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We have investigated the correlation between structural and magnetic properties of 

M-type BaFe12O19 thin films ( ~ 1.4 m ) with Co-Ti (magnetic/non-magnetic) and 

Co-Ni(magnetic/magnetic) substitution, as BaFe12-2xCoxTixO19 and 

BaFe12-2xCoxNixO19 (0 ≤ x ≤ 1). With structural properties sensitively related to the 

magnetic properties, where ferro-ferri phase transition is involved, it has been found 

that magnetic properties can be substantially controlled by substitution concentration.  
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1. INTRODUCTION 

Since the discovery of magnetic M-type Barium hexaferrite (BaFe12O19 or BaM) in 

the 1950s by Philips [1], it has attracted much attention due to possible applications in 

wide ranges, such as high-density perpendicular recording [2], magnetic fluids [3,4], 

and microwave/millimeter-wave devices [5-7], largely owing to its large 

magnetocrystalline anisotropy [8], high saturation magnetization [9], excellent 

chemical stability [10,11]. So far, numerous studies have been reported for magnetic 

property modification of BaM by substitution of Ti
4+

-Co
2+

, Ti
4+

-Zn
2+

, Sn
4+

-Co
2+

, 

Mo
4+

-Co
2+

, or Ir
4+

-Co
2+ 

ions [12-16] into BaM. Mostly, non-magnetic/magnetic 

particles have been used in substitution while non-magnetic particle is used to control 

the charge balance and magnetic particle is for magnetic property modification 

[11,17]. It has been well known that the structural configuration at Fe sites [18] plays 

a key role in determining magnetic properties for M-type ferrites with substitutions. 

The crystallographic characteristics of five iron sites are found to be important, where 

three out of five sites are octahedral sites (B), while the other two are tetrahedral (A) 

and trigonal sites [19,20].  

The magnetization of BaM results from the net moments in the magnetic ions on the 

five sublattices [21]. At 0 K, BaM was known to have eight spins up and four spins 

down, resulting in 20 Bohr magnetons per formula unit, which can be translated to a 

saturation magnetization up to (4πMs) 529 KA/m [21]. It has been reported that 

saturation magnetization (Ms) and coercivity (Hc) can be substantially varied, for 
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instance by substituting Co-Ti or Co-Ni as BaFe12-2xCoxTixO19 with lower x value 

substitution [11,17,18,22], where Ms modification depends on the ferrites crystalline 

degree upon the substitution [23-27]. In order to better understand and control the 

physical and magnetic properties of the BaM, it is important to identify the exact 

locations of the substituting ions in crystal. X-ray Absorption Fine Structure (XAFS) 

is an effective spectroscopic tool for investigating the local bonding environments of 

the specific atom, namely the nature of the electronic structure, the distance from the 

neighboring atom, and the cationic site distribution. 

So far, numerous studies have been devoted to understanding BaM properties of 

powder or bulk. Very recently, BaM films, particularly with micron thickness, are 

receiving increasing attention for device applications such as monolithic microwave 

integrated circuit devices [28,29] and circulator/isolator in microwave communication 

[30-33], while relatively little has been explored regarding the transition metal 

substitution effect. Very recently, Co-Ti substitution in BaM thick films has been 

explored [28], where drastic decrease in magnetic anisotropy and coercivity has been 

reported, thereby hinting that substantial modification of magnetic properties might be 

possible even in thin film cases. Therefore, further systematic study might be required 

to explore the possibility of BaM film property modifications by substitution. In this 

work, we report our investigation on structural and magnetic property modification 

for BaM microfilms by two different substitution molds: non-magnetic/magnetic 

(Co-Ti) particles and magnetic/magnetic (Co-Ni) particles with changing the 
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substitution composition from 0 to 1, where strong correlation between the degree of 

crystallization monitored by XAFS and the magnetic properties are found for both 

cases with exhibiting a dramatic decrease of Ms around a ferrimagnetic compensation 

point. For magnetic property modification, Co played a major role in case of Co-Ti 

substitution, whereas Ni played a dominant role in case of Co-Ni substitution.  

 

2. EXPERIMENTS 

Barium hexagonal ferrites thin films with substitution of Fe by Co
2+

, Ni
2+

, and 

Ti
4+

are prepared based on synthesized nanocrystalline BaFe12-2xCoxTixO19 and 

BaFe12-2xCoxNixO19 with x = 0, 0.25, 0.5, 0.75, and 1. The film thickness was fixed to 

be ~ 1.4 m . Moderate CA (citric acid) dissolved with 10 ml deionized water and 

heated at 80 °C for 15 min. Then Fe(NO3)3, Ba(NO3)2, Co(NO3)2 and TiOSO4 were 

poured into CA solution, followed by stirring by magnetic stirrer for 10 min. Then 10 

ml deionized water was added and stirred again for 20 min. The solution was poured 

into atomizing cup, closing the air flow, with waiting until the fog is formed in 

atomizing cup. Then, opening the air flow, the solution was sprayed on the Quartz 

(SiO2) substrate. Before spraying, the substrate was heated at 200 - 250 ℃ to 

evaporate hydrogen content in the solution. The solution was sprayed on the substrate 

evenly for 90 s, followed by sintering the substrate at 1000 ℃ for 1 hour.  

The structural information was investigated by XAFS, XANES (X-ray Absorption 

Near Edge Spectroscopy), and Scanning Electron Microscopy (SEM). XAFS is the 
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modulation of the x-ray absorption coefficient at energies near and above an X-ray 

absorption edge of each element, providing structural information of neighboring 

atoms. Similar technique based on the X-ray Absorption Spectroscopy is XANES, 

which contain further information about local coordination and chemical state [34]. 

The XAFS measurement was carried out at the undulator beamline BL8C at Pohang 

Accelerator Laboratory by fluorescence mode at room temperature. The hysteresis 

measurement was carried out in room temperature condition by vibrating sample 

magnetometer (VSM250, Dexing Magnet Ltd.) under up to 20 kOe of magnetic field 

along the out-plane plane direction. By considering the thickness and area of the film 

sample, the magnetization was determined in emu/g unit. 

 

3. RESULTS AND DISCUSSION 

The normalized XANES data at Fe-K edge of BaFe12-2xCoxTixO19 and 

BaFe12-2xCoxNixO19 (x = 0, 0.25, 0.5, 0.75, and 1) thin films are shown in Fig. 1(a) and 

Fig. 1(b), respectively. In Fig. 1(a), 2 dotted guidelines at 7129 and 7133 eV are 

shown to denote the different oxidation states, corresponding to Fe3O4 and Fe2O3 

absorption energy, respectively. Since Co
2+ 

ion has a lower valence than Fe
3+

 ion, Ti
4+ 

is required to maintain an electrical neutrality of the structure. Without substitution (x 

= 0), a rather broad single peak is observed to be positioned in the middle of Fe3O4and 

Fe2O3 absorption energies. This might be due to the nanogranular nature of the 

structure, observed by SEM as in Fig. 2. Compared to the other film case [28], where 
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the thickness was about 80 m  and the film was fabricated by screen printing 

method, the film in the present study has a thickness of 1.4 m  with nanogranular 

sizes of few tens of nm, which might lead to a slightly shifted peak position with 

broadening. According to the SEM images, as x value increases, it is observed that the 

granular size first increases and then decreases. Therefore, it is expected that the 

crystalline quality might be improved with proper amount of substitutions. Very 

interestingly, after the substitution with Co-Ti, K edge energy position has been split 

to the left (7129 eV) and right (7133 eV), as seen in the figure. The split peaks are 

clearly observed for all cases of substitutions (x = 0.25 ~ 1.0). It is considered that 

with substitution of Ti
4+

, Fe absorption energy peak is shifted to the left to decrease 

the Fe valence to Fe
2+

. With the substitution of Co
2+

, Fe absorption energy peak is 

shifted to the right to increase the valence to Fe
3+

. On the other hand, in Fig. 1(b), the 

substitution of Co-Ni ions only causes the increase of valency of Fe
2+

 ions changing 

to Fe
3+

, indicated by rather one-directional (to the right) absorption energy shift to 

7133 eV.  

The Fourier transforms of the XAFS data in Fig. 1 are plotted in Fig. 3 as  kk 3

at Fe-K edge as a function of radial distance with variation of x, where k is a wave 

vector and  k  is a Fourier amplitude at k. 3 dotted lines are plotted to guide the 

original peak position of BaM without any substitution. In case of Co-Ti substitution 

(Fig. 3(a)), the first peak at 1.40 Å without substitution exhibits a shift to the right (~ 

1.43 Å) with substitution, while the second peak (2.50 Å) is shifted oppositely to the 
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left (2.43 Å) with substitution. The first peak corresponds to the nearest-neighboring 

Fe-O coordinate peak. The peak shift to the right by the Co-Ti substitution is caused 

by the first Fe-O single scattering forming Fe
3+

-O bonding with longer distance 

compared to Fe
2+

-O. The shift of the second peak to the left might be caused by Ti
4+ 

ions with ionic radius 0.605 Å that gradually replaces Fe
3+ 

ions with radius of 0.645 Å 

in B-sites, mainly from Fe-Co or Fe-Ti single scattering interactions. The third peak 

appears around 3.10 Å is considered from the single and the multiple scattering by 

more external cation or metal ions [11,36].  

As seen in Fig. 3(b), in case of Co-Ni co-substitution, the first peak at 1.40 Å 

without substitution shifts to the right as well, in a similar way described in Fig. 3(a). 

The second peak around 2.50 Å almost stays still even with substitution, indicating 

that Ni
2+ 

and Co
2+ 

ions did not change the distance between the Fe and Ni or Fe and 

Co, as discussed in Fig.1(b). The weak third peak at 3.10 Å does not show any clear 

sign of shift but becomes relatively weaker compared to the third peak in Fig. 3(a), 

which might come from the more Ni adsorbed on the edge sites, reducing the 

magnitude of the third peak [37]. 

We further investigated the structural properties by the XAFS at Co-K edge. Fig. 4 

shows the Fourier transform of Co K-edge XAFS spectra for samples with Co-Ti 

substitution. It has been reported that Co
2+

 ions occupies both the tetrahedral 4f1 and 

octahedral 4f2 positions [38] with a preference on the tetrahedral 4f1 site [39]. The 

main peak around 1.30 Å as denoted by the dotted guideline is ascribed to the first 
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nearest-neighbor Co-O coordination, which suggests that Co is predominantly 

incorporated into A sites. Especially, the peak amplitude changes as the substitution 

concentration x varies. As x increases, the peak amplitude reaches the maximum at x 

= 0.5 and drops for x = 0.75 and 1, as shown in the inset figure. Therefore, it is 

expected that the best crystallization degree of the films is found with Co
2+

 ions 

substitution with x = 0.5, which is also consistent with the SEM observation of Fig. 2.  

Fourier transform of XAFS spectra for Co-Ni substitution in BaM is shown in Fig. 

5. In Fig. 5(a), Co K-edge Fourier transform spectra are plotted. The main peak 

around 1.40 Å increases gradually as x increases as seen in the inset figure, implying 

that the increase of the Co substitution at 4f1 and 4f2 sites with better crystallization 

degree of the films. This could be inferred from the bulk cases, where Ni
2+

 ions 

replace Fe
3+

 ions at 4f2 and 12k sites for lower substitution rates and prefers 12k 

sites for larger amounts. In Fig. 5(b), Ni K-edge Fourier transform spectra are 

plotted. The main peak amplitude varies with x, reaching the maximum at x = 0.75 

with the best crystallization degree, as clearly seen in the inset figure, which is also 

consistent with SEM observation result in Fig. 2.  

We investigated the magnetic hysteresis of the BaFe12-2xCoxTixO19 (x = 0, 0.25, 0.5, 

0.75, and 1) thin films by VSM at room temperature. Measured hysteresis loops are 

showed in Fig. 6(a). Ms and Hc determined from the hysteresis loop is plotted in Fig. 

6(b) as a function of x. It is clearly observed from Fig. 6(b) that Hc significantly 

decreases even with lower substitution, which is compare to the previous report on 
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bulk or powder samples in Ref. [39,40], the Hc of films was more influence by its 

anisotropy field.  

We have experimentally confirmed that a similar behavior is also found in case of 

thin films. Ms decreases with substitution, reaching the minimum at x = 0.5, then 

increases again as x = 0.75 and 1. Again, a similar tendency was reported for Co-Ti 

substitution into powder samples previously [11]. We have experimentally confirmed 

again the Co-Ti substitution-dependent Ms behavior for the BaM thin films. The 

magnetic moment of Fe
3+

 is B5 and the moment of Co
2+ 

is B7.3 . Ti
4+

 is 

non-magnetic so that the moment is 
B0 . Substitution of Co-Ti thus is expected to 

reduce the net magnetic moment [11]. It is interesting to note that Ms increases again 

for x = 0.75 and 1, which cannot be simply explained based on the reduced net 

magnetic moments of Fe replaced by Co or Ti. There has been a report on a possible 

ferro-ferri phase transition for BaM, known as Gorter model [17,22,41]. Antiparallel 

alignment of magnetic moments of Fe and Co in a ferrimagnetic phase might 

drastically reduce of Ms at x = 0.5, with a recovered Ms for x = 0.75 and 1, reaching 

almost the same value for the case of no substitution. Therefore, the overall Ms 

behavior is governed not simply by the net moment reduction, but by the exact 

magnetic phase determined from the structure.  

We have measured magnetic hysteresis of the BaFe12-2xCoxNixO19 (x = 0, 0.25, 0.5, 

0.75, and 1) thin films as well. Measured hysteresis loops are showed in Fig. 7(a). Ms 

and Hc determined from the hysteresis loop is plotted in Fig. 7(b) as a function of x. In 
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case of Co-Ni substitution, for BaFe12-2xCoxNixO19 (x = 0, 0.25, 0.5, 0.75, and 1) thin 

films, Ni
2+

 ions with magnetic moment of B2 and Co
2+ 

ions with 
B7.3 replace Fe

3+ 

ions (
B5 ) at 12k and 4f1 sites, which might results in decrease of Ms. Here, the 

minimum Ms at x = 0.75 is observed, while the degree of crystallization monitored by 

Ni-K edge peak amplitude, as discussed in Fig. 5(b), was the best at x = 0.75. 

Therefore, it is expected a similar mechanism as in the case of Co-Ti substitution like 

a phase transition involved with ferrimagnetism exists as well in the case of Co-Ni 

substitution. It is also interesting to note that the Ms behavior is rather sensitively 

dependent on the Ni substitution compared to the Co substitution, implying that Ni 

more effectively replaces 4f2 site. Ni might be better compared to Co in tuning the 

magnetic properties of BaM films with substitution.   

 

4. CONCLUSIONS 

In conclusion, we report our experimental investigation on the correlation between 

magnetic properties and the crystallization degree of BaM microthin films with Co-Ti 

and Co-Ni substitutions. With the magnetic-nonmagnetic Co-Ti substitution, both Ms 

and Hc significant decreased with x = 0.25. There existed the minimal value of Ms, 

where the substitution amount x is accompanied by the increased degree of 

crystallinity. The substantial variation of Ms cannot be simply explained based on the 

effective magnetic moment sum, but implies the existence of ferro-ferri phase 

transition. Similar behavior was observed for magnetic-magnetic Co-Ni substitution, 
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however, it has been found that the Ni, compared to Co, seems to replace Fe ions at 

4f2 sites more effectively. Our experimental investigation indicates that most of 

knowledge, explored previously in bulk or powder samples, can be similarly applied 

to the microthin films of BaM, shedding a light in possible BaM film applications. 
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FIGURE CAPTIONS 

 

Fig. 1. XANES at Fe-K edge for (a) BaFe12-2xCoxTixO19 and (b) BaFe12-2xCoxNixO19 

films with x = 0, 0.25, 0.5, 0.75, and 1. 

 

Fig. 2. SEM micrographs for BaM with Co-Ti or Co-Ni substitutions. Upper right 

image is for thickness estimation 

 

Fig. 3. Fourier transform of Fe K-edge XANES spectra for the case of (a) Co-Ti 

substitution and (b) Co-Ni substitution.  

 

Fig. 4 Fourier transform of Co K-edge XANES spectra in case of Co-Ti substitution. 

Inset figure shows peak amplitudes of Fourier transform spectra with respect to x. 

 

Fig. 5 Fourier transform of (a) Co-K edge and (b) Ni-K edge XANES spectra with 

variation of x from 0.25 to 1. Inset figures show peak amplitudes of Fourier transform 

spectra with respect to x. 

 

Fig. 6. (a) Hysteresis loops of BaFe12-2xCoxTixO19 thin films measured at room 

temperature. (b) Ms and Hc with respect to the Co-Ti substitution amount x. 

 

Fig. 7. (a) Hysteresis loops of BaFe12-2xCoxNixO19 thin films measured at room 

temperature. (b) Ms and Hc with respect to the Co-Ni substitution amount x. 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT  

17 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT  

18 

 

 

 

Figure 1 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT  

19 

 

 

 

Figure 2 

 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT  

20 

 

 

 

 

Figure 3 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT  

21 

 

 

Figure 4 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT  

22 

 

 

Figure 5 

 

 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT  

23 

 

 

 

Figure 6 

  



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT  

24 

 

 

 

 

Figure 7 

 




