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A B S T R A C T   

We synthesized Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, y = 0–0.1) using a conventional ceramic route. The crystal 
structures were analyzed using X-ray diffraction. With increasing Nd3+ and Co2+ contents, lattice constant a 
increases, while lattice constant c decreases. In terms of magnetic properties, the saturation magnetization and 
coercivity are simultaneously increased when x = y = 0.1 (equal co-substitution). This is mainly because the 
bivalent Co2+ has a smaller magnetic moment and unquenched orbital moments. When substitution amount x is 
further increased (unequal co-substitution), the magnetic properties are further improved and reach the optimum 
values of Ms = 76.4 emu/g and Hc = 5115 Oe owing to the occupation of the 2a site by divalent Fe2+. The 
occupancies of Co2+ and Fe2+ are further verified using Raman spectroscopy.   

1. Introduction 

Rare-earth permanent magnets represented by Nd-Fe-B magnets are 
the best permanent magnets available at present, and their sales account 
for approximately 80% of the total permanent magnet market [1]. These 
magnets are widely used in fields such as wind power generation, new 
energy vehicles, and electronic equipment. Although rare-earth magnets 
have a high maximum energy product (BHmax), their application is 
limited by their high cost and supply risk [2,3]. The main alternative in 
the permanent magnet market is M-type strontium ferrite (SrFe12O19, 
SrM) owing to its low cost, high coercivity (Hc), moderate saturation 
magnetization (Ms), and corrosion resistance. The annual output of SrM 
in the permanent magnet market can reach 800 kilotons, making it the 
permanent magnet material with the largest sales volume [4]. As a 
magnetic ceramic material, M-type ferrite can be synthesized by the 
conventional ceramic route [5], sol-gel method [6], and hydrothermal 
method [7]. It is widely used in permanent magnets [8], magnetic 
recording [9], and microwave absorption [10,11]. Therefore, the 
effective enhancement of the magnetic properties of SrM is a research 
topic of considerable interest. SrM is a typical hexagonal ferrite, in 
which Fe3+ occupies five sites: octahedral sites 2a, 12k, and 4f2; 

tetrahedral site 4f1; and trigonal bipyramid site 2b. From the perspective 
of the magnetic structure, Fe3+ has a majority spin direction in the 2a, 
2b, and 12k sites, whereas Fe3+ has a minority spin direction in the 4f1 
and 4f2 sites [12]. As the magnetic properties of SrM are closely related 
to the presence of Fe3+ at different sites, ion substitution is one of the 
most effective methods for altering the magnetic properties. 

La3+–Co2+ co-substitution is a common method for improving the 
magnetic properties of SrM. To ensure the valence balance of the com-
pound, it is generally necessary to carry out equal La3+–Co2+ co- 
substitution (i.e., the substitution amount of La3+ is equal to that of 
Co2+). Iida et al. determined that equal La3+–Co2+ co-substitution of 0.3 
yielded optimal magnetic properties, including a remanence Br = 4450 
Gs and intrinsic coercivity Hcj = 4820 Oe [13]. Sakai et al. performed 
nuclear magnetic resonance investigations and found that Co2+ is 
mainly present in the 4f1 site with a minority spin direction and has a 
small orbital moment. Because the spin magnetic moment of Co2+ (3μB) 
is lower than that of Fe3+ (5μB), Ms will increase slightly. In contrast, 
Co2+ has unquenched orbital moments, and thus it has a higher mag-
netic anisotropy than Fe3+ [14]. In addition, some researchers have also 
investigated equal co-substitution of other pairs, such as La3+–Mn2+

[15], Ce3+–Co2+ [16], and Nd3+–Zn2+ [17], all of which have yielded 
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Fig. 1. (a) Synthesis and analysis of Sr1-xNdxFe12-yCoyO19. (b) X-ray diffraction patterns of Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, y = 0–0.1).  

Fig. 2. (a) Refined X-ray diffraction pattern of the sample with x = y = 0. Variations in (b) lattice constant a, (c) lattice constant c, (d) Vcell, and (e) c/a. (f) XRD 
density of Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, y = 0–0.1). 
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beneficial results. 
Researchers have found that substituting only La3+ for Sr2+ will 

cause some trivalent Fe3+ to be converted to divalent Fe2+. In this case, 
the magnetic anisotropy will increase because Fe2+ with higher mag-
netic anisotropy occupies the 2a site [18–20]. Liu et al. found that the 
Sr2+ in SrM was partially substituted by La3+, and the optimal magnetic 
properties of Ms = 74.1 Am2/kg and Hc = 498.4 kA/m were at an La3+

substitution of 0.15 [21]. Wang et al. reported similar results. When 
La3+ alone substituted for Sr2+ in SrM, the maximum Hc of 5960.2 Oe 
was obtained at an La3+ substitution of 0.25, representing an increase in 
Hc of nearly 50% compared with the non-substituted SrM [22]. There-
fore, if the substitution of rare-earth ions is increased to exceed that of 
Co2+ in rare earth–Co2+ equal co-substitution, it is possible that the two 
substitution forms of rare earth–Co2+ and rare earth–Fe2+ will syner-
gistically enhance the magnetic properties of SrM. 

In this study, we prepared Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, y =
0–0.1) via the conventional ceramic route. The X-ray diffraction (XRD) 
results showed that the lattice constant a increased slightly with 
increasing substitution amount, while the lattice constant c decreased. 
Room-temperature magnetic measurements showed that Nd3+–Co2+

equal co-substitution (x ≤ 0.1) could simultaneously enhance the Ms and 
Hc of the samples, particularly Hc. After further increasing the substi-
tution amount of Nd3+, the magnetic properties of the samples could be 
further improved to obtain the optimal magnetic properties (Ms = 76.4 
emu/g, Hc = 5115 Oe). This was mainly due to the contributions of 
divalent Co2+ and Fe2+. This material is expected to be a promising 
candidate for high-performance ferrite permanent magnet. 

2. Experimental 

2.1. Materials and synthesis 

Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, y = 0–0.1) samples were synthe-
sized via the conventional ceramic route. High-purity Fe2O3 (Aladdin, 
99.9%), SrCO3 (Aladdin, 99.95%), Nd2O3 (Aladdin, 99.99%), and Co3O4 
(Aladdin, 99.9%) were fully mixed for 3 h in a planetary ball mill 
mechanism (Nanjing Boyuntong Instrument, XGB4) with agate balls of 
diameters 20 mm, 10 mm, and 6 mm; the ball-to-powder weight ratio 
was 20:1. The (Fe + Co)/(Sr + Nd) atomic ratio was 11.6 in all of the raw 
material mixtures. After drying the wet powder in a drying oven, it was 
sintered at 1250 ◦C for 40 min to obtain Sr1-xNdxFe12-yCoyO19 samples. 

Based on the concept described in the introduction, for the Sr1- 

xNdxFe12-yCoyO19 (x = 0–0.25, y = 0–0.1) samples, we first prepared 
Nd3+–Co2+ equally co-substituted samples (x = y = 0.05 and x = y =
0.1) to improve the magnetic properties by the introduction of bivalent 
Co2+. We then increased the amount of Nd3+ substitution with a fixed 
Co2+ substitution of 0.1 (x = 0.15, 0.2, 0.25 and y = 0.1) to obtain 
Nd3+–Co2+ unequally co-substituted samples and further improve the 
magnetic properties of the sample through the introduction of bivalent 
Fe2+. 

2.2. Characterization 

The crystal structures of the samples were characterized by XRD 
(BRUKE D8 ADVANCE) with Cu Kα radiation (λ = 1.54184 Å), and the 
lattice parameters and phase compositions were obtained through 
refinement of the XRD data. Micro-Raman spectroscopy (RENUSHAW 
inVia Raman Microscope) was used to analyze the Raman spectra of the 
samples. Scanning electron microscopy (SEM; TESCAN CLARA) was 
used to characterize the size and morphology of the grains. Magnetic 
hysteresis loops were measured at 300 K using a superconducting 
quantum interference device magnetometer (SQUID-VSM; Quantum 
Design). The temperature dependence of the moment (M-T curve) was 
measured in zero-field cooling (ZFC) mode under a field of 50,000 Oe. 

3. Results and discussion 

The experimental procedure is illustrated in Fig. 1a. All samples were 
prepared using a conventional ceramic route, and the physical proper-
ties of the samples were measured. The phase formation and structural 
details were obtained using XRD. Fig. 1b shows the XRD patterns of Sr1- 

xNdxFe12-yCoyO19 (x = 0–0.25, y = 0–0.1) calcined at 1250 ◦C; the re-
sults are consistent with the standard card (COD#1008856). Other the 
sample with x = 0.25 and y = 0.1 containing 2.46% Fe2O3 and 0.35% 
NdFeO3 impurities, the samples all exhibit a single hexagonal structure. 

Detailed information regarding the crystal structure of the samples 
was obtained by refinement of the XRD data using Topas software, and 
the refinement parameter, Rwp, was maintained below 15% to ensure 
data reliability. Fig. 2a shows the refined XRD patterns of a represen-
tative sample (x = y = 0, SrM), and the related fitting parameter values 
are listed (Rp = 10.20%, Rwp = 14.11%, GOF = 1.25). The lattice con-
stants, a and c, and the unit cell volume, Vcell, are calculated using 
Equations (1) and (2), respectively [23,24]. 

dhkl =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4
3
⋅
h2 + hk + k2

a2 +
l2

c2

√

(1)  

where dhkl is the interplanar spacing; h, k, and l are the Miller indices of 
the crystal plane corresponding to the diffraction peak; and a and c are 
lattice parameters. 

Vcell =

̅̅̅
3

√

2
a2c (2)  

where Vcell is the cell volume, and a and c are lattice parameters. Lattice 
parameter a increases with the amount of substitution x (Fig. 2b) 
because the ionic radii of divalent Co2+ and Fe2+ are larger than that of 
trivalent Fe3+ [25]. For the sample with x = 0.25, lattice constant a 
increases by approximately 0.014% compared to that of SrM (x = 0). In 
contrast, lattice constant c decreases with increasing x (Fig. 2c). The 
value of c is 23.0224 Å at x = 0.25, which is approximately 0.142% 
lower than that of SrM (x = 0). The change in the value of c is mainly due 
to the substitution of Sr2+ by Nd3+, which has a smaller ionic radius 
[25]. The contraction of the local dodeca-coordinated SrO12 causes 
compression of the lattice along the c-axis [26]. As a result of the vari-
ations in lattice constants a and c, the cell volume, Vcell, decreases with 
increasing x; the maximum decrease of 0.113% occurs at x = 0.25 
(Fig. 2d). All of the samples have a typical M-type magnetoplumbite 
structure because c/a is less than 3.98 [27], as shown in Fig. 2e. The XRD 
density (ρ) can be calculated using Equation (3) [28,29]: 

ρ= 2M
NAVcell

(3)  

Fig. 3. Raman spectra of Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, y = 0–0.1).  
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where M is the molar mass of the sample, NA is Avogadro’s number, and 
Vcell is the cell volume. As shown in Fig. 2f, the sample density increases 
with increasing substitution. This is due to the gradual decrease in the 
cell volume with increasing Nd3+ content. In contrast, the masses of 
Nd3+ (mNd = 144.24) and Co2+ (mFe = 58.93) are larger than those of 
Sr2+ (mSr = 87.62) and Fe3+ (mFe = 55.84), respectively. The increase in 
density will increase the volume magnetization of the material, which is 
desirable for permanent magnets. 

The dynamic behavior of cations at various sites and their distribu-
tion was investigated using Raman spectroscopy. For typical SrM, there 
are a total of 64 ions in a unit cell, of which 24 Fe3+ ions are distributed 
in tetrahedral sites (FeO4), bipyramidal sites (FeO5), and octahedral sites 
(FeO6). Group theory predicts that SrM will have 42 Raman active 
modes: Γraman = 11A1g + 14E1g + 17E2g [30]. As shown in Fig. 3, 
room-temperature Raman spectra of Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, 
y = 0–0.1) were obtained in the range of 150–850 cm− 1. Based on results 
in the literature, the characteristic Raman peaks can be assigned to 
different vibrational modes. The band at 729 cm− 1 is attributed to the 

tetrahedral site (FeO4, 4f1 site) with A1g symmetry. The bands at 686 
cm− 1 and 615 cm− 1 are assigned to the bipyramidal (FeO5, 2b site) and 
octahedral sites (FeO6, 4f2 site), respectively, both with A1g symmetry. 
The band at 410 cm− 1 is attributed to the 12k site (octahedral FeO6) with 
A1g symmetry, whereas the bands at 470 cm− 1 and 341 cm− 1 are 
attributed to the mixed octahedral FeO6 (12k and 2a sites) with A1g 
symmetry. The band at 319 cm− 1 belongs to the E2g symmetry group. 
The bands at 530, 281, 210, 181, and 168 cm− 1 are assigned E1g sym-
metry, while the bands at 181 cm− 1 and 168 cm− 1 are attributed to the 
entire spinel block [30–32]. 

The mass and force constant affect the shift of the peaks in the Raman 
spectra. The substitution of other ions for the original Fe3+ in SrM will 
lead to changes in the ion mass and force constants (based on the bond 
length, lattice parameters, covalency, etc.) [33]. Therefore, information 
regarding the ion distribution can be obtained from the changes in the 
Raman spectra. There is a broadening and slight shift to a lower wave-
number of the band at 729 cm− 1 (tetrahedra, 4f1 site). Because the mass 
of Co2+ (mFe = 58.93) is slightly heavier than that of Fe3+ (mFe = 55.84), 

Fig. 4. Scanning electron microscopy images and size distribution of Sr1-xNdxFe12-yCoyO19: (a) (g) x = y = 0; (b) (h) x = y = 0.05; (c) (i) x = y = 0.1; (d) (j) x = 0.15, 
y = 0.1; (e) (k) x = 0.2, y = 0.1; (f) (l) x = 0.25, y = 0.1. 
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a slight shift of the Raman peak to lower wavenumbers will occur. On 
the other hand, the ionic radius of Co2+ (0.75 Å) is larger than that of 
Fe3+ (0.64 Å), and thus the substitution of Co2+ for Fe3+ will lead to 
distortion of the local tetrahedron, causing broadening of the Raman 
peak corresponding to this position. As the substitution amount x in-
creases from 0 to 0.1, a shift and broadening of the Raman peak can be 
observed, whereas this Raman peak does not change when x is further 
increased from 0.1 to 0.25. This is mainly because the Co2+ substitution 
amount, y, was maintained at 0.1 as x was varied from 0.1 to 0.25. 
Combined with the relevant results in the literature, it can be inferred 
that Co2+ in our sample can occupy the 4f1 site [14]. 

Next, we examine the band at 341 cm− 1, which is associated with the 
mixed octahedral FeO6 (12k and 2a sites). When the substitution x 
ranges from 0 to 0.15, the Raman peak exhibits no obvious change, 
whereas when x is increased from 0.2 to 0.25, the Raman peak is shifted 
to a higher wavenumber with slight broadening. This is mainly because 
when the substitution amount of Nd3+ is higher than that of Co2+, part of 
the trivalent Fe3+ will be converted to divalent Fe2+. The difference in 
mass between divalent Fe2+ and trivalent Fe3+ is negligible, and thus the 
shift of the Raman peak is mainly caused by the change in the force 
constant [33]. According to the literature, the resultant divalent Fe2+

occupies the 2a site [34]. The variation in this Raman peak indicates that 
the divalent Fe2+ in our sample should occupy the 2a site. 

The Raman peaks at 686 cm− 1 and 615 cm− 1 represent the bipyra-
midal and octahedral vibration modes, respectively. It can be observed 
that neither of these peaks change with the increase in substitution 
amount, x, which indicates that neither Co2+ nor Fe2+ occupy the 4f2 or 

2b sites. The Raman peak at 181 cm− 1 also does not change with 
increasing x. This result shows that a small amount of Nd3+–Co2+ co- 
substitution has no obvious influence on the vibration mode of the 
entire spinel block. 

The micromorphology of Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, y =
0–0.1) is shown in Fig. 4a–f with a magnification of 20k and a scale bar 
of 2 μm. All of the samples exhibit similar granular morphology, which 
indicates that a small amount of Nd3+–Co2+ co-substitution has little 
effect on the grain formation process. The grain sizes of all samples are 
approximately 1 μm, as counted using the Nano Measurer software 
(Fig. 4g–l). Because the grain size is closely related to the sintering 
temperature and time, controlling the relevant parameters to obtain 
particles close to the single-domain size can help optimize the magnetic 
properties of the samples. 

The hysteresis loops of Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, y = 0–0.1) 

Fig. 5. (a) Hysteresis loops of Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, y = 0–0.1). (b) Experimental and fitted moment versus 1/H2 curves in the range of 20,000 Oe to 
50,000 Oe for the sample with x = 0.2, y = 0.1. (c) Variation in Ms for Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, y = 0–0.1). (d) M-T curves of the samples with x = y = 0 and 
x = 0.2, y = 0.1. (e) Mr/Ms, (f) Hc and Ku for Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, y = 0–0.1). 

Table 1 
Values of Ms, Mr/Ms, Hc, and Ku for Sr1-xNdxFe12-yCoyO19 (x = 0–0.25, y =
0–0.1).  

x Ms (emu/g) Mr/Ms Hc (Oe) Ku ( × 105 erg/g) 

0 74.2 0.472 3363 8.193 
0.05 74.6 0.486 4290 8.517 
0.1 75.6 0.477 4656 9.077 
0.15 75.9 0.488 5005 9.333 
0.2 76.4 0.489 5115 9.570 
0.25 75.4 0.487 5107 9.557  
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were measured at 300 K in an applied field range of − 50,000 Oe to 
50,000 Oe (Fig. 5a), and the relevant magnetic parameters are listed in 
Table 1. It can be seen that Nd3+–Co2+ co-substitution affects the 
magnetic properties of SrM. According to the Stoner–Wohlfarth 
approximation, Ms values were obtained via the law of approaching 
saturation (Fig. 5b). This can be described by Equation (4) in the high- 
field region [35,36]: 

M =Ms

[

1 −
β

H2

]

(4)  

where β is a parameter related to the magnetic anisotropy. When 1/H2 

= 0, Ms can be obtained by fitting a curve. The value of β can then be 
obtained from the slope of the fitted curve. As shown in Fig. 5c, Ms 
initially increases slightly from 74.2 emu/g (x = 0) to 75.6 emu/g (x =
0.1), then increases to 76.4 emu/g (x = 0.2), and finally decreases to 
75.4 emu/g (x = 0.25). For the sample with x = 0.1, the increase in Ms is 
due to Co2+ with a smaller magnetic moment occupying the 4f1 site. The 
electron configurations of Fe3+ and Co2+ are d5 and d7, respectively, and 
the corresponding spin magnetic moments are 5 μB and 3 μB, respec-
tively. Co2+, with a lower magnetic moment, occupies the site with a 
minority spin direction, which will increase Ms. For the samples with x 
from 0.1 to 0.2, Ms decreases with an increase in the substitution amount 
because divalent Fe2+ with a lower magnetic moment (4 μB) occupies 
the 2a site (majority spin direction). 

However, an increase in Ms of the samples with increasing substi-
tution is observed, mainly because of the temperature dependence of Ms. 
According to the mean-field theory, the magnetization of small spin 
quantum numbers has a weaker temperature dependence than that of 
large spin quantum numbers. Therefore, thermal agitation has less in-
fluence on the magnetization of divalent Fe2+. In other words, Ms should 
decrease with an increase in divalent Fe2+ at low temperatures, whereas 
Ms increases relatively at room temperature because divalent Fe2+ is less 
affected by thermal agitation [37] (Fig. 5d). In addition, the magnetic 
moment of Nd3+ is 3.5 μB, making it a substitute for the non-magnetic 
Sr2+, which should increase the Ms of the sample [38]. Finally, the 
decrease in Ms of the sample with x = 0.25 and y = 0.1 occurs because 
the sample contains 2.46% antiferromagnetic Fe2O3. 

According to the Stoner–Wohlfarth theory, an Mr/Ms value of 0.83 
corresponds to cubic anisotropy, while Mr/Ms of around 0.5 indicates 
uniaxial anisotropy [39]. As shown in Fig. 5e, the Mr/Ms values of all 
samples are between 0.47 and 0.49, which indicates that the preferred 
magnetization axis of all samples is along the crystal c-axis. 

As shown in Fig. 5f, Hc increases monotonically with an increase in 
the Nd3+–Co2+ co-substitution amount. Hc initially increases from 3363 
Oe (x = 0) to 4656 Oe (x = 0.1), then increases to 5115 Oe (x = 0.2), and 
finally remains at 5107 Oe (x = 0.25). Owing to the small amount of 
Nd3+–Co2+ co-substitution, the particle size remains basically un-
changed, as shown in the SEM images. Therefore, the variation in Hc 
caused by the change in size can be neglected, and the reason for the 
variation in Hc is thus the change in magnetic anisotropy. The magnetic 
anisotropy constant (Ku) can be calculated using Equation (5) [35,36]: 

Ku =Ms

̅̅̅̅̅̅̅̅
15β

4

√

(5)  

where the value of β can be calculated using Equation (4). It can be 
observed that the variation in Ku is similar to the variation in Hc in 
Fig. 5f. With an increase in x, Ku increases correspondingly. For the 
sample with x = y = 0.1, Ku reaches 9.077 × 105 erg/g, and the increase 
in Ku is mainly due to the unquenched orbital moments of the bivalent 
Co2+. When x is further increased while y is constant at 0.1, the Ku of the 
sample (x = 0.25, y = 0.1) further increases to 9.557 × 105 erg/g. The 
further improvement in Ku is attributed to the spin-orbit interaction of 
the bivalent Fe2+ [40]. 

4. Conclusion 

In this study, we investigate Nd3+–Co2+ co-substituted SrM. As the 
amount of Nd3+–Co2+ substitution increases, lattice constant a increases 
slightly, whereas lattice constant c decreases. Magnetic measurements at 
room temperature show that when the substitution amount is x = y ≤
0.1, Ms and Hc are enhanced simultaneously. When the substitution 
amount of Nd3+ is further increased and that of Co2+ is constant at 0.1, 
the sample (x = 0.2, y = 0.1) with the optimal magnetic properties can 
be obtained (Ms = 76.4 emu/g, Hc = 5115 Oe). This is mainly due to the 
contributions of the Co2+ occupying the 4f1 site and Fe2+ occupying the 
2a site to the magnetic properties. This material is expected to be a 
promising candidate for high-performance ferrite permanent magnets, 
and this ion substitution strategy is expected to be extended, such as in 
La3+–Co2+, Ce3+–Co2+, and Pr3+–Co2+ substitution. 
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