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CaBaCo407 has been widely studied because of its distinctive structure and magnetic properties. This study examined
the influence of different cooling atmospheres on the structure, magnetic properties, and dielectric behavior of CaBaCo407.
Samples were cooled under different atmospheric conditions to assess these influences. Our findings indicate that reduced
oxygen content leads to increased lattice distortion. Since oxygen atoms play a crucial role in mediating magnetic exchange,
oxygen deficiency disrupts long-range magnetic order and promotes short-range antiferromagnetic interactions. Addition-
ally, the cooling atmosphere significantly impacts grain size, thereby affecting the dielectric constant and dielectric loss. In
the argon-cooled CaBaCo40O7 (Ar) sample, oxygen deficiency reduced dielectric permittivity and increased dielectric loss.
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1. Introduction

The rapid development of the information industry has
increased the demand for the integration and miniaturization
of related devices. Recently, multiferroic materials have gar-
nered significant attention.!'8! One example is single-phase
magnetoelectric multiferroics, where magnetic order and elec-
tric polarization coexist. The crossed coupling between them
can result in a strong magnetoelectric coupling effect. Simul-
taneously, these materials exhibit a pronounced domino effect,
where slight changes in the microstructure can greatly influ-
ence electrical and magnetic behaviors. For instance, various
physical properties can be altered in response to external con-
ditions such as temperature, pressure, electric field, and mag-
netic field.[*~!!1 Among the different single multiferroics, the
ABaM,07 family (A =Y, Ca, Ln; M = Fe, Co), which exhibits
competing magnetic interactions, is a hot topic because of its
unique transition metal sublattice topology.[!>~16]

A representative compound in the ABaM4O; family is
CaBaCo407. It crystallizes in the non-centrosymmetric space
group Pbn2;.''=131 Alternately stacked kagome (K) and tri-
angular (T) layers of CoOy tetrahedra along the c-axis form
the structural framework. The corner-sharing CoOy tetra-
hedra form a geometrically frustrated three-dimensional net-
work. Notably, in CaBaCo407, the CoOy4 tetrahedra expand
into the kagome layer, resulting in a significant orthorhom-

[19-21

bic distortion. 1 This particular orthogonal structure has
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four non-equivalent crystallographic positions for cobalt (Co)
cations. Trivalent Co;3* resides in the triangular lattice layer,
while divalent Co,2t and Co32T, as well as trivalent Cos3™,
are located in the kagome lattice layer. The charge order-
ing between the Co’* and Co’* cations, coupled with the
large structural distortion, relieves some of the geometric
frustration.[11,18:20.22-24]

The structural characteristics of CaBaCo40O7 provide the
necessary conditions for the coexistence of spontaneous mag-

141 The kagome layer enables

netization and ferroelectricity.
the formation of various magnetic structures in CaBaCo407.
As a result, the compound displays short-range magnetic cor-
relations. Upon cooling to the antiferromagnetic transition
temperature, it undergoes an antiferromagnetic (AFM) tran-
sition at 69 K and eventually transitions to a ferrimagnetic
(FIM) ground state below a critical temperature (7c) of ap-
proximately 60 K.[17:18.25.26]

However, in CaBaCo40O7, the magnetoelectric coupling
effect is weak due to the antiferromagnetic spin ordering,
which limits the material’s potential applications. To en-
hance the magnetoelectric coupling effect, several methods
have been explored over the past few decades to increase

[17,18,24,27-29] Impurity substitution

the magnetization intensity.
was confirmed to be an effective way to destroy the strong
indirect exchange interactions between the Co,?" and Cos>*+
ions.

Despite this, no studies have yet investigated the influence
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of the cooling atmosphere on the magnetoelectric properties of
CaBaCo407. To address this gap, the effects of the cooling at-
mosphere on the structure, magnetization, and dielectric prop-
erties were examined. Samples of CaBaCo407 with different
oxygen contents were prepared through quenching under vari-
ous conditions.?%) X-ray diffraction (XRD) results indicated
no significant difference between the diffraction patterns of
samples quenched in argon (Ar) and those quenched in air. A
reduction in oxygen content led to a decreased exchange dis-
tance in the superexchange interaction, resulting in enhanced
antiferromagnetic interaction. Additionally, changes in the
preparation process notably impacted the dielectric properties
of CaBaCo40O7. For the argon-cooled CaBaCo407 (Ar) sam-
ple, oxygen deficiency led to a decrease in dielectric permit-
tivity and an increase in dielectric loss.

2. Experiment

CaBaCo407 via a solid-state

reaction.>!) The oxygen vacancy concentration was controlled

was synthesized
by cooling the material in different atmospheres. Analytical
reagents CaCO3, BaCO3, and Co3z04 were stoichiometrically
weighed and mixed. The mixture was thoroughly ground to
ensure homogeneity and heated to 1173 K for decarbonation.
The resulting powder was then pressed into pellets and sin-
tered at 1373 K in air for 12 h to obtain CaBaCo407. For
CaBaCo407 (air) and CaBaCosO7 (Ar), the samples were
rapidly quenched in flowing air and high-purity Ar (99.9%
Ar), respectively.

The phase purity and crystal structure of the samples
were analyzed using a Bruker D8 ADVANCE x-ray diffraction
platform (A = 1.541867 A). The oxygen concentration was
determined by x-ray photoelectron spectroscopy (XPS, ES-
CALAB 250XiESCALAB). Magnetic properties were mea-
sured using a vibrating sample magnetometer (VSM) inte-
grated into a physical property measurement system (PPMS,
Quantum Design). Dielectric properties were evaluated us-

ing an inductance-capacitance-resistance (LCR) meter (Agi-
lent 4980A).

3. Results and discussion

Room-temperature powder XRD (Fig. 1) was used to ex-
amine the crystal structure and phase purity of CaBaCo407.
No additional peaks were observed in any of the samples, in-
dicating that they crystallized in a single phase and exhibited
comparable lattice parameters. Structural refinements were
performed using the space group Pbn21. The obtained lat-
tice parameters, along with various R-factors and goodness-
of-fit values, are presented in Table 1. The degree of distor-
tion (D) relative to an orthogonal lattice was calculated us-
ing the following equation: D = (b/+/3 —a)/a x 100%.!18-3?]
The data indicate only minor differences in lattice parameters
among samples prepared under different conditions. Notably,
the crystal cell volume of the sample synthesized in an argon
atmosphere increased slightly, likely due to enhanced lattice
The bond lengths be-
tween cobalt and oxygen ions at the center of the bipyramid

distortion from oxygen deficiencies.

are listed in Table 1. The sample cooled in argon exhibited
shorter Co3—O bonds and longer Cos—O bonds.
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Fig. 1. X-ray diffraction patterns of CaBaCo407, CaBaCo407 (Ar), and
CaBaCo407 (air).

Table 1. Lattice parameters, R-factors, goodness-of-fit values, and degree of distortion (D) relative to the orthogonal lattice for CaBaCo40O7,

CaBaCo407 (Ar), and CaBaCo4O7 (air) samples.

Lattice parameters

Ryp Ry X

a(A) b(A) c(A) V (A% Co-O  Co,-O Co3-O Co4—O D
CaBaCosO;  6.277(3) 10.9850(5) 10.1773(5) 701.777(10) 1.872(9) 2.022(8) 2.237(8) 1.847(6) 6.37% 5.15% 2.24 1.03%
CaBaCo4O7 (Ar) 6.2925(3) 11.0209(5) 10.2019(5) 707.512(9) 1.874(10) 2.065(10) 1.790(6) 2.013(7) 5.68% 3.90% 1.70 1.12%
CaBaCoy07 (air) 6.2830(1) 10.9937(3) 10.1842(3) 703.492(3) 1.947(3) 2.040(4) 1.892(7) 1.931(6) 4.13% 4.13% 2.05 1.02%

XPS measurements were performed to analyze variations
in oxygen content. Figure 2(a) shows the full spectrum of the
measurement results, while Figs. 2(b)-2(d) show the enlarged
oxygen peaks. The oxygen content of each sample was deter-
mined by integrating the peak intensities. The results indicate
a 12% reduction in oxygen content in CaBaCo40O7 (Ar) com-

pared to CaBaCo407, confirming the successful introduction
of oxygen vacancies.

The temperature dependence of the magnetization of the
three samples measured at 0.3 T is shown in Fig. 3. The sam-
ple was cooled down to 5 K. Then, a field of H = 3000 Oe was
applied. The zero field cooling (ZFC) magnetization curve
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was measured during the warming process. The field cooling
magnetization (FC) curve was measured directly during the
cooling process. Both CaBaCo40O7 and CaBaCo407 (air) ex-
hibited similar magnetization behavior, with magnetization in-
tensities reaching approximately 8 emu/g at low temperatures.
In contrast, the sample quenched in Ar (Fig. 3(b)) displayed
lower magnetization intensity and spin-freezing temperature,
indicating the critical role of oxygen in mediating magnetic
exchange interactions. Higher oxygen content promotes fer-
rimagnetic ordering, while oxygen deficiencies suppress ferri-
magnetic exchange interactions.

Figure 4 shows the temperature dependence of the in-
verse susceptibility for all samples, along with Curie-Weiss
fitting results and Curie—Weiss temperatures (8). The neg-
ative Curie—Weiss temperature suggests a strong antiferro-
magnetic interaction within the samples. 33! Notably, the 6 =
—1043.5 K for CaBaCo407 (Ar) confirms the enhanced an-
tiferromagnetic exchange. This result indicates that oxygen
deficiencies inhibit ferromagnetic interactions between Co>*

and Co’", disrupting long-range ferromagnetic ordering and
favoring short-range antiferromagnetic interactions.

Figure 5 shows the magnetization (M) versus magnetic
field (H) curves of the samples measured at 5 K. The curves
exhibit significant remanent magnetization and a coercive
field, indicating a dominant ferrimagnetic (FIM) state. The
magnetization curve of the CaBaCo407 sample closely over-
laps with that of the CaBaCo40O7 (air) sample, which was
quenched in air. The observed exchange bias in these sam-
ples can be attributed to competing ferromagnetic and anti-
ferromagnetic exchange interactions. In contrast, the hystere-
sis loop of the CaBaCo4O7 (Ar) sample has a significantly
smaller area, with a notably reduced exchange bias effect. This
reduction is primarily due to weakened competition among
various magnetic interactions.3*! Specifically, the attenuation
of the exchange bias in oxygen-deficient samples may result
from decreased oxygen content, which weakens interactions
between magnetic ions. Consequently, the exchange bias ef-

fect is partially suppressed.
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Fig. 2. XPS spectra of CaBaCo407, CaBaCo407 (Ar), and CaBaCo,407 (air).
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Fig. 3. ZFC and FC magnetization curves for (a) CaBaCo407, (b) CaBaCo407 (Ar), and (c) CaBaCo407 (air), the magnetic field is H =0.3 T.
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Fig. 4. Temperature dependence of the inverse susceptibility for
(a) CaBaCo407, (b) CaBaCo407 (Ar), and (c) CaBaCo4O7 (air). The
solid lines are the Curie—Weiss fitting results.
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Fig. 5. Magnetic field dependence of magnetization for CaBaCo40O7,
CaBaCo407 (Ar), and CaBaCo4O7 (air).

Figure 6 presents the temperature-dependent dielectric
constants of the three samples measured at various frequen-
cies (f = 1 kHz, 10 kHz, 50 kHz, 100 kHz, 150 kHz, and
300 kHz). The permittivity of all samples exhibited a signifi-
cant anomaly near 60 K, corresponding to the FIM transition.

As seen in Figs. 3 and 5, long-range ferrimagnetic interac-
tions are suppressed due to oxygen deficiencies. This sub-
tle modification of the magnetic structure leads to changes in
the dielectric anomaly of the CaBaCo407 (Ar) sample. Com-
pared to the other two samples, the broad hump in the dielec-
tric curve is significantly diminished in the CaBaCo407 (Ar)
sample. Additionally, the dielectric constant of CaBaCo4O5
(air) is slightly lower than that of CaBaCo40O5. This reduction
is likely due to differences in cooling rates, as cooling rate
variations significantly influence grain size and the surface-to-
volume ratio. (3

Figure 7 shows the temperature-dependent dielectric loss
of the samples. The dielectric loss peak exhibits a frequency
shift, a characteristic feature of dielectric dispersion. 3671
At lower temperatures, the sample prepared using the con-
ventional method shows comparatively lower dielectric loss.
However, the sample prepared in an argon atmosphere exhibits
significantly higher dielectric loss. This increase can be ex-
plained by oxygen deficiency, which enhances leakage current
and thereby increases dielectric loss.

It is known that the ferromagnetic component nega-
tively contributes to the magnetodielectric effect, whereas
the antiferromagnetic phase has a positive contribution. The
magnetic-field-dependent magnetodielectric effect, shown in
Fig. 8, indicates that the samples exhibit a dominant ferrimag-
netic component at 45 K. At 70 K, dielectric permittivity in-
creases with an increasing magnetic field, suggesting that an-
tiferromagnetic interactions dominate at this temperature. The
downward curvature of the magnetodielectric curve at high
fields may result from competition between ferromagnetic and
antiferromagnetic interactions. However, this curvature is ab-
sent in CaBaCo40O7 (Ar), further confirming the suppression
of ferromagnetic interactions due to oxygen deficiency.

40 80 25
(a) (b) (c)
CaBaCo,0O; 60 CaBaCo,O; (Ar) CaBaCo,0; (air)
30 201
o & 40 -
” / 151
—1kHz ——10 kHz 20 == . —1 kH: ——10 kH
——50 kHz —— 100 kHz R v 50 kHz ——100 kHz
10 ——150 kHz —— 300 kHz 050 KHz —— 300 kHy 10} ——150 kHz ——300 kHz
40 60 80 100 40 60 80 100 40 60 80 100
T (K) T (K) T (K)

Fig. 6. Temperature-dependent dielectric permittivity of (a) CaBaCo407, (b) CaBaCo407 (Ar), and (c) CaBaCo4O7 (air) samples.

0.4 0.4 0.4
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Fig. 7. Temperature-dependent dielectric loss for (a) CaBaCo407, (b) CaBaCo407 (Ar), and (c) CaBaCo407 (air) samples.
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Fig. 8. Magnetic field dependence of the relative dielectric constant at different temperatures for (a) CaBaCos0O7, (b) CaBaCos0O7 (Ar), and

(c) CaBaCo40O7 (air).

4. Conclusion

CaBaCo407 samples were prepared under different cool-
ing atmospheres, and their structural, magnetic, dielectric, and
magnetoelectric properties were investigated. The results in-
dicate that reduced oxygen content increases orthorhombic
Oxygen atoms mediate magnetic exchange in-
teractions, and oxygen deficiency disrupts long-range mag-

distortion.

netic order, promoting short-range antiferromagnetic interac-
tions. The cooling atmosphere also significantly influences
For the
CaBaCo407 (Ar) sample, a reduced dielectric permittivity was
observed, attributed to oxygen deficiency. These findings pro-
vide deeper insights into the fundamental relationship between

grain size, thereby affecting dielectric properties.

oxygen content and material properties.
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