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Indonesia is one of the countries that has very large natural resources, one of which is 
related to iron sand. Iron sand is a type of sand with a significant concentration of iron. 
This is usually characterized by dark gray or blackish color conditions. The purpose of 
this study was to determine the characteristics of the synthesis results of BaFe12-
3xCoxCuxZnxO19 from natural iron sand. The natural iron sand obtained was 
synthesized using the cooperativity method because its advantages are that it has a 
variety of conditions that can be selected starting from the ratio, temperature, pH, 
precipitating agent, and so on. In accordance with the desired final result, namely to 
create a soft magnetic powder so that it can be used as a basic material for microwave 
absorption with a high conductivity level of nanoparticle size. Economical basic 
materials can be used as an alternative in making samples. The results of the synthesis 
that have been carried out have succeeded in obtaining dark colored powder according 
to the variations in concentration and temperature carried out, and then the results of 
the characterization test were carried out to determine the absorption produced with 
the Vector Network Analyzer (VNA) tool, where the results obtained were quite high, 
namely 99.31%. This is because the sample is included in the semiconductor material, 
which is characterized by the conductivity value obtained ranging from 10-3 S/cm to 
10-1 S/cm. According to the indicators, the sample has met the criteria to be applied as 
a microwave absorber material, namely having a nanoparticle size, being soft magnetic, 
and already being included in the semiconductor material. 
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1. Introduction 
 
In the last few decades, pollution in the form of electromagnetic interference has become a 

concern. This is in line with the rapid development of electronic technology and high-frequency 
telecommunication systems in the order of gigahertz (GHz). Electromagnetic pollution causes 
interference to the input systems of electronic devices [1], radar disturbance, reduces device 
performance, obfuscates even the malfunction of the device [2], and many others. Those 
disturbances cause prohibitive use of electronic devices such as mobile phones or smart phones in 
airplanes, gas stations, and in some vital places with electronic operating systems. To overcome this 
problem, a damping system that can absorb electromagnetic waves is needed [3,4]. 

Ferrite based materials, such as hexaferrite [5-9] and spinel ferrites [10-13], are extensively 
researched for application as absorber of electromagnetic waves. Hexaferrites are classified into 
several types depending on the crystal structure, namely M, W, Y, X, U, and Z [5]. The M type one of 
which is barium hexaferrite (BaFe12O19) [14], that has been widely explored for various applications 
due to several advantages of excellent chemical properties, resistance to corrosion, high magnetic 
coercivity and saturation, and high Curie temperatures [15,16], good cohesiveness [17] and large 
magneto crystalline anisotropy constant [18]. Due to its magnetic properties, it has also been 
explored as base material for absorbing electromagnetic waves [6,8]. After modification, it is then 
used as a coating for antiradar materials, such as aircraft and antiradar drones [19]. Previous studies 
reported that the barium hexaferrite material can be applied to several electronic devices [20,21], 
such as in the speaker [22], magnetic recording medium [7], and its potentially as tape recording and 
large data storage [21]. 

To be applicable for a good microwave absorber, further developments of ferrite materials are 
required [23]. The coercivity field of barium hexaferrite is still relatively high, so it is still not suitable 
for direct application as a microwave absorber [8]. The crystal structure and magnetic properties of 
barium hexaferrite based material need to be modified, for example, by doping (substitution) of Ba2+ 
or Fe3+ cations or with other transition metal cations, such as Zn, Al, Mg, Ga, Co, Mo, Ti, and Ni are 
taken from previous study [24-28]. Previous studies reported that ferrite-based materials with Fe 
substitution using Ni and Zn had been successfully synthesized, but the resulting coercivity field (Hc) 
was still too high [29]. The high coercivity field increased the anisotropic properties, which weakens 
its microwave absorption properties. Better results were shown when doping with Mg and Al, where 
magnetic saturation and remanence increased [8], while coercivity decreased to 2.3 kOe [27]. 
Multivalent metals such as Ni2+/3+ and Co2+/3+ for Fe2+/3+ are frequently used due to their similarity in 
ionic radiation and electronic configurations [30]. Previous research claims that Co, Cu, and Zn are 
some of the best dopant materials for barium hexaferrite [31]. The resulting material is of interest 
for many applications [32], especially as a microwave absorber [33]. 

Based on this background, researchers are interested in conducting research aimed at developing 
barium M-hexaferrite-based materials that have the potential to be applied for microwave 
absorption. Material for such application is characterized by certain conductivity and magnetic 
properties. In this study, we developed barium M-hexaferrite-based materials by substituting the Fe 
element with Co, Cu, and Zn. The Co-Cu-Zn doping was hypothesized to alter static magnetic 
properties (especially reducing the coercivity and increasing saturation magnetization) at the critical 
substitution ratio, resulting in a new material more desirable for microwave absorption. The 
coercivity field of the material was expected to be reduced by making the powder size reach nano 
order, and the dopant ion was attempted to be similar in size to the substituted ion. The use of three 
metal ions as doping with different natural iron sands is expected to provide a significant effect 
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compared to previous research that has been done using only one or two dopings. The addition of 
doping is to prove the strength of electricity, absorption, and even the desired magnetic properties. 
 
2. Methodology  
2.1 Synthesis of BaFe12-3xCoxCuxZnxO19 
 

Modified barium M-hexaferrite (BaFe12O19) with Cobalt-Cupper-Zink dopant with concentrations 
(x = 0; 0.4; 0.8; and 1.0) was synthesized using the coprecipitation method. Natural iron sand, barium 
carbonate (BaCO3, Merck), cobalt chloride (CoCl2, Merck), copper (II) sulphate (CuSO4), and Zn(NO3)2 
were used as raw materials. BaCO3 was first dissolved in 30 ml of HCl (12 M, Merck) at 70 ℃ on a hot 
plate and stirred for 2 hours, then cooled to room temperature for 30 minutes. This mixture was then 
put into a beaker of FeCl3, CoCl2, CuSO4, and Zn(NO3)2, followed by adding 50 ml of distilled water 
and stirred using a magnetic stirrer at a speed of 500 rpm until it formed a homogeneous solution 
(around 30 minutes). Next, this mixture was added drop by drop with the precipitating agent NH4OH 
(6.5 M, Merck) with a burette to enhance the deposition. The sample was then cooled and washed 
with distilled water until a neutral pH was obtained. The precipitate is then filtered with filter paper. 
Next, the precipitated material was dried at 80 ℃ using an oven. The dry precipitate was then ground 
to obtain a brownish powder and sintered at varying temperatures of 200, 600, and 1000 ℃ for 4 
hours. The procedures related to the sample preparation and manufacturing process can be seen in 
Figure 1. 
 

 
Fig. 1. Step 1 sample separation process, step 2 separation of Fe3O4 from magnetic materials, and 
step 3 synthesis process with coprecipitation method 

 
2.2 Characterizations of BaFe12-3xCoxCuxZnxO19 
 

After the barium M-hexaferrite (BaFe12-3xO19) with Cobalt-Cupper-Zink dopants has been 
synthesized, it is then continued with the characterization process. The sample characterization tests 
used Fourier Transform Infra-Red (FT-IR), Transmission Electron Microscopy (TEM), Vibrating Sample 
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Magnetometer (VSM), and Vector Network Analyzer (VNA) as microwave-absorbing materials. The 
FTIR tool was used to determine the elements present in BaFe12O19 samples doped with Cobalt-
Cupper-Zink with concentrations (x = 0; 0.4; 0.8; and 1.0) at temperatures (T = 1000 ℃). The TEM tool 
determines the particle size of the nanosized samples used in this research, namely concentration (x 
= 1.0) at temperature (T = 1000 ℃). The VSM tool is used to determine the magnetic properties of 
the material, and the VNA tool is used to find out how effectively the material can conduct electricity 
and how much absorption is produced by the sample as a microwave absorbing material, which is 
used in this research, namely concentration (x = 0; 0.4; 0.8; and 1.0) at temperatures (T = 200 ℃; 600 
℃; and 1000 ℃). 
 
3. Results 
3.1 Phase Identification 
 

Fourier Transform Infra-Red (FT-IR) aims to describe the substitution process for the dopants used 
in the sample, namely cobalt (Co), copper (Cu), and zinc (Zn) on the crystal bond structure. The 
samples tested used the best temperature of 1000 ℃ with variations in concentration (mole fraction 
(x) = 0; 0.4; 0.8; and 1.0). The results of the analysis related to phase identification in the sample can 
be seen in Figure 2 and Table 1. 
 

 
Fig. 2. Graph of the relationship between the percentage of transmittance 

(%T) with wave number (cm-1) at x = 0.0; 0.4; 0.8; and 1.0 with T= 1000 ℃ 

 
The results of the FT-IR test above in the graph show the Ba-O metal bond at a peak of 1.124 cm-

1. The Ba-O wave number is in accordance with its characteristics, namely in the range of 1000 cm-1 
to 1650 cm-1. In addition to the Ba-O bond, another metal bond that is visible is Fe-O at a peak of 542 
cm-1. The wave number is in accordance with the range of Fe-O, which is in the range of 450 cm-1 to 
690 cm-1. Other bonds, namely Co-O, Cu-O, and Zn-O, are at a peak of 469 cm-1. The wave number is 
in accordance with the range of the three bonds, namely in the range of 400 cm-1 to 663 cm-1. The 
presence of wave bonds on the graph shows that the sample used is in accordance with the 
treatment, namely the presence of basic materials such as Ba and Fe that are doped with Co-Cu-Zn 
metal ions as binders or strengtheners in samples that are made to suit what is desired. 
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Table 1 
Compound elements in the sample 
Bonding type The number of waves formed (cm-1) Reference wave number (cm-1) Reference sources 

x = 0 x = 0.4 x = 0.8 x = 1.0 

Ba-O 1075 1071 1078 1.130 895-1650 [34,35] 
Fe-O 570 559 563 546 440-690 
Co-O 467 485 475 462 400-663 [36,37] 
Cu-O 467 485 475 462 
Zn-O 467 485 475 462 

 
3.2 Morphology and Crystal Structure of BaFe12-3xCoxCuxZnxO19 
 

The size and structure of the powder particles can be identified using the Transmission Electron 
Microscope (TEM). The TEM results in Figure 3 show the crystal structure of BaFe12Co1.0Cu1.0Zn1.0O19 
sintered at a temperature of 1000 ℃. The TEM image clearly shows the size of the 
BaFe12Co1.0Cu1.0Zn1.0O19 crystals formed. The test results showed that the crystal size obtained was 
100 nm, still large enough to carry out further measurements, and a crystal size of 50 nm was 
obtained. Data related to the size of the crystal structure can be seen in Figure 3. More precisely, the 
information is in the lower right position of the image. This indicates that the sample we made is a 
nanoparticle. Nanoparticles are particles between 1 and 100 nanometers in size [38-40]. Larger 
dopant concentrations lead to larger crystal sizes [41,42]. Typically, smaller grain sizes (nano order) 
result in higher active energies that influence magnetic saturation and field coercivity [15,43,44]. 
 

 
(a)    (b) 

Fig. 3. TEM test results on sample BaFe12Co1.0Cu1.0Zn1.0O19 with T= 1000 ℃ (a) 
Crystal size 100 nm (b) Crystal size 50 nm 

 

Based on the image in Figure 3, it can be seen that there are components formed, namely 
hexagonal, which is found in Figure 3, with a size of 50 nm, and when compared to previous 
researchers who only got a size of 100 nm, it can be said that the BaM sample with Co, Cu, and Zn 
metal ion doping managed to get a smaller size [45]. The results of this study are supported by the 
results of research conducted by Braun et al., [46] and Oktavia and Sutoyo [47], which stated that 
the particle size of the sample can be expressed as nanoparticles because in each study they obtained 
a sample size of 100 nm to 20 nm. Nano-sized BaM samples have wide application opportunities 
[48,49]. One of its uses is in the electronics industry, namely as a microwave absorber [50,51]. 
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3.3 Magnetic Properties and Conductivity of BaFe12-3xCoxCuxZnxO19 

 
The magnetic properties of a sample can be determined using a Vibrating Sample Magnetometer 

(VSM), where the values obtained in this test are saturation magnetization (Ms), remanence 
magnetization (Mr) and coercivity (Hc) [52,53]. The data on magnetic properties can be seen in Table 
2.  
 

Table 2  
Magnetic properties of sample 
T (℃) Sample Ms (emu/g) Mr (emu/g) Hc (T) 

200 

BaFe12O19 1.23 1.22 0.4400 
BaFe10.8Co0.4Cu0.4Zn0.4O19 1.93 1.86 0.3500 
BaFe9.6Co0.8Cu0.8Zn0.8O19 2.11 1.87 0.2100 
BaFe9Co1.0Cu1.0Zn1.0O19 3.41 2.31 0.0900 

600 

BaFe12O19 1.38 1.32 0.3600 
BaFe10.8Co0.4Cu0.4Zn0.4O19 3.40 3.00 0.2800 
BaFe9.6Co0.8Cu0.8Zn0.8O19 6.46 5.64 0.2100 
BaFe9Co1.0Cu1.0Zn1.0O19 9.49 6.28 0.0800 

1000 

BaFe12O19 1.51 1.43 0.3000 
BaFe10.8Co0.4Cu0.4Zn0.4O19 7.27 6.07 0.2100 
BaFe9.6Co0.8Cu0.8Zn0.8O19 11.09 7.91 0.1000 
BaFe9Co1.0Cu1.0Zn1.0O19 26.80 9.80 0.0045 

 
The value of Hc is inversely proportional to the value of Ms and Mr, namely, when the values of 

Ms and Mr increase, the Hc value decreases, which is close to zero on the hysteresis curve graph. 
This is in accordance with the theory that the value of the coercivity field (Hc) is obtained from 
demagnetization with a certain value so that the magnetization is zero, while saturation 
magnetization is a condition obtained from an increase in the external field that occurs from the 
origin point so that saturation occurs [54,55]. The saturation is because it has experienced alignment 
caused by an external magnetic field. From the saturation state and the zero-coefficient field, there 
is no return of the curve to its original shape but a residual magnetic flux. The remaining flux is called 
remanent magnetization. In this condition, the magnetic moment does not return to its orientation 
before being given an external field, which causes the material to be partially magnetized [56,57]. 

The results of the data obtained not only look at the magnetic properties of the material but also 
show how much doping influence and calcination temperature are used so that the characteristics of 
the magnetic hysteresis curve that can be used to conclude data that the magnetic material is 
included in soft magnetic or hard magnetic [58,59]. 

It can be seen the shape of the hysteresis curve of each sample in Figure 4. From these results, it 
can be seen the difference between the hysteresis curves at temperatures (T = 200 ℃; 600 ℃; and 
1000 ℃) with each mole fraction, namely an increase in the value of Mr and Ms which causes the 
value of Hc to decrease. It can be said that there has been a process of magnetization caused by an 
increase in the external field, resulting in saturation and demagnetization. Demagnetization is the 
external field that is removed. 

Based on Figure 4, it can be seen that there is an effect of doping and calcination temperature in 
the synthesis process to determine the value of the magnetic properties, which can be seen on the 
hysteresis curve. The decrease in the value of Hc and the increase in the value of Ms and Mr occurred 
due to the high doping and calcination temperatures used. In addition to decreasing the value of Hc, 
crystal size can also affect the inhibition of movement. The larger the size of the resulting crystal, the 
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easier it is for the domain wall to move so that the external magnetic field resistance is getting 
smaller, which causes the Hc value to decrease to near zero. 

 

  
(a) (b) 

 
(c) 

Fig. 4. Sample hysteresis curve (a) T= 200 ℃ (b) T= 600 ℃ (c) T= 1000 ℃ 

 
The magnetic properties of BaM in the BaFe9O19 sample show that the hysteresis curve becomes 

wider with large magnetization values (Ms and Mr) and coercivity field (Hc), which is different from 
the doped sample so that the magnetization increases (Ms and Mr) and decreases the coercivity field 
(Hc). Which makes the sample into a soft magnetic material. The results are indicated by the presence 
of a hysteresis curve when subjected to a magnetic field or when demagnetized, and can be seen 
from the width of the hysteresis curve, which is getting narrower. Which results in the material being 
soft and magnetic. 

The electrical properties of the sample can be identified using a Vector Network Analyzer (VNA) 
tool. The data obtained starts at a frequency of 8-12 GHz, so the conductivity value of the sample is 
obtained using Eq. (1). The results  of the analysis can be seen in Figure 5. 
 

𝜎 =
𝑙

𝑅𝐴
               (1) 

 
A good electrically conducting material has a conductivity of the order of 107 S/cm, whereas an 

insulator material has a very low conductivity between 10-10 S/cm and 10-20 S/cm. Between these two 
properties, semiconductor materials have a conductivity value of 10-7 to 103 S/cm [60,61]. Based on 
the results obtained, it can be concluded that the sample is very good for use as a microwave 
absorbent material because the semiconductor material can convert microwave energy into heat 



Journal of Advanced Research in Micro and Nano Engineering 

Volume 28, Issue 1 (2025) 80-94 

87 
 

energy. The formation of an electric field on the surface of the absorber occurs when the microwave 
hits the material coated with the microwave absorbent material, after which the current flows as a 
surface current so that it can convert microwaves into heat energy [62,63]. 
 

  
(a) (b) 

 
(c) 

Fig. 5. Graph of the conductivity of the sample at x = 0.0, 0.4, 0.8, and 1.0 with (a) T= 200 ℃ (b) T= 600 
℃ (c) T= 1000 ℃ 

 
The relationship between the 8-12 GHz frequency and the Reflection Loss (dB), Reflection 

Coefficient (%) and Absorption (%) coefficient values has different values, and can be seen in Table 
3, and Figures 6 to 8. 
 

Table 3  
Value of reflection loss (dB), reflection coefficient (%) and absorption (%) 
T (℃) Sample F (GHz) RL (dB) RC (%) A (%) 

200 BaFe12O19 10.800 -7.897 16.229 83.770 
BaFe10.8Co0.4Cu0.4Zn0.4O19 10.750 -8.018 15.783 84.216 
BaFe9.6Co0.8Cu0.8Zn0.8O19 10.714 -9.642 10.859 89.140 
BaFe9Co1.0Cu1.0Zn1.0O19 10.920 -11.771 6.651 93.449 

600 BaFe12O19 10.710 -8.584 13.854 86.145 
BaFe10.8Co0.4Cu0.4Zn0.4O19 10.680 -9.995 10.011 89.988 
BaFe9.6Co0.8Cu0.8Zn0.8O19 11.060 -12.221 5.996 94.003 
BaFe9Co1.0Cu1.0Zn1.0O19 10.750 -14.032 3.951 96.048 

1000 BaFe12O19 11.200 -19.818 14.246 85.753 
BaFe10.8Co0.4Cu0.4Zn0.4O19 11.060 -17.853 1.639 98.360 
BaFe9.6Co0.8Cu0.8Zn0.8O19 10.800 -8.463 1.042 98.957 
BaFe9Co1.0Cu1.0Zn1.0O19 10.680 -21.642 0.685 99.314 

 
Figure 6 shows the relationship at a frequency of 8-12 GHz with the resulting Reflection Loss (dB) 

value where value of RL (dB) results at each frequency are different. The samples used were at a 
calcination temperature of 1000 ℃ with a concentration of x = 0.0 and 1.0. At a concentration of x = 
0.0, the BaFe12-3xO19 sample had the highest RL (dB) value at a frequency of 10.68 GHz of -8.34 dB. At 
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the same frequency of 10.68 GHz, the concentration of x = 1.0 in the BaFe9Co1.0Cu1.0Zn1.0O19 sample 
was 21.64 dB. The greater the negative value of the RL (dB), the greater the absorption results and 
the smaller the reflection. The RL value of the BaFe12-3xO19 sample of -8.34 dB has an absorption value 
of 85.69% and a reflection of 14.30%. For the BaFe9Co1,0Cu1,0Zn1,0O19 sample, which has an RL value 
of -21.64 dB, it has an absorption value of 99.31% and a reflection of 0.68%. When compared with 
previous research conducted by Hambali and Doyan [61], the RL value obtained was -20.20 dB using 
Co-Mn-Ni metal doping. The greater the RL value (dB) produced, the higher the absorption 
percentage. 
 

  
(a) (b) 

 
(c) 

Fig. 6. Value chart RL (dB) at x = 0.0, 0.4, 0.8, and 1.0 with (a) T= 200 ℃ (b) T= 600 ℃ (c) T= 1000 ℃ 
 

Based on the data obtained, the amount of doping used can affect the Reflection Coefficient (RC) 
value in the sample. The RC value and absorption coefficient greatly affect the absorption power of 
microwaves produced by the sample. If the reflection coefficient value is smaller, the resulting wave 
reflection will also be less, or, in other words, it can minimize wave reflection [64,65]. The 
requirements that must be met in making microwave absorbing materials are that the materials used 
must have a high conductivity value because they are good for use as absorbing materials [63,66]. 
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(a) (b) 

 
(c) 

Fig. 7. Value chart RC (%) at x = 0.0, 0.4, 0.8, and 1.0 with (a) T= 200 ℃ (b) T= 600 ℃; (c) T= 1000 ℃ 
 

  
(a) (b) 

 
(c) 

Fig. 8. Value chart A (%) at x = 0.0, 0.4, 0.8, and 1.0 with (a) T= 200 ℃ (b) T= 600 ℃ (c) T= 1000 ℃ 
 

Figure 8 shows that the absorption value is 99.31% in the range of 10.68 GHz, so that the sample 
(mole fraction (x)=1.0) can be used as a microwave-absorbing material with a high absorption 
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capacity. Based on the results of the data obtained, the amount of doping used can affect the RL 
value in the sample. The value of RL and the absorption coefficient greatly affect the absorption of 
microwaves produced by the sample. The greater the value of RL (dB) produced, the higher the 
percentage of absorption. The condition that must be met in making microwave absorbing materials 
is that the materials used must have a high conductivity value, because they are good for use as 
absorbent materials. 
 
4. Conclusions 
 

Based on the results and discussion above, it can be concluded that BaM (BaFe12O19) based on 
natural iron sand with Cobalt-Cupper-Zink metal ion doping produces peaks at certain wave numbers 
according to the wave number characterization of each peak, namely Ba-O (1.124 cm-1), Fe-O (542 
cm-1), Co-O, Cu-O and Zn-O (469 cm-1). The particle sizes in the sample are included in nanoparticles, 
which are 50 nm in size, and there are components that have been formed, namely hexagonal. For 
the properties of the RAM material, namely the magnetic properties of the material, the Hc value 
decreases with the Ms and Mr values increasing at each concentration at each temperature. This 
shows that the sample is soft magnetic and in accordance with the theory. In addition to the magnetic 
properties of the material, the sample is also included in the semiconductor material, where the best 
sample is obtained at (mole fraction (x) = 1.0) with a temperature of T = 1000 ℃ because it has a 
conductivity value ranging from 10-3 S/ cm up to 10-1 S/cm with the highest RL value obtained, which 
is -21.64 dB which produces an absorption value of 99.31%, so that the sample (mole fraction (x) = 
1.0) with a temperature of T = 1000 ℃ can be used as a microwave absorbent material with high 
absorption ability. 
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