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Ion substitution has significantly improved the performance of ferrite magnets, and cobalt remains a key area of
research. Studies on the mechanism of Co?™ in strontium ferrite, especially StFe;,_Co,O9_g (n = 6.1-5.4; x = 0.05-
0.20) synthesized using the ceramic method, showed that Co>* preferentially enters the lattice as the Fe/Sr ratio decreases.
This results in a decrease in the lattice constants a and ¢ due to oxygen vacancies and iron ion deficiency. The impact of
Co substitution on morphology is minor compared to the effect of the Fe/Sr ratio. As the Fe/Sr ratio decreases and the
Co content increases, the saturation magnetization decreases. The magnetic anisotropy field exhibits a nonlinear change,
generally increasing with higher Fe/Sr ratios and Co content. These changes in the performance of permanent magnets are
attributed to the absence of Fe3* ions at the 12k 4 2a and 2b sites and the substitution of Co?* at the 2b site. This suggests
that by adjusting the Fe/Sr ratio and appropriate Co substitution, the magnetic anisotropy field of M-type strontium ferrite

can be effectively optimized.

Keywords: hexaferrite, Co substitution, Raman spectra, magnetic properties

PACS: 75.30.Gw, 75.47.Lx, 87.64.kp, 68.55.Ln

1. Introduction

M-type strontium ferrite (StFe ,019: StM) is widely used
in various applications because of its cost-effectiveness, strong
chemical stability, and superior magnetic properties.!!! With
increasing demand for its performance, ion replacement tech-
niques are still receiving considerable attention.!>3! Specifi-
cally, La—Co substitution can simultaneously increase the sat-
uration magnetization (M) and uniaxial magnetic anisotropy
field (Ha) of SrM, which has been successfully commercial-
ized for high performance.*>! Many studies have shown that
Co?" in La’*—Co?* co-substitution is considered to be the key
reason for improving the magnetic properties.[®” That is why
some researchers are aimed at Co occupation research to ex-
plain the origin of magnetic property changes. Fe* ions in
hexagonal SrM occupy different crystalline sites: octahedral
sites (12k, 2a, and 4f5,), tetrahedral site (4f}), and trigonal
bipyramid site (2b).181 This relatively complex crystal struc-
ture has created many obstacles in the study of the associ-
ated mechanism of magnetic properties, but much progress has
been made.

In recent years, many studies have been conducted on
classical La®t—Co?" substitution, mainly because it is the un-
quenched orbital moments of Co that can play an important
role in ferrites. P11 The Y3T-Co?*,[!21 Sm3+t_Co?*t,131 and
Nd**+—Co?* 4] series of substitution studies have laid down
the core role of Co>*. The effect of Co ions has also been in-
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vestigated in Co-substituted StM samples prepared using var-
ious methods, such as the traditional solid-state reaction and
sol-gel methods. To clarify the anisotropy of the Co®* sin-
gle ion, Liu et al.!'! successfully produced Co-substituted
SrFej;_Co,019 single crystals with 0 < x < 0.31 using the
Na;COj3 flux method. Hx was boosted by 19% when 0.03 <
x <0.11 at 5 K, with only 7% loss of M.

These findings demonstrate that the substitution of Co?*
can significantly enhance magnetocrystalline anisotropy, sug-
gesting an effective optimization strategy for the magnetic
properties of StM. Most studies have focused on the role of Co
ions, often neglecting the connection between Co and Fe. Re-
search indicates that the hybridization between Fe and Co ions
is crucial for the enhancement of La—Co-substituted SrM. 6]
Based on previous conclusions from Fe/Sr research, it was
found that Fe ions are deficient at different sites, which may
impact Co substitution. Therefore, the relationship between
the magnetic ions Fe and Co requires further investigation. In
this study, we investigated the effects of Co substitution and
Fe/Sr ratio on the structural and intrinsic magnetic properties
of SrM. Specifically, the relationship between Fe and Co is
presented through the Fe/Sr ratio and Co substitution, explor-
ing how Co substitution affects performance in iron-deficient
formulations. The aim of this study is to provide a deeper un-
derstanding of these variables to enhance the magnetic prop-
erties of Sr hexaferrite materials.

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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2. Experimental procedure

SrFey,_,Co,O19_s (n = 6.1-5.4; x = 0.05-0.20) sam-
ples were synthesized using the ceramic method. Initially,
raw material powders of SrCO3 (97%), Fe;O3 (99%), and
Co304 (99.5%) were weighed according to stoichiometric ra-
tios. These powders were then thoroughly mixed for 3 h in
a planetary ball mill equipped with agate balls at a ratio of
powder to water to balls of 1:2:12. After drying the wet pow-
der in an oven, it was sintered at 1150 °C for 1 h to obtain
SrFez;—xCoxO019_s.

The crystal structure of the sample was characterized by
x-ray diffraction (XRD) using a Bruker AXS D8 Advance
diffractometer with a step size of 0.02° and an angular range of
20°-80° (40kV; 40 mA; A = 1.54184 A). The XRD data were
refined using the Rietveld method to obtain lattice parameters
and phase composition. Raman spectroscopy (Renishaw inVia
Raman microscope), with a laser wavelength of 532 nm and a
wavenumber range of 120-900 cm~!, was used to analyze the
ion occupation of the sample. Scanning electron microscopy
(SEM; TESCAN CLARA) was used to characterize the size
and morphology of the particles. An energy-dispersive spec-
trometer (EDS), which was attached to the SEM, was used

to analyze the distribution and semiquantification of elements
in the samples. The magnetic hysteresis loop was measured
at 300 K using a superconducting quantum interference de-
vice magnetometer (SQUID-VSM; Quantum Design) under
450000 Oe. The saturation magnetization (M) and magnetic
anisotropy field (Hp) were calculated according to the law of

approach to saturation.

3. Results and discussion
3.1. Phase and structure analysis

The phase formation and structural details of the
Co-substituted SrM with different Fe/Sr ratios were ob-
tained using XRD. Figure 1 shows the XRD patterns of
SrFep,—xCoyO019_5 (n = 5.4-6.1; x = 0.05-0.20) sintered
at 1150 °C. After such a quantitative examination of all
SrFes,—Co,O19_5 (x = 0.05-0.20; n = 6.1-5.4) samples at
sintering temperatures, the phase formation rule of Co-StM
with different Fe/Sr ratios was obtained. The XRD data
were refined using TOPAS software to analyze the structural
changes and obtain the ratio of the second phases in the sam-
ples, and an Ry, below 15% ensured the credibility of the re-

finement.
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Fig. 1. XRD patterns of SrFe;,_Co,0;9_g at 1150 °C: (a) x = 0.05, (b) x = 0.10, (c) x = 0.15, and (d) x = 0.20.

A positive correlation between the increase in Fe/Sr ra-
tio and phase-forming temperature of the samples was demon-
strated. Consequently, if the Fe/Sr ratio increased, the sinter-

ing temperature of 1150 °C was not sufficient to form a pure M

phase, and some of the Fe;O3 would remain. As can be seen
in Fig. 1(a), with the values of n declining from 6.1 to 5.5,
the amount of Fe,O3 decreased from a maximum of 4.65%

to 0, and the rest was M phase remained. When n < 5.5,
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0.96% of SrFeO; 95 was detected in the sample because the
phase formation of SrM consisted of two processes. [l SrCO3
reacted with part of the Fe;O3 to form an intermediate phase
SrFe0; 96, before reacting with the rest of the Fe;O3 to form
the M phase. Therefore, the appearance of SrFeO, ¢¢ indicates
that the amount of Fe; O3 was insufficient to form the M phase.
As can be seen in Fig. 1(c), the Co substitution (x = 0.15) and
Fe/Sr ratio (n > 5.8) continued to increase, and 4.42%—0.87%
of Fe;O3 and 1.4%-0.87% of CoFe,O4 were detected in the
samples, suggesting that as the amount of Fe, O3 increased, no
more Fe ions could be accommodated in the lattice, and Co
ions also reached the upper limit of solubility. As can be seen
in Fig. 1(d), CoFe,04 was found in the range of n = 5.4-5.8
when x = 0.2. It can be concluded that the maximum solubility
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of Co is 0.15 at a sintering temperature of 1150 °C.

Figure 2(a) shows the XRD refinement pattern of
SrFes,,—+Co,O19_s (n = 5.75; x = 0.20) sintering at 1150 °C
as an example, exhibiting a good agreement with the M-
type hexagonal crystal structure (space group P63 /mmc). The
phase formation laws are clearly reflected in Fig. 2(b), demon-
strating that the production of a single SrM phase is only pos-
sible within a specified Fe/Sr range and with a restricted Co
substitution. Otherwise, there would be the production of the
intermediate SrFeO; g6 phase or CoFe,04 formed by excess
Co ions that have difficulty entering the lattice. Moreover,
there are distinct effects of varying Fe/Sr ratio on the solubility
of Co, with a lower Fe/Sr ratio promoting the substitution of
Co.
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Fig. 2. (a) Refined XRD pattern of SrFe;; 3C092019_s. (b) The phase relationship between Fe/Sr and Co in SrFe;,_Co,O;q9_gs, (c) lattice

constant a, (d) lattice constant ¢, (e) ¢/a, and (f) V.
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The variations in the obtained cell parameters a, ¢, and
V are depicted in the three-dimensional contour chart shown
in Figs. 2(c)-2(f), representing the variation in each parame-
ter with the Fe/Sr ratio and Co substitution amount. In the xy
plane projection, the warmth and coolness of the color indicate
the level of the parameter. Figures 2(c) and 2(d) demonstrate a
consistent decrease in lattice a and ¢ when the Fe/Sr ratio de-
creased and Co increased. This is because the ionic diameter
of Fe3T (0.64 A) was less than the radius of the Co?t (0.74 A).
However, substituting Co?* with Fe3t causes an imbalance in
the charge distribution of the system, resulting in a shortage of
0’ needed to maintain charge equilibrium.[>-1°1 Hence, the
modification in a and c is a result of the interaction between
the oxygen vacuum mechanism and iron ion deficiency. Fig-
ure 2(e) illustrates that the samples retained the M-type crystal
structure, characterized by ¢/a ranging from 3.91 to 3.92. The
V values were strongly influenced by changes in a (Fig. 2(f))
and decreased as the value of Co increased. Compared with
the Co content, the Fe/Sr ratio had a negligible influence on
the crystal structure of StM.

3.2. Morphological analysis

The SEM images of SrFe;,_,Co,O9_s (n = 5.9-5.5;
x =0.1) sintered at 1150 °C with a single M phase are shown
in Figs. 3(a)-3(e), representing the variation in grain morphol-
ogy and size under different Fe/Sr ratio conditions for the same
Co content. All samples showed an irregular hexagonal shape,
and some small grains were not fully grown. Additionally, the
size of the grains is displayed in Fig. 3(f), which was fitted us-
ing Nano Measurer software using the Gaussian equation for
statistical analysis. It steadily increased as the Fe/Sr ratio de-
creased, in agreement with the law stated in the literature. 20!
As described earlier, in the two stages of the phase forma-
tion process of the M-type hexaferrite, the intermediate phase
SrFeO; 9¢ was first formed and then nucleated on the surface
of the remaining Fe, O3, which reacted with SrFeO; g to form
a hexagonal structure. Therefore, the Fe/Sr ratio determines

the number of nuclei. Fewer nuclei lead to larger grain sizes;

in contrast, more nuclei lead to grain refinement.

o

o

=)
.

Average grain size (pm)

5.9 5.8 5.7 5.6 5.5

Fig. 3. SEM images and average grain size of SrFep,_0.1Co00.1019_g at 1150 °C: (a) n =15.9, (b) n =5.8, (c) n =5.7, (d) n = 5.6, and

(e) n=15.5. (f) Average grain size.

In terms of the variation in Co substitution amount,
the morphology of SrFeq;5-,Co0,O9_gs (x = 0.05-0.20) at
1150 °C is shown in Figs. 4(a)-4(d). When the Fe/Sr ratio
was constant, there was no notable correlation between the
grain size and Co concentration. The EDS surface scan of

SrFeq15-xCo0,0(9_s revealed the concentration and arrange-

ment of Co elements, as shown in Fig. 4(e). A comparison
between the theoretical Co content of the samples and the
value measured by EDS showed that the actual Co content
was almost identical to the expected value. A comparison
of the Co element distribution maps of SrFe135C00.15019_5
and SrFe;;3Co0020,9_5 revealed that the Co elements in
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SrFe;3C002019_s clustered together in some regions, sug-
gesting the existence of CoFe;Q4 in the sample. These results
confirmed that the Co content in ferrite was close to the theo-
retical value, confirming the results of the phase analysis.

(e) F_— Expected

1.12%} Experimental

0.84%

Co (wt%)

0.56%

0.28%

0.05

Fig. 4. SEM images of SrFe;; 5 ,Co,019_g at 1150 °C: (a) x = 0.05,
(b) x=0.1, (¢) x =0.15, and (d) x = 0.2. (¢) Map of the Co content and
distribution.

3.3. Raman spectra

To elucidate the influence of Co’>" occupancy in fer-
rite on the magnetic characteristics, Raman spectroscopy
was performed on SrFe;;5_Co0,0;9_5 (x = 0.05-0.20) and
SrFes,—0.1C00.1019_s (n = 5.4-6.1). Figure 5(a) shows the
Raman spectra of SrFe; 5_,Co0,0,9_s with various Co con-
tents between 0.05 and 0.2, which were measured at room tem-
perature throughout the range of 120-900 cm~'. Figure 5(b)
shows the Raman spectra of SrFe,,_0.1Cog.10;19_g. The dis-
placement of Raman spectral peaks was influenced by varia-
tions in the ion mass and force constants, which were deter-
mined by factors, such as crystal structure and valence.!!*?!]
As the concentration of Co increased, the wave number at
684 cm~! (FeOs; 2b site) became broader and moved toward
higher values. This change occurred as a result of the sub-
stitution of individual Co?*, with Co®* preferring to occupy
the 2b site, causing a distortion in the structure. Additionally,
the mass of Co** (mc, = 58.93) was greater than that of Fe3*
(mpe = 55.84), leading to a widened peak and a shift toward
higher wave numbers. Furthermore, Co>* did not have any
notable influence on the other sites.

In the same way, a set of samples with varying Fe/Sr

of n = 5.4-6.1 were chosen for measurement, with a

consistent Co substitution of 0.1. The Raman spectra of
SrFe;—0.1C00.1019_g exhibited changes in the peak posi-
tion and widening at 337 cm™! (FeOg; 12k + 2a sites) and
684 cm~! (FeOs; 2b site). The observed variations in the Ra-
man peaks may be attributed to the significant alteration in
the occupancy rate of the 12k 4-2a sites, as the value of n de-
creased from 6.1 to 5.7. This leads to a reduction in the pres-
ence of Fe3* at the 12k 4 2a sites and causes structural defor-
mation. Furthermore, the substitution of ions also led to alter-
ations at the 12k + 2a sites as a result of modifications in mass
and structure caused by the set quantity of Co substitution. For
Fe/Sr ranging from 5.6 to 5.4, the Raman peak at the 25 loca-
tion exhibited a leftward shift and broadening. This suggests
that there were various alterations in the iron ion vacancy sites
at different Fe/Sr ratios. The other peaks exhibited negligible
variations as n decreased. A relevant study showed that the
presence of Fe3t in the 2a, 12k, and 4 f1 sublattices of STM
diminished as the value of n decreased. The order of decreas-
ing occupancy rate was 2a > 4f; > 12k. These preferences
would result in varying tendencies and notable alterations in

saturation magnetization.[!”)

(a)

2b

525

! ©=0.05
: 1 1 1 1 1
200 400 600 800 700
Raman shift (cm™1!)
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|
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Fig. 5. (a) Raman spectra of SrFe; 5_,C0,019_gs (x = 0-0.20). (b) Ra-
man spectra of SrFey,_.1Co¢.1019_g (n =5.4-6.1).

3.4. Magnetic properties

The magnetic hysteresis loop of SrFe;,_Co0xO9_5 (n =
5.5-5.9; x =0.10) was measured at 300 K in the applied range
of —50000 Oe to 50000 Oe (Fig. 6(a)). It can be seen that the
substitution of StM by Co at different Fe/Sr ratios affected the
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magnetic properties. According to the Stoner—Wohlfarth ap-
proximation, M values were obtained via the law of approach-
ing saturation (Fig. 6(b)). This can be described by Eq. (1) in
the high-field region.

The Stoner—Wohlfarth (S-W) model uses the approach
saturation law to predict M; following Co substitution,?*!

A B
M=M(1-2= -2 H, 1
( = H2>+x (1)

where M is the saturation magnetization, Y H is the forced
magnetization induced by the field, A is a constant represent-
ing the contribution of inclusions and microstresses, and B is
related to magnetocrystalline anisotropy.

As shown in Fig. 6(c), My improved from 69.84 emu/g
to 71.90 emu/g as the Fe/Sr ratio increased from 5.5 to 5.9
with a constant Co substitution of 0.1. This suggests a pos-
itive correlation between the concentration of Fe ions in the
M phase and saturation magnetization. The net magnetic mo-
ment of the molecule was determined by the vector sum of the
Fe ions at different sublattices. The Fe ions were distributed
in different amounts in the five nonequivalent sites, namely,
2a, 2b, and 12k, for upward rotation alignment, and 4f; and
4 f> for downward rotation alignment. As shown by the results
of the Raman spectra in the previous section, with a decrease
in Fe/Sr ratio, Fe ions tend to be lost at the spin-up 12k, 2a,
and 2b sites, thus leading to a decrease in M. Figure 6(d) il-
lustrates the variation in M; as Co increased within the range

69.86 emu/g. Fe3* and Co®* are both magnetic ions, and the
electron configurations of Co*t and Fe3* are d7 and d°, re-
spectively, according to atomic physics. Therefore, Fe3* is
5 up and Co*tis3 [.LB.[23] The decrease in M was due to the
small magnetic moment of Co?" occupying the 2b site and the
decrease in Fe/Sr ratio, resulting in the loss of Fe ions at the
12k, 2a, and 2b sites.

Table 1 shows the values of Mg, H., Hx, and K; of
SrFe;,xCo0,019_s (n = 5.75, x = 0.05-0.20; x = 0.10, n =
5.5-5.9). When Fe/Sr = 5.75, H. decreased from 4081 Oe
(x = 0.05) at the beginning to 2542 Oe (x = 0.20) as the Co
content increased. However, when Co = 0.1, with a decrease
in Fe/Sr ratio, H, decreased from 4071 Oe to 2891 QOe. It is
well known that the magnitude of H. depends on the intrin-
sic properties of Ha and is more externally influenced by the
grain size of the sample. The SEM images illustrate how the
sample particle size remained mostly unaltered because of the
fixed Fe/Sr ratio and sintering temperature. Furthermore, as
the Fe/Sr ratio decreased, there was a gradual increase in the
particle size and a corresponding monotonic decrease in co-
ercivity. As a result, the variation in H, can be linked to the
fluctuation in Hy. Ha and magnetic anisotropy constant (Kj)
can be calculated using Eq. (2).[242!

The anisotropy factor B for the crystal structure of the M-
type ferrite can be mathematically represented as

of n =5.5-5.7. It is evident that when the concentration of H/i 41(12 5
Co increased at n = 5.7, M decreased from 71.51 emu/g to IS 15M2 2
— 80 (2) 5.9 (©) O\ Max=27.61
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M; for SrFe,_0.1C00.1019_5 (n = 5.5-5.9); (d) variation in M; for SrFey,_CoxO19_g (n = 5.5-5.7; x = 0.05-0.15); (e) variation in Ha for

SI‘FCQ,,,()JCO()AIOIQ,g; (f) variation in K] for SrFezn,().]CO()AlOlg,g.

107506-6



Chin. Phys. B 33, 107506 (2024)

Notably, Hp and K; of SrFe;, Co0,0O9_s5 (n = 5.75;
x = 0.05-0.20) rise initially and achieve their highest values
of Hy =23.78 kOe and K| = 8.95 x 10° erg/g with x = 0.10,
as seen in Table 1. To further study the effects of Co?t and
Fe/Sr on Hp and K| of SrM. The variations in Hs and K; of
SrFe;,—xCo0,019_5 (x = 0.05-0.20; n = 5.4-6.1) are depicted
in the three-dimensional contour maps presented in Figs. 6(e)
and 6(f). The color temperature quantified the extent of mag-
netic anisotropy, which exhibited nonlinear variations with
both the Fe/Sr ratio and Co content when seen from differ-
ent dimensions. In the xy plane, the central area exhibits a red
region, indicating strong magnetic anisotropy. Moving toward
the outer edges, the color progressively transitions to cooler
tones. This indicates that when the values of x or n increase,
both Hp and K] first increase and subsequently decrease. On
the one hand, the trends in magnetic anisotropy above and be-
low a Co substitution of 0.1 are consistent with those reported
in the literature, which is mainly related to changes in the lo-
cal lattice structure and Co occupancy. In the previous Raman
spectra, Co ions have a high probability of occupying the 2b
site, which contributes most to the magnetic anisotropy of M-

5.126-28] Therefore, a large substitution of a single

type ferrite
Co will have a detrimental effect on magnetic anisotropy. On
the other hand, the reason why H and K; exhibited a declin-
ing pattern when the Fe/Sr ratio decreased could be the loss
of iron at the 12k + 2a sites. It has been reported that the 12k
and 2a sites prefer planar anisotropy and are unfavorable for

uniaxial anisotropy.

Table 1. Values of Mg, H;, Ha, and K for SrFe;,Co,O19_g.

n X Mg (emu/g) H.(Oe) Hp (kOe) K 10° erg/g)

0.05 73.92 4081 23.64 8.74
575 0.10 71.48 3121 23.78 8.95

0.15 71.02 3076 24.33 8.64

0.20 69.99 2542 24.27 8.49
5.5 69.86 2891 22.99 8.03
5.6 70.38 2886 26.89 9.46
5.7 0.1 71.23 2979 23.06 8.21
5.8 71.76 3708 26.58 9.54
59 71.9 4071 27.61 9.93

4. Conclusions

In this study, the synthesis of SrFe;,_,C0,019_s5 (n =
6.1-5.4; x = 0.05-0.20) using a ceramic method was inves-
tigated to explore the effects of Co’* substitution and Fe/Sr
ratio on the material structure, micromorphology, and mag-
netic properties. The results indicate that reducing the Fe/Sr
ratio enhanced Co ion incorporation into the M phase, leading
to decreased lattice parameters due to oxygen vacancies and
Fe ion deficiency. The Fe/Sr ratio significantly influenced the
particle growth. Raman spectroscopy revealed that Co prefer-
ably substitutes for the 2b site, whereas Fe ions are lost at the
12k + 2a sites as the Fe/Sr ratio decreases. Despite a decrease
in saturation magnetization with increasing Co content, the co-

ercivity and initial permeability peaked with minimal Co sub-
stitution, suggesting that specific Co for Fe/Sr replacement in
M-type hexaferrite improved the magnetic performance.
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