve is shown.
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important to take into account the surface effects that result from varying the
concentration of the CayCo; 7Fej 305 compound components.

To estimate the average particle size of CayCo; 7Fe;305, a SAXS technique was
used. The SAXS spectra and fitted curve obtained for the CayCo; ;Fe; 305 com-
pound are shown in Fig. 1(b). The SAXS data present the scattered intensity as a
function of the momentum transfer ¢, which is defined as (47/\) sin 8, where 6 is the
scattering angle and X is the wavelength of incident X-rays.?*> The obtained SAXS
curves were analyzed using the unified exponential-power law model of Beaucage (1).
Fractal dimensions of the sample particles can be estimated from the power slope of
the SAXS curve I(q)—¢~*.%* The calculated fractal dimension « is 4.2(2). It was seen
that the fractals correspond to surface fractals and may indicate a contribution from
uniform dense aggregates with smooth and sharp interfaces. The radius of gyration
R, is 832(9) nm or 0.832(9) pum, consistent with the SEM data.

3.2. X-ray diffraction

The XRD patterns of the synthesized CaysCo;;Fe;305 compound are shown in
Fig. 2(a). No unindexed reflections were detected in any of the XRD patterns, indi-
cating that the sample is a single phase. Other phases or impurities were not detected in

Intensity (arb.units)

c

I TN DTU 0 000N 0 00 R O A !
6 8 10 12 14 16 18 20 22 24 26 28 30 32
20 (deg)
(a) (b)

Fig. 2. (Color online) (a) XRD patterns of CayCo;;Fey305 cobaltite at ambient temperature. Experi-
mental data points, calculated profiles using the Rietveld method, as well as positions of the Bragg peaks
for the orthorhombic phase with Pbem space group, are shown. (b) The schematic representation of the
crystal structures for the CayCo, ;Fe 305 compound.
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Table 1. The fraction atomic coordinates of CayCoy
Fej 305 compound obtained from analysis of neutron dif-
fraction data. In orthorhombic structure with Pbcm space
group, Ca atom sites in (8e) position with (z, y, z) coordi-
nation; at the tetrahedral sites, Fe and Co atoms are in (4d)
position with (z, y, 1/4); for octahedral sites: Co2/Fe2 (4c)
with (z, 3/4, 1/2) and Co3/Fe3 (4a) with (0, 0, 0). The
oxygen atoms are located in two positions: (4d) — (z, y, 1/4)
and (8e) with (z, y, z) coordination.

Atom z y z Occupation
Cal 0.034(1) 0.768(4)  0.434(9) 1
Ca2 —0.462 (6) 0.459(2)  0.640(3) 1
Col 0.293(5) 0.631(3) 0.25 0.98 (1)
Fel 0.293(5) 0.631(3) 0.25 0.02 (1)
Fe2 -0.422 (8) 0.75 0.5 0.20 (3)
Co2 —0.422 (8) 0.75 0.5 0.80 (3)
Co3 0 0 0 0.64 (2)
Fe3 0 0 0 0.36 (2)
Co4 -0.057 (2) 0.561(2) 0.25 0.98 (2)
Fed —0.057 (2) 0.561(2) 0.25 0.02 (2)
01 0.095(4) 0.736(6)  0.25 1
02 0.469(6) 0.496(8)  0.25 1
03 —0.242 (5) 0.633(3)  0.418(7) 1
04 —0.752 (0)  0.652(3)  0.446(9) 1
05 0.021(9) 0.461(7)  0.340(9) 1
06 0.421(1) 0.804(1)  0.364(3) 1

the XRD data. Analysis of the obtained data revealed that the diffraction peaks can be
completely indexed to the orthorhombic brownmillerite structure with Pbcm space
group.®?1?2 Typical R-factors obtained during the Rietveld refinement process are
R, =2.6%, R,, = 3.7%, Ry(%) = 10.4%, and x* = 2.4%. It is known that related
compounds CayCo,05 and CayCry05 have a more highly symmetric structure!'® !4 with
Imma space group, but analysis of XRD data does not yield satisfactory results. The
crystal structure of orthorhombic CasFeCoOjy is shown in Fig. 2(b). The structural
parameters for the brownmillerite phase of CayCo,;Feq305 were obtained using
powder XRD followed by Rietveld refinement. This yielded a = 5.308(3), b = 11.082
(7), and ¢ = 14.754 (3) A. Those values are in good agreement with the single crystal
diffraction data previously obtained for CayCoFeQs.5” To clarify the positions of the
atoms in the crystal structure of CayCo; 7Fe( 305, we used the values obtained from
neutron diffraction experiments (Table 1).

3.3. Neutron diffraction

The neutron diffraction patterns of CayCo;;Fej;305, measured at different tem-
peratures, are shown in Fig. 3(a). Rietveld refinement of XRD data and neutron
diffraction have revealed that CayCo;;Fe;305 adopts an orthorhombic crystal
structure according to XRD. The obtained R-factor values for neutron diffraction
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Fig. 3. (Color online) (a) Neutron diffraction patterns of CayCo; ;Fey 305, measured at different tem-
peratures. The ticks below represent the calculated positions of the nuclear peaks of the orthorhombic
Pbcem phase. The magnetic peaks (102) and (022) of the AFM phase are labeled. (b). The enlarged region
showing the overlay of magnetic peaks (102) and (022) at different temperatures. (c) The temperature
evolution of the intensities of magnetic diffraction peaks (002) and (102) and its ratio (ys)/I(102)- (d) The
magnetic structures of CayCo; ;Fey 305 at room and low temperatures.

Rietveld analysis are R, =5.6%, R, =6.7%, R,=4.4%, R, =19%, and
x? = 1.56%. Our ambient-pressure studies show that the crystal structure of
CayCo; 7Fey 305 does not change when cooled to 12 K. From the neutron diffraction
data, we obtained atomic positions in the crystal for CasCo,; ;Fe) 305 (Table 1). The
difference in scattering lengths between Fe and Co is noted as an advantage of
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neutron diffraction over X-ray diffraction. This makes it possible to distinguish
between occupation of Fe and Co at tetrahedral and octahedral sites in the crystal
structure of CasCo; 7Fey30s. It was found that the octahedral position is predomi-
nantly occupied by Co (~62%), with a minor contribution from Fe (~28%).
The tetrahedral site, on the other hand, is ~98% of Co and ~2% of Fe.

It is known that the Ca;CoFeO5 compound is antiferromagnetic with a high Neel
temperature Ty above ~450K.%? All neutron diffraction data obtained for the
CayCoy 7Fe 505 sample show magnetic reflections at dyq ~4.25 and 4.5 A, indicating
the long-range magnetic order at room temperature (Fig. 3(b)). The magnetic
structure of CayCo; ;Fe; 305 adopts a G-type antiferromagnetic ground state,” with
Co and Fe spins at both octahedral and tetrahedral sites aligned antiparallel to each
other’s nearest neighbor. The average ordered magnetic moments of the Co’*
and Fe* ions in the tetrahedral and octahedral positions are pi = 2.9(1)pp and
toes = 2.1(1)pup, respectively. When the sample is cooled to 12K, the observed
magnetic moments increase slightly within the experimental errors. This is due to the
high Neel temperature of the Ca,Co; ;Fey 305 compound. At room temperature, the
magnetic moments align antiferromagnetically along the a-axis. When cooled down
to 100 K, the intensity of the magnetic peak (102) begins to gradually increase, while
the intensity of the other magnetic reflex (022) remains practically unchanged
(Fig. 3(c)). At a temperature of 100K, the intensity ratio of the corresponding
magnetic reflections, I(y9)//(102), changes from ~2.7 at room temperature to ~1.0 at
a low temperature of 12 K. These changes in neutron diffraction patterns indicate a
gradual spin-reorientation phase transition in CayCo; ;Fe)305.5 During this transi-
tion, the magnetic moments of cobalt and iron change their directions and lie along
the crystal b-axis (Fig. 3(d)). This spin reorientation reflects a temperature-depen-
dent balance between single-ion anisotropy and anisotropic exchange interactions
associated with Fe3~ spins and high-spin Co3~ ions distributed over inequivalent
octahedral and tetrahedral sites.®” What’s interesting is that other iron-based
brownmillerites, such as CayFe Os5,'? SroFe,05,%! and SroFeMnOs,% have a preferred
magnetic moment along the short a-axis at all temperatures. Among brownmillerite
systems, spin-reorientation transition has so far been uniquely observed in CayFe-
Co005,® which possesses a rare Pbem cation-ordering superstructure. However, spin-
reorientation transitions are not restricted to this symmetry and have been observed
in other structures as well. The low-temperature magnetic anisotropy along the
b—axis has only been clearly observed in Jahn—Teller-active Mn® -based brown-
millerite materials such as Ca,FeMnQ5.?> Our diffraction data confirm that even
small concentrations of iron (~16%) are sufficient to change the structural distor-
tions and corresponding magnetic properties of the undoped Ca,Co,05 compound.?©
This is consistent with the high sensitivity of the brownmillerite magnetic lattice to
octahedral-site chemical substitution. Given that Fe3~ has a significantly larger spin
moment (5 pp) than Co®~ and mediates stronger superexchange interactions
(Jpe—o—Fe = 3—4meV versus Jo,_o_co = 1-2meV),?7 even this modest iron content
is expected to raise the Ty into the 400-600 K range. This is analogous to the

2650188-9



Moad. Pnys. Letl. b Downloaded fTrom www.worldscientitic.com
by SEOUL NATIONAL UNIVERSITY on 08/13/26. Re-use and distribution is strictly not permitted, except for Open Access articles.

A. G. Asadov et al.

Dzyaloshinskii-Moriya weak ferromagnetic canting in CayFe;05%® and modifies the
structural phase transition sequence in CayFe;05,7'0 which crystallizes in the

orthorhombic structure with Pbcm space group.

4. Conclusion

The brownmillerite-type cobaltite CasCoq;Fe;305 synthesized by the sol-gel
method was systematically investigated using a combination of XRD, SAXS, SEM,
and neutron diffraction. The X-ray and neutron diffraction results confirmed that the
obtained CasCo; 7Fe; 305 sample crystallizes in a single phase with orthorhombic
symmetry with the space group Pbcm. This phase is characterized by the ordering of
oxygen defects, which leads to changes in the magnetic properties of the compound.
As in the undoped CayCo05,05 compound, the formation of an antiferromagnetic
structure of the G-type ordering was detected, but the spin-reorientation phase
transition at low temperatures was observed in doped Cay;Co, ;Fej 305 compound.
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