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The effect of various sintering temperatures towards microstructural of GdIG has not 

been carried out in the previous research, which can provide the information on the 

fundamental knowledge of magnetic behaviour from nanometer to micrometer grain 

size regime. Therefore, the relationship between microstructural evolution from nano 

to micron grain size and their physical, magnetic, electrical and microwave properties 

of the gadolinium iron garnet (Gd3Fe5O12, GdIG) has been investigated systematically. 

Raw materials were milled using mechanical alloying method for 3 hours, shaped into 

toroid and pellet and sintered from 600 oC to 1400 oC with a 100 oC increment. 

 

 

The average particle size measured after milling using Scanning Transmission 

Electron Microscope (STEM) was ~36.9 nm. GdIG phase which was identified using 

X-ray diffraction (XRD) began to form a single phase with cubic garnet structure at 

1000 oC. At this temperature, magnetization studied using vibrating scanning 

magnetometer (VSM) had started to show an improvement with highest magnetization 

value of 3.86 emu/g. The Curie temperature (Tc) obtained which was measured using 

LCR (Inductance, Capacitance and Resistance) meter for GdIG was ~300 oC. As the 

sintering temperature increased, the crystallinity improved with the highest intensity 

of XRD peak for sample of 1000 oC. The microstructure evolution observed using 

Field Emission Scanning Electron Microscope (FESEM) had influenced the changes 

in magnetic, microwave and electrical properties. For magnetic measurement, the 

maximum value obtained through impedance analyser for permeability was 1.33 and 

the highest induction value of 108.9 G was obtained using B-H static hysteresis graph. 

The density which was measured using densimeter, observed to be increased at higher 

sintering temperature with the maximum value of 6.01 g/cm3 for sample sintered at 

1400 oC. The resistivity value that was measured using picoammeter showed a 

maximum value for sample sintered at 1200 oC of 4.18 × 1010 Ω cm. The linewidth 

from microwave measurement that was carried out using Vector Network Analyzer 
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(VNA) in the frequency range of 4 to 8 GHz (C-band), showed the maximum value of 

25.10 Oe which validates the suitability for low loss microwave material. 

 

 

Therefore, the microstructure evolution of starting powder from nanosize grain would 

allow one to observe the critical change in transformation of phase and also the change 

in grain size that influenced the change in the properties studied. Samples with good 

crystallinity and large grain size would result in better properties.  
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FARAH NABILAH BINTI SHAFIEE 

Jun 2018 

Pengerusi : Raba’ah Syahidah Azis, PhD 

Institut : Institut Teknologi Maju 

 

 

Kesan pelbagai suhu pensinteran terhadap mikrostruktur GdIG belum dijalankan 

dalam penyelidikan terdahulu, yang dapat memberi maklumat mengenai pengetahuan 

asas tentang sifat magnet daripada saiz butiran nanometer kepada mikrometer rejim. 

Oleh itu, hubungan antara evolusi mikrostruktur daripada saiz butiran nano kepada 

mikron dengan sifat fizikal, magnet, elektrik dan gelombang mikro garnet besi 

gadolinium (Gd3Fe5O12, GdIG) telah disiasat secara sistematik. Bahan mentah 

digilingkan menggunakan kaedah pengaloian mekanikal selama 3 jam, dibentuk 

menjadi toroid dan pelet dan disinter dari 600 oC hingga 1400 oC dengan kenaikan 100 
oC.  

 

 

Purata saiz zarah selepas penggilingan yang diukur dengan menggunakan 

Pengimbasan Penghantaran Elektron Mikroskop (STEM) adalah 36.9 nm. Fasa GdIG 

yang dikenal pasti menggunakan pembelauan sinaran X (XRD) mula membentuk fasa 

tunggal dengan struktur garnet kiub pada 1000 oC. Pada suhu ini, pemagnetan yang 

dikaji menggunakan magnetometer pengimbasan bergetar (VSM) telah mula 

menunjukkan peningkatan dengan nilai pemagnetan tertinggi 3.86 emu/g. Suhu Curie 

(Tc) yang diukur menggunakan meter LCR (Aruhan, Kapasiti, dan Rintangan) untuk 

GdIG ialah ~300 oC. Apabila suhu pensinteran meningkat, penghabluran bertambah 

baik dengan keamatan XRD tertinggi untuk sampel 1000 oC. Evolusi mikrostruktur 

yang diperhatikan menggunakan Mikroskop Elektronik Pengimbasan Pelepasan 

Medan (FESEM) telah mempengaruhi perubahan sifat-sifat magnet gelombang mikro 

dan elektrik. Untuk pengukuran magnet, nilai maksimum yang diperoleh melalui 

penganalisis impedans untuk kebolehtelapan adalah 1.33 dan nilai aruhan tertinggi 

108.9 G diperoleh dengan menggunakan graf hysteresis statik B-H. Ketumpatan yang 

diukur menggunakan densimeter, diperhatikan meningkat pada suhu pensinteran yang 

lebih tinggi dengan nilai tetinggi sebanyak 6.01 g/cm3 untuk sampel yang disinter pada 

1400 oC. Nilai kerintangan yang diukur dengan menggunakan pikoammeter 

menunjukkan nilai maksimum untuk sampel yang disinter pada 1200 oC iaitu 4.18 × 

1010 Ω cm. Pelebaran talian daripada pengukuran gelombang mikro yang dijalankan 
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menggunakan Penganalisa Rangkaian Vecktor (VNA) dalam julat frekuensi 4 hingga 

8 GHz (jalur C), menunjukkan nilai maksimum iaitu 25.10 Oe, yang mengesahkan 

kesesuaian untuk bahan gelombang mikro dengan kehilangan yang rendah. 

 

 

Oleh itu, evolusi mikrostruktur yang bermula daripada butiran nano saiz akan 

membolehkan perubahan kritikal dalam transformasi fasa dan juga saiz butiran yang 

mempengaruhi perubahan dalam sifat yang dikaji di mana sampel dengan 

penghabluran yang baik dan saiz butiran yang besar akan menghasilkan sifat yang 

lebih baik. 
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CHAPTER 1 

1 INTRODUCTION 

1.1 Background of the study 

Recently, there has been a growing interest in the development of new magnetic 

materials in the field of nanotechnology and their properties. This increases the 

efficiency of current technology and promotes progress in emerging fields.  Magnetic 

materials possess remarkable properties and widely used in many applications such as 

transformers, inductors, circulators, mobile phones, electric motors and hybrid 

vehicles (Jiles, 1998; Winkler, 1981). Magnetic insulators or well known as ferrites 

had surfaced as new materials to replace the needs of minimizing the loss caused by 

generation of eddy current for their property of high resistive material (Spaldin, 2010). 

 

 

The advent of higher frequency devices with low eddy current loss have caused the 

utilization of ferromagnets such as iron and alloy to be no longer effective as the 

materials that employ the standard techniques using lamination or iron powder core.  

 

 

There are three types of ferrites; spinel, garnet and hexagonal where garnet has become 

the preference to be used in microwave devices. Garnet is a low loss material by virtue 

of no divalent ions in the crystal structure, leading to less possibility of divalent iron 

ion occurring (Fuller, 1987). The stability to sustain the low loss property at that range 

is also contributed by the valency of ions apart from the composition and the crystal 

structure. Spinel ferrites on the other hand consist of 2+ ion metals, having a high 

tendency to form the ferrous ion, Fe2+, which would reduce the resistivity. The 

narrowest linewidth exhibited yet is by yttrium iron garnet (YIG) (Ozgur, 2009). This 

property is important for telecommunication applications. However, other materials of 

the same type such as gadolinium iron garnet should not be neglected as it has its own 

properties that should be investigated further.  

 

 

Microstructure of polycrystalline ferrites consists of grains, grain boundaries, pores 

and phases. The microstructure results in various properties of the same material. The 

starting particle size in nanometer size with an average particle or grain size of less 

than 100 nm has shown different behavior compared to its bulk counterparts (Lassri, 

2011). The phase formation of nanoparticle ferrites has successfully been formed at 

lower temperature than the micron size particles due to large surface, leading to high 

reactivity of the particles (Chen and He, 2001; Paesano et al; 2005, Zanatta et al., 2005; 

Tsagaroyannis et al., 1992). The assumption that pores and secondary phase formation 

were undesirable was eliminated by the fact that there are turning points to the two 

components as they could control the properties according to the desired applications. 

The microstructure influence can be more delved into by investigating the evolution 

of the microstructure where one material with a starting particle size is sintered at 

different temperatures with a constant increment. This would give rise to the evolution 

of the size of particle or grain which consequently would affect the properties of the 

material.  
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Therefore, the underlying science of the effect of microstructure towards the magnetic 

properties, electrical and microwave properties was further investigated. The evolution 

from nanometer to micrometer grain size accompanied by the evolution of the 

properties has been elucidated. This parallel occurrence is a phenomenon that should 

be scrutinized as it can be a great medium in providing massive information in 

describing the mechanism of what is occurring within the material that gives rise to 

such properties for each sintered sample. In this research, gadolinium iron garnet, 

Gd3Fe5O12 (GdIG) was chosen as the material to be studied. Raw materials of 

gadolinium (III) oxide, Gd2O3, and iron oxide, α-Fe2O3, were mixed and milled using 

a high-energy ball milling machine in order to produce nanosize powder and 

subsequently sintered starting from a low temperature of 600 oC to 1400 oC. The 

physical, structural, electrical, magnetic and microwave properties were studied 

through several characterizations that will be explained further in Chapter 4. 

 

 

1.2 Selection of materials 

GdIG has been a promising candidate that commonly used in microwave devices 

besides YIG. YIG has the narrowest ferromagnetic resonance (FMR) linewidth yet. 

Narrow linewidth indicates a very low magnetic loss of a material. This is very 

important for antenna applications which would require a material that would transmit 

most of the signal from the source. GdIG is superior to YIG in terms of temperature 

stability. This has been proven from previous research to why yttrium ion, Y3+ in YIG 

is substituted with gadolinium ion, Gd3+ based on the composition of Y3-xGdxFe5O12. 
The Curie temperature of ~273 oC and temperature stability of magnetization are 

increased where the saturation magnetization can be retained from 300 K to ~525 K 

with increasing concentration of Gd3+ (Ramesh et al., 2017). These properties would 

allow the characterization to be carried out at room temperature and above. 

Substituting Gd3+ ion into a material, for instance YIG would help in maintaining the 

resulting saturation magnetization of YIG in broader temperature range, ranging from 

room temperature to Curie temperature (Kuanr, 1997 & Lataifeh, 1996). GdIG has 

remarkable properties at low temperature due to the strong contribution from 

ferromagnetic Gd3+ ion to Fe3+ ions in a and d sites (Nguyet, 2009). However, 

temperature effect changes the behavior of ferromagnetic to paramagnetic Gd3+ which 

causes the phenomenon of zero magnetization at ~ 16 oC to exist. This temperature is 

called compensation temperature. This difference from the behavior shown by 

diamagnetic Y3+ has become an interest to how it affects the magnetic, electrical and 

microwave properties at all. Therefore, GdIG was chosen as the material in this 

evolution study.  

 

 

1.3 Problem statement 

Fundamental knowledge has been a while neglected since researchers at present time 

are extensively producing solely the final product of doped rare earth iron garnet due 

to the industrial demand. GdIG material in previous research was studied in a range of 

800 to 1000 ⁰ C only (Opuchovic et al., 2017). The important information such as the 

crtical sintering temperature of structural transformation could be missed.  In addition, 

the effect of various sintering temperatures towards microstructural of GdIG in wide 

range of temperature can contribute to rudimentary basis. The evolution of 
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microstructure from nanometer range to micrometer which results from various 

sintering temperature (600 to 1400 ⁰ C) with a constant increment of 100 ⁰ C and the 

influence of microstructure evolution towards the magnetic, electrical and microwave 

properties had not also been investigated. 

 

 

The problems above are the main drive to this research as those questions have not 

been studied widely. Despite focusing on the final product, this study would help 

comprehend the underlying physics changes that lie in the material through its 

structure and microstructure from nanometer regime to micrometer regime of grain 

size and the effect from the changes towards the magnetic, electrical and microwave 

properties for each sample of GdIG, from low, intermediate and high sintering 

temperature to be critically tracked. Therefore, the information obtained could be 

utilized to identify the sample with optimum properties that suit the requirements in 

any applications. 

 

 

1.4 Objectives of the study 

The primary goal of this research is to investigate the relationship between the 

evolution of microstructure and the magnetic and electrical of GdIG sintered from low 

to high sintering temperature. This study embarks on the following objectives: 

 

i) To determine the effect of sintering temperatures on the microstructure 

evolution of GdIG. 

ii) To investigate the parallel relationship of microstructure evolution on the 

physical, structural, electrical, magnetic and microwave properties of 

GdIG. 

 

 

1.5 Limitation of study 

This study is focused on the changes of behavior occurred that were studied through 

the electrical, magnetic and microwave properties along the structural, phase changes 

and microstructural evolution from nanometer to micrometer grain size of samples of 

GdIG at varying sintering temperature with a constant increment of 100 oC. All 

measurements were conducted at room temperature.  

 

 

1.6 Outline of the thesis 

This thesis begins with Chapter 1 that is consists of research background, selection of 

materials, problem statement and the objectives of this study. Chapter 2 provides the 

information on recent progress on GdIG and other rare-earth iron garnet, synthesis 

methods used to prepare ferrite samples, the effect of microstructure towards ferrite 

properties, and summary of previous research. From there, new approach of this study 

is briefed in the last part of this chapter. Chapter 3 presents the crystal structure of 

GdIG and magnetic theory related to this study. The mechanism of high-energy ball 

milling process and sintering are also included in this chapter. The method, instruments 

used and characterization that had been carried out are explained in Chapter 4. All the 
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detailed discussion on the analyzed data from the measurement is elucidated in Chapter 

5. Lastly, the conclusions and achievements from the study are disclosed in the Chapter 

6 which is the final chapter of this thesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



© C
OPYRIG

HT U
PM

83 

 

7 BIBLIOGRAPHY 

Aakansha, Deka, B., Ravi, S. (2018). Magnetic and Dielectric Properties of Y3-

xSmxFe5O12 (x = 0.0 to 3.0). Journal of Superconductivity and Novel 

Magnetism, 31(7): 2121-2129. 

 

Abdullah, N. H., Hashim, M., Nazlan, R., Ibrahim, I. R., Ismail, I. (2015). Isochronal 

recovery behavior of complex permeability components and electrical 

resistivity in yttrium iron garnet (YIG) synthesized via mechanical alloying. 

Journal of Materials Science: Materials in Electronics, 26: 2167-2174. 

 

Akhtar, M. N., Sulong, A. B., Ahmad, M., Khan, M. A., Ali, A., Islam, M. U. (2016). 

Impacts of   Gd-Ce on the structural, morphological and magnetic properties 

of garnet nanocrystalline ferrites synthesized via sol-gel route. Journal of 

Alloys and Compounds, 660: 486-495. 

 

Ayache, J., Beaunier, L., Boumendil, J., Ehret, G., Laub, D. (2010). Sample 

Preparation for Transmission Electron Microscopy: Methodology, Springer. 

 

Balaz, P. (2008). Mechanochemistry in Minerals Engineering: Mechanochemistry in 

Nanoscience and Minerals Engineering, Springer-Verlag, Berlin Heidelberg. 

 

Benjamin, J. S. and Volin, T. E. (1974). The mechanical alloying. Metallurgical 

Transactions, 5: 1929-1934. 

 

Bertaut, F. and Forrat, F. (1956). Deformations in rare earth perovskites and trivalent 

transition elements. Journal de Physique et Le Radium, 17(2): 129-131. 

 

Callister, W. D. and Rethwisch, D. G. (2010). Materials Science and Engineering: An 

Introduction, 8th edition, UK: Wiley. 

 

Casals, B., Espinola, M., Cichelero, R., Geprags, S., Opel, M., Gross, R., Herranz, G., 

Fontcuberta, J. (2016). Untangling to the contributions of cerium and iron to 

the magnetism of Ce-doped yttrium iron garnet. Applied Physics Letter, 108: 

102407. 

 

Chen, D. H. and He, X. R. (2001). Synthesis of nickel ferrite nanoparticles by sol-gel 

method. Material Research Bulletin, 36(7-8); 1369-1377. 

 

Chinnasamy, C. N., Greneche, J.M., Guillot, M., Latha, B., Sakai, T., Vittoria, C., & 

Harris, V.G. (2010). Journal of Applied Physics, 107(9): 09A512. 

 

Coble, R. L. (1961). Sintering crystalline solids. I. intermediate and final state 

diffusion mofdels. Journal of Applied Physics, 32: 787-792. 

 

Concalves, P. and Figueiredo, F. M. (2008). Mechanosynthesis of La1-xSrxGa1-yMgyO3-

δ materials. Solid State Ionics, 179: 991-994. 

 

Cruickshank, D. (2011). Microwave Materials for Wireless Applications. Norwood, 

MA: Artech House. 



© C
OPYRIG

HT U
PM

84 

 

Cullity, B. D. (1978). Introduction to X-ray diffraction. New York: Addision-Wesley. 

 

Cullity, B. D. and Graham, C. D. (2009). Introduction to Magnetic Materials, 2nd 

Edition, New Jersey: John Wiley & Sons Inc. 

 

Daintith, J. (2009). Oxford Dictionary of Physics, 6th Edition, Oxford University Press. 

p. 311. 

 

Dong-Hwang, C. and Xin-Rong, H. (2001). Synthesis of nickel ferrite nanoparticles 

by sol-gel method. Materials Research Bulletin, 36(7-8): 1369-1377. 

 

Fechine, P. B. A., Pereira, F. M. M., Santos, M. R. P., Filho, F. P., Menezes, A. S., 

Oliveira, R. S., Goes, J. C., Cardoso, L. P., Sombra, A .S. B. (2009). 

Microstructure and magneto-dielectric properties of ferromagnetic composite 

GdIGx:YIG1-x at radio and microwave frequencies. Journal of Physics and 

Chemistry of Solid, 70: 804-810. 

 

Fernandez-Garcia, I., Suarez, M., Menendez,J. L. (2010). Synthesis of mono and 

multidomain YIG particles by chemical coprecipitation or ceramic procedure. 

Journal of Alloys and Compounds, 495: 196-199. 

 

Fuller, A. J. B. (1987). Ferrites at Microwave Frequencies, Peter Peregrinus Ltd. p. 14. 

 

Geller, S. and Gilleo, M. A. (1957). Structure of yttrium and rare-earth-iron garnets. 

Acta Crystallographica, 10: 239. 

 

Geller, S., Remeika, J. P., Sherwood, R. C., Williams, H. J., Espinosa, G. P. (1964). 

Magnetic study of the heavier rare-earth iron garnets. Physical Review, 

137(3A): A1034. 

 

Geller, S. (1967). Crystal chemistry of garnet. Z. Krystallographica, 125:1. 

 

Geschwind, S. and Walker, L. R. (1959). Exchange resonances in gadolinium iron 

garnet near the magnetic compensation temperature. Journal of Applied 

Physics, 30(4): S163. 

 

Gharagozlou, M. (2010). Study on the influence of annealing temperature and ferrite 

content on the structural and magnetic properties of x(NiFe2O4)/(100-x)SiO2 

nanocomposites. Journal of Alloys and Compounds, 495: 217-223. 

 

Gillaud, C. and Paulus, M. (1956). Initial permeability and grain size of MnZn ferrites. 

Comptes rendus de l’Academie des Sciences, 24: 2525-2528. 

 

Goldman, A. (1990). Modern Ferrite Technology. New York: Van Nostraud Reinhold. 

 

Goodenough, J. B. and Loeb, A. L. (1955). Theory of ionic ordering, crystal distortion, 

and magnetic exchange due to covalent forces in spinels. Physical Review 

Journals Archive, 98: 391. 

 



© C
OPYRIG

HT U
PM

85 

 

Guo, C., Zhang, W., Ji, R., Zeng, Y. (2011). Effects of In3+ -substitution on the 

structure and magnetic properties of multi-doped YIG ferrites with low 

saturation magnetization. Journal of Magnetism and Magnetic Materials, 323: 

611-615. 

 

Huang, C. C., Hung, Y. H., Huang, J. Y. Kuo, M. F. (2015). Performance improvement 

of S-band phase shifter using Al, Mn, and Gd doped and Y3Fe5O12 sintering 

optimization. Journal of Alloys and Compounds, 643: 5193-5198. 

 

Ibrahim, I. R. (2011). Elucidation on Parallel Evolution of Microstructure, Magnetic, 

and Their Relationship in Nickel zinc Ferrite (Unpublished doctoral 

dissertation). Universiti Putra Malaysia. 

 

Ibrahim, I. R., Hashim, M., Nazlan, R., Ismail, I., Rahman, W. N. W. A., Idris, F. M., 

Shafie, M. S. E., Zulkimi, M. M. M. (2014). Grouping trends of magnetic 

permeability components in their parallel evolution with microstructure in 

Ni0.3Zn0.7Fe2O4. Journal of Magnetism and Magnetic Materials, 355: 265-275. 

 

Idza, I. R., Hashim, M., Rodziah, N., Ismayadi, I., Norailiana, A. R. (2012). Influence 

of evolving microstructure on magnetic-hysteresis characteristics in 

polycrystalline nickel-zinc ferrite, Ni0.3Zn0.7Fe2O4. Materials Research 

Bulletin, 47: 1345-1352. 

 

Inui, T. and Ogasawara, N. (1977). Grain-size effect on microwave ferrite magnetic 

properties. IEEE Transactions on Magnetics, 13(6): 1729-1744. 

 

Ismail, I., Hashim, M., Matori, K.A., Alias, R., & Hassan, J. (2012). Dependence of 

magnetic properties and microstructure of mechanically alloyed 

Ni0.5Zn0.5Fe2O4 on soaking time. Journal of Magnetism and Magnetic 

Materials, 324: 2463-2470. 

 

Ismail, I., Hashim, M., Matori, K.A., Alias, R., & Hassan, J. (2013). Crystallinity and 

magnetic properties dependence on sintering temperature. Journal of 

Magnetism and Magnetic Materials, 323: 1470-1476. 

 

Jarcho, M., Bolen, C. H., Thomas, M. B., Bobick, J.,Kay, J. K., Doremus, R. H. (1976). 

Hydroxyapatite synthesis and characterization in dense polycrystalline form. 

Journal of Material Science, 11: 2027-2035. 

 

Jiles, D. (1998). Introduction to Magnetism and Magnetic Materials 2nd edition. New 

York: Chapman & Hall/CRC. 

 

Jiles, D. (2015). Introduction to Magnetism and Magnetic Materials 3rd edition. New 

York: Chapman & Hall/CRC. 

 

Joseyphus, R., Narayanasamy, A., Nigam, A., & Krishnan, R. (2006). Journal 

Magnetism and Magnetic Materials, 296(1): 57-64. 

 

 



© C
OPYRIG

HT U
PM

86 

 

Joseyphus, R. J., Narayanasamy, A.,Sivakumar, N., Guyot, M., Krishnan, R., 

Ponpandian, N., Chattopadhyay, K. (2004). Mechanochemical decomposition 

of Gd3Fe5O12 garnet phase. Journal of Magnetism and Magnetic Materials, 

272-276: 2257-2259. 

 

Kang, S. L. (2005). Sintering: Densification, grain growth and microstructure, 

Butterworth-Heinemann:Elsevier. 

 

Karami, M. A., Shokrollahi, H., Hashemi, B. (2012). Investigation of nanostructural, 

thermal and magnetic properties of yttrium iron garnet. Journal of Magnetism 

and Magnetic Materials, 324: 3065-3072. 

 

Kingery, W. D., Bowen, H. K., Uhlmann, D. R. (1976). Introduction to Ceramics (2nd 

edition). New York: John Wiley & Sons. 

 

Koch, C. C. (1989). Materials synthesis by mechanical alloying. Annual Revised 

Materials, 19: 121-143. 

 

Kotnala, R. K., Dar, M. A., Verma, V., Singh, A. P., Siddique, W. A. (2010). 

Minimizing of power loss in Li-Cd ferrite by nickel substitution for power 

applications. Journal of Magnetism and Magnetic Materials, 322: 3714-3719. 

 

Kuanr, B. K. (1997). Effect of rare-earth Gd3+ instability threshold of YIG. Journal 

Magnetism and Magnetic Materials, 170: 40-48. 

 

Lahoubi, M. (2012). Symmetry analysis of the magnetic structure in TbIG and Tb:YIG 

at low temperature. Journal of Physics: Conference Series, 340: 012068. 

 

Lamastra, F. R., Bianco, A., Leonardi, F., Montesperelli, G., Nanni, F., & Gusmano, 

G. (2008). High-density Gd-substituted yttrium iron garnets by coprecipitation. 

Materials Chemistry Physics, 107: 274-280. 

 

Larsen, P. K., and Metselaar, R. (1976). Electrical properties of yttrium iron garnet at 

high temperatures. Physical Review B, 14(6): 2520-2527. 

 

Larsen, P. K., and Metselaar, R. (1975). Defects and the electronic properties of 

Y3Fe5O12. Journal of Solid State Chemistry, 12: 253-258. 

 

Lassri, H., Hlil, E.K., Prasad, S., Krishnan, R. (2001). Magnetic and electronic 

properties of nanocrystalline Gd3Fe5O12 garnet. Journal of Solid State 

Chemistry, 184(12): 3216-3220. 

 

Lataifeh, M. S. (1996). Mossbauer spectroscopy study of substituted yttrium iron 

garnet. Solid State Communications, 97(9): 805-807. 

 

Lataifeh, M. S. (2000). Magnetic study of Al-Substituted Holmium Iron Garnet. 

Journal of the Physical Society of Japan, 69(7): 2280-2282. 

 

Lee, W. E. and Rainforth, W. M. (1994). Ceramic Microstructures: Property Control 

by Processing (1st edition). London: Chapman & Hall. 



© C
OPYRIG

HT U
PM

87 

 

Liu, H., Yuan, L., Qi, H., Du, Y., Wang, S., Hou, C. (2017). Size-dependent optical 

and thermochromic properties of Sm3Fe5O12. Royal Society Chemistry, 7: 

37765. 

 

Liu, X., Kaminski, M. D., Guan, Y., Chen, H., Liu, H., Rosengart, A. J. (2006). 

Preparation and characterization of hydrophobic superparamagnetic magnetite 

gel. Journal of Magnetism and Magnetic Materials, 306: 248-253. 

 

Lustosa, G. M. M. M., Jacomaci, N., Costa, J. P. C., Gasparotto, G., Perazolli, L. A., 

Zaghete, M. A. (2015). Advanced Ceramic Processing: New approaches to 

preparation of SnO2-based varistors-chemical synthesis, dopants, and 

microwave sintering. IntechOpen. 

 

Mergen, A. and Qureshi, A. (2009). Characterization of YIG nanopowders by 

mechanochemical synthesis. Journal of Alloys and Compounds, 478: 741-744. 

 

Metselaar, R. and Larsen, P. K. (1974). High temperature electrical properties of 

yttrium iron garnet under varying oxygen pressures. Solid State 

Communication, 15(2): 291-294. 

 

Metselaar, R. and Larsen, P. K. (1978). Physics of Magnetic Garnets. Elsevier Science 

& Technology.  

 

Morrish, A. H. (1965). The Physical Principles of Magnetism. New York: Wiley, p. 

35. 

 

Moulson, A. J. and Herbert, J. M. (1990). Electroceramics, 2nd edition, John Wiley and 

Sons, p. 481. 

 

Murumkar, V. D., Modi, K. B., Jadhav, K. M., Bichile, G. K., Kulkarni, R. G. 

Magnetic and electrical properties of aluminium and chromium co-substituted 

yttrium iron garnets. Materials Letters, 32(4): 281-285. 

 

Musa, A. M., Azis, R. S., Osman, N. H., Hassan, J., Zangina, T. (2017). Structural and 

magnetic properties of yttrium iron garnet (YIG) and yttrium aluminium iron 

garnet (YAIG) nanoferrite via sol-gel synthesis. Results in Physics, 7: 1135-

1142. 

 

Mustaffa, M. S., Hashim, M., Azis, R. S., Ismail, I., Kanagesan, S., Zulkimi, M. M. 

(2014). Magnetic phase-transition dependence on nano-to-micron grain-size 

microstructural changes of mechanically alloyed and sintered Ni0.6Zn0.4Fe2O4. 

Journal of Superconductivity and Novel Magnetism, 27: 1451-1462. 

 

Naik, S. R. and Salker, A. V. (2014). Variation in the magnetic moment of Indium 

doped Ce0.1Y2.9Fe5O12 garnet relative to the site inversion. Journal of Alloys 

and Compounds, 600: 137-145. 

 

 

 



© C
OPYRIG

HT U
PM

88 

 

Nazlan, R., Hashim, M., Ismail, I., Azis, R. S., Hassan, J., Abbas, Z., Idris, F. M., 

Ibrahim, I. R. (2016). Compositional and frequency dependent-magnetic and 

microwave characteristics of indium substituted yttrium iron garnet. Journal of 

Material Science: Material Electronics, 28: 3029-3041. 

 

Nazlan, R. (2017). Influence of Microstructure on Magnetic, Microwave and 

Electrical Properties of Pure and Indium-Substituted Yttrium Iron Garnet 

Prepared via Mechanical Alloying. (Unpublished doctoral dissertation). 

Universiti Putra Malaysia. 

 

Nguyet, D. T. T., Duong, N. P., Satoh, T., Anh, L. N., Loan, T. T., Hien, T. D. (2016). 

Crystallization and magnetic characterization of DyIG and HoIG nanopowders 

fabricated using citrate sol-gel. Journal of Science: Advanced Materials and 

Devices, 1: 193-199. 

 

Nguyet, D. T. T., Duong, N. P., Satoh, T., Anh, L. N., Hien, T. D. (2013). 

Magnetization and coercivity of gadolinium iron garnet. Journal Magnetism 

and Magnetic Materials, 323: 180-185. 

 

Nguyet, D. T. T., Duong, N. P., Satoh, T., Anh, L. N., Hien, T. D. (2012). Temperature-

dependent magnetic properties of yttrium iron garnet nanoparticles prepared 

by citrate sol-gel. Journal of Alloys and Compounds, 541: 18-22. 

 

Niyaifar, M., Beitollahi, A., Shiri, N., Mozaffari, M., Amighian, J. (2010). Effect of 

indium addition on the structure and magnetic properties of YIG. Journal of 

Magnetism and Magnetic Materials, 322: 777-779. 

Opuchovic, O., Kareiva, A., Mazeika, K., Baltrunas, D. (2017). Magnetic nanosized 

rare-earth iron garnets R3Fe5O12: Sol-gel fabrication, characterization and 

reinspection. Journal of Magnetism and Magnetic Materials, 422: 425-433. 

 

Otsuki, E., Yamada, S., Otsuka, T., Sato, T. (1991). Microstructure and physical 

properties of Mn-Zn ferrites for high frequency power supplies. Journal of 

Applied Physics, 69(2): 5942-5944. 

 

Ozgur, U., Alivov, Y., Morkoc, J. (2009). Microwave ferrites, Part 1: Fundamental 

Properties. Journal of Material Science: Materials in Electronics, 20(9): 784-

834.  

 

Paesano Jr., A., Zanatta, S.C., Medeiros, S.N., Cotica, L.F. & Cunha, J.B. (2005). 

Mechanosynthesis of YIG and GdIG: A structural amd Mossbauer study. 

Hyperfine Interactions, 161: 211-220.  

 

Pal, M. and Chakravorty, D. (2003). Nanocrystalline magnetic alloys and ceramics. 

Sadhana, 28 (1&2): 283-297. 

 

Park, J. R., Kim, T. H., Choy, T. G. (1998). Structure and magnetic properties of 

polycrystalline YIG garnets design in microwave frequencies. Electron 

Technology, 31(1): 114-119. 

 



© C
OPYRIG

HT U
PM

89 

 

Park, T. J., Papaefthymiou, G. C., Viescas, A. J., Moodenbaugh, A. R., Wong, S. S. 

(2007). Size dependent magnetic properties of single-crystalline multiferroic 

BiFeO3 nanoparticles. Nano Letters, 7(3): 766-772.  

 

Pauthenet, R. (1958). Spontaneous magnetization of some garnet ferrites and the 

aluminium substituted garnet ferrites. Journal of Applied Physics, 29(3): 253-

255. 

 

Pena-Garcia, R., Delgado, A., Guerra, Y., Duarte, G., Goncalves, L. A. P., Padron-

Hernandez, E. (2017). The synthesis of single-phase yttrium iron garnet doped 

zinc and some structural and magnetic properties. Materials Research Express, 

4(1): 016103. 

 

Praveena, K. and Srinath, S. (2014). Effect of Gd3+ on dielectric and magnetic 

properties of Y3Fe5O12. Journal of Magnetism and Magnetic Materials, 349: 

45–50.  

 

Qin, R., Li, F., Jiang, W., Liu, L. (2009). Salt-assisted low temperature solid state 

synthesis of high surface area CoFe2O4. Journal of Materials Science and 

Technology, 25(1): 69-72. 

 

Rahaman, M.N. (2003). Ceramic Processing and Sintering, 2nd edn.: CRC Press USA.  

 

Ramesh, T., Shinde, R. S., Kumar, S. S., Murthy, S. R. (2017). Y3-xGdxFe5O12: 

controlled synthesis, characterization and investigation of its magnetic 

properties. Journal of Materials Science: Materials in Electronics, 28: 14138-

14148.  

 

Ramesh, T., Shinde, R. S., Murthy, S. R.. (2012). Nanocrystalline of gadolinium iron 

garnet for circulator. Journal Magnetism and Magnetic Material, 324: 3668-

3673.  

Rao, A. D. P., Ramesh, B., Rao, P. R. M., Raju, S. B. (1999). Magnetic and 

microstructural properties of Sn/Nb Substituted Mn-Zn ferrites. Journal of 

Alloys and Compounds, 282: 268-273. 

 

Rashad, M. M., Hessien, M. M., El-Midany, A., Ibrahim, I. A. (2009). Effect of 

synthesis conditions on the preparation of YIG powders via co-precipitation 

method. Journal of Magnetism and Magnetic Materials, 321: 3752-3757. 

 

Rhodes, M. (1998). Introduction to Particle Technology. John Wiley and Sons, 

Chichester. 

 

Roschmann, P. (1975). Separation of anisotropy and porosity contributions to 

inhomogeneous broadened FMR linewidth in polycrystalline YIG. IEEE 

Transactions on Magnetics, 11(5): 1247-1249. 

 

Sadhana, K., Murthy, S.R., Praveena, K. (2014). Effect of Sm3+ on dielectric and 

magnetic properties of Y3Fe5O12nanoparticles. Journal of Materials Science, 

25(11): 5130–5136. 

 



© C
OPYRIG

HT U
PM

90 

 

Sanchez De-Jesus, F., Cortes, C. A., Valenzuela, R., Ammar, S., Bolarin-Miro, A. M. 

(2012). Synthesis of Y3Fe5O12 (YIG) assisted by high-energy ball milling. 

Ceramic International, 38: 5257-5263. 

 

Sankpala, A. M., Suyavanshi, S. S., Kakatkar, S. V., Tengshe, G. G., Patil, R. S., 

Chaudhari, N. D., Sarwant, S. R. (1998). Magnetization studies on aluminium 

and chromium substituted Ni-Zn ferrites. Journal of Magnetism and Magnetic 

Materials, 186(3): 349-356. 

 

Sattar, A. A., Elsayed, H. M., Faramawy, A. M. (2016). Comparative studyof structure 

and magnetic properties of micro-and nano-sized GdxY3–xFe5O12 garnet. 

Journal of Magnetism and Magnetic Materials, 412: 172–180. 

 

Seiden, P. E. and Grunberg, J. G. (1963). Ferrimagnetic resonance linewidth in dense 

polycrystalline ferrites. Journal of Applied Physics, 34(6):1696.  

 

Setman, D., Kerber, M., Bahmanpour, H., Horky, J., Scattergood, R. O., Koch, C. C., 

Zehetbauer, M. J. (2013). Nature and density of lattice defects in ball milled 

nanostructured copper. Mechanics of Materials, 67: 59-64. 

 

Shahrani, N. A. M. (2016). Microstructural and Magnetic Properties of Yttrium Iron 

Garnet Derived from Steel Waste Product. (Unpublished master dissertation). 

Universiti Putra Malaysia. 

 

Shaiboub, R., Ibrahim, N. B., Abdullah, M., Abdulhade, F. (2012). The physical 

properties of erbium-doped yttrium iron garnet films prepared by sol-gel 

method. Journal of Nanomaterials, 2012: 524903. 

 

Sirdeshmukh, L., Kumar, K. K., Laxman, S. B., Krishna, A. R., Sathaiah, G. (1998). 

Dielectric properties and electrical conduction in yttrium iron garnet (YIG). 

Bulletin of Materials Science, 21(3): 219-226. 

 

Slick, P. I. (1980). Ferromagnetic materials, Vol. 2. The Netherlands: North-Holland 

Publishing Company. 

 

Smit, J. & Wijn, H.P.J. (1959). Ferrites. Eindhovan-The Netherlands: Philips 

Technical Library. 

 

Spaldin, N. J. (2010). Magnetic Materials: Fundamental and Applications, 2nd edition, 

Cambridge University Press. 

 

Standley, K. J. (1972). Oxide magnetic materials, 2nd edition, Oxford: Clarendon Press. 

 

Su, J., Lu, X., Zhang, C., Zhang, J., Sun, H., Ju, C., Wang, Z., Min, K., Huang, F., 

Zhu, J. (2012). Study on mechanical and dielectric properties of holimim iron 

garnet ceramics. Integrated Ferroelectrics, 132: 9-15. 

 

Suryanarayana, C. (2001). Mechanical alloying and milling. Progress in Materials 

Science, 46: 1-184. 

 



© C
OPYRIG

HT U
PM

91 

 

Suryanarayana, C. (2004). Mechanical alloying and milling, CRC Press.    

 

Tsagaroyannis, J., Haralambous, K. J., Loizos, Z., Spyrellis, N. (1992). Gadolinium-

iron ferrites: composition and structure. Materials Letters, 14: 214-221. 

Verma, A. and Dube, D. C. (2005). Processing of nickel-zinc ferrites via the citrate 

precursor route for high frequency. Journal of the American Ceramic Society, 

88(3): 519-523. 

 

Verma, S., Chand, J., Singh, M. (2012). Effect of In3+ ions doping on the structural 

and magnetic properties of Mg0.2Mn0.5Ni0.3InxFe2-xO4 spinel ferrites. Journal 

of Magnetism and Magnetic Materials, 324: 3252-3260. 

 

Verwey, E. J. W., Haayman, P. W., Romeijn, F. C., Van Oosterhout, G. W. (1950). 

Controlled-valency semiconductors. Philips Research Reports, 5: 173. 

 

Wang, J., Jin, Y., Yang, J., Huang, Y., Qiu, T. (2011). Effect of Zr2O addition on the 

microstructure and electromagnetic properties of YIG. Journal of Alloys and 

Compounds, 509: 5853-5857. 

 

Wang, J., Yang, J., Jin, Y., Qiu, T. (2011). Effect of manganese addition on the 

microstructure and electromagnetic properties of YIG. Journal of Rare Earths, 

29(6):562-566. 

 

Wei, Z., Guo, C., Ji, R., Fang, C., Zeng, Y. (2011). Low-temperature synthesis and 

microstructure-property study of single-phase yttrium iron garnet (YIG) 

nanocrystals via a rapid chemical coprecipitation. Materials Chemistry and 

Physics, 125: 646-651. 

 

Williams, D. B. and Carter, C. B. (1996). Transmission electron microscope, Springer, 

Boston, MA. 

 

Winkler, G. (1981). Magnetic Garnets (Friedr. Vieweg & Sons Braun-

schweig/Wiesbaden, Germany.  

 

Xu, H. and Yang, H. (2008). Magnetic properties of YIG doped with cerium and 

gadolinium ions. Journal of Materials Science: Materials in Electronics, 19: 

589-593. 

 

Yahya, N., Habashi, R. M. A., Koziol, K., Borkowski, R. D., Akhtar, M. N., Kashif, 

M., Hashim, M. (2011). Morphology and Magnetic Characterization of 

Aluminium Substituted Yttrium Iron Garnet Nanoparticles Prepared Using 

Sol-Gel Technique. Journal of Nanoscience and Nanotechnology, 11: 2652-

2656. 

 

Yoshio, W., Eiichiro, M., Kozo, S. (2011). X-ray Diffraction Crystallography: 

Introduction, Examples and Solved Problems, Springer-Verlag Berlin 

Heidelberg, p. 74. 

 



© C
OPYRIG

HT U
PM

92 

 

Zanatta, S. C., Co´tica, L. F., Paesano Jr., A., & de Medeiros, S. N. (2005). 

Mechanosynthesis of gadolinium iron garnet. Journal of American Ceramic 

Society, 88 (12): 3316–3321.  

 

Zanatta, S.C., Ivashita, F.F., da-Silva, K.L., Machado, C.F., & Paesano Jr., A. (2013). 

Processing of gadolinium iron garnet under non-equilibrium conditions. 

Lacame, 224: 301-306.  

 

Zeng, M. (2015). Co-precipitation synthesis of iron-containing garnetsY3Al5–xFexO12 

and their magnetic properties. Journal of Magnetism and Magnetic.Materials, 

393: 370–375.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


	Blank Page
	Blank Page



