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Chapterr 1 

Introduction n 

1.11 Historical summary 

Moree than two thousand years ago, Chinese navigators were the 
firstt to use magnetic materials as compass. Studies of these natural 
permanentt magnetic materials lead to the discovery of the Faraday law in 
thee 19th century. This was the basis for the second industrial revolution 
becausee of the general availability of electric power. Thereby, it also started 
thee exploration of better magnetic properties of the manmade permanent 
magnets. . 

AA permanent magnet should possess two capacities. First, the 
magnetizationn should still be present when the external magnetizing field is 
removed.. Second, it should counteract a demagnetizing force due to a 
reversedd magnetic field. One has used remanence Br and coercivity Hc to 
quantitativelyy express these two capacities, respectively. A more 
comprehensivee characterization is achieved by means of the maximum 
energyy product (BH)max. Simple calculations of the magnetic circuit 
indicatee that for the same volume of the magnetic gap and the same 
strengthh of the magnetic field in the gap, a larger (BH)max of the permanent 
magnett results in a smaller volume of the permanent magnet. Therefore, the 
maximumm energy product is a basic parameter for measuring the 
performancee of permanent magnets. Since the eighties of the nineteenth 
century,, the maximum energy product of permanent magnets has been 
improvedd by more than a factor of hundred. This is summarized in Fig. 1.1. 
Itt is interesting to note how closely the curve approximates an exponential 
development.1. . 
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Fig.. 1.1 The history of (BH)max since 1880. (A): (1) carbon steel, (2) tungsten 
steel,, (3) cobalt steel, (4) MK steel, (5) "Ticonal II" , (6) "Ticonal G", (7) "Ticonal 
GG",, (8) "Ticonal XX", (9) SmCo5, (10) (SmPr)Co5, (11) SmCo7, (12) NdFeB. 
(B):: Keeping Bxcf) and HxL constant (B = magnetic induction, H = magnetic field 
strength,, ty = cross section of the magnet and L = length of the magnet), the 
volumee of the magnets decreases with increasing (BH)max. The numbers in (B) 
correspondd to the numbers in (A). 

Soo far the permanent magnets with the best performance, 
concerningg the energy product, are the rare-earth permanent magnets. 
Amongg all of the rare-earth permanent magnets, the (BH)max of Nd-Fe-B, a 
so-calledd third-generation permanent magnet, exceeds 400 kJ/m (50 
MGOe).. This is 78% of 512 kJ/m3 (64 MGOe), the maximum energy 
productt predicted by theory . The great achievements in the research of 
rare-earthh permanent magnets have been the inspiration for the further 
explorationn of the fourth-generation permanent magnets in this thesis. 

1.22 Fourth-generation permanent magnets 

Inn the rare-earth permanent magnets, the magnetic moments on the 
transition-metall  atoms, such as Fe or Co, are exchange coupled with the 
magneticc moments on the rare-earth atoms, which are located at 
crystallographicc sites with strong uniaxial anisotropy. The 3d atoms 
providee a high magnetization and ensure a high magnetic-ordering 
temperaturee by means of the 3d-3d exchange interaction. The exchange 
interactionn between 3d and 4f moments results in the compounds with 
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strongg uniaxial anisotropy, and provides the intrinsic magnetic properties 
forr high coercivity magnets. Since the success of rare-earth permanent 
magnetss from first generation to third generation, one has hoped to find a 
neww kind of compound to renew the third generation permanent magnets, 
whichh would have better intrinsic properties and would be cheaper than 
Nd2Fei4B.. Since 1983, when Nd2FeuB was discovered, no real 
improvementt has been achieved, despite the fact that some new compounds 
havee been found, such as Srr^FenNx that has a higher Curie temperature 
andd stronger uniaxial anisotropy than Nd2Fei4B. However, its theoretical 
(BH)maxx value is smaller than Nd2Fei4B and the element Sm is even more 
raree than Nd. One now may doubt whether a better compound than 
Nd2Fei4BB will ever be found. 

Inn rare-earth transition-metal compounds, a high uniaxial 
magnetocrystallinee anisotropy can be obtained by means of the 3d-4f 
exchangee interaction, however the introduction of the rare earth is at the 
costt of the saturation magnetization. Though the magnetic moment of a few 
lightt rare-earth ions is slightly higher than that of Fe, the volume occupied 
byy the rare-earth ions in the unit cell is three times larger than for Fe. This 
limitss the increase of the saturation magnetization of rare-earth transition-
metall  compounds. On the other hand, there exists some anti ferromagnetic 
couplingg between some Fe atoms if their distance is smaller than 2.45 A, 
whichh may further decrease the magnetization. These factors lead to a 
saturationn magnetization of rare-earth transition-metal compounds, which is 
muchh lower than for pure Fe. 

Soo far, the best magnet belongs to the Nd2Fej4B-based magnets. Its 
theoreticall  (BH)max can reach 512kJ/m3 (64 MGOe). This mainly results 
fromm its extraordinary high saturation magnetization of 1.61 T,2 compared 
withh the saturation magnetization of 2.15 T for pure Fe. After Nd2Fei4B, 
thee best rare-earth permanent magnet found is Siri2Fei7Nx. Despite its 
higherr Curie temperature and stronger magnetocrystalline anisotropy 
comparedd to Nd2Fei4B, its theoretical (BH)max is only 450 kJ/m3 (56.2 
MGOe).. Now the question has arisen whether the (BH)max of permanent 
magnetss can be increased appreciably in materials based on Nd2Fei4B. It 
becomess clear that alternative magnetic materials should be searched 
beyondd rare-earth transition-metal intermetallic compounds. 
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1.33 Composite permanent-magnet materials 

Simplee theoretical calculations have indicated that the upper limit of 
thee maximum energy product for permanent magnets is proportional to its 
squaredd saturation magnetization Ms

2.3 

(BH)maxx = u0M s
2 /4 (1.1) 

Accordingg to this calculation, the theoretical (BH)max for an FeCo alloy that 
showss the highest known saturation magnetization (2.4T) at room 
temperature,, could be as much as 1150 kJ/m3 (144MGOe) and the 
theoreticall  (BH)max of pure Fe could reach 920 kJ/m3 (116 MGOe). In order 
too reach this maximum, it is sufficient for the magnet to maintain its 
saturationn until the opposing field reaches the value -u0 Ms/2. This means 
thatt the coercivity of the magnet has to be significant to develop the 
maximumm energy product. Fe and FeCo are both very good soft-magnetic 
materialss and (BH)max of Fe- or FeCo-based magnets is only of the order of 
11 kJ/m . On the other hand, the rare-earth permanent magnets have a very 
highh uniaxial magnetocry stal line anisotropy field that can generate an 
equallyy high coercivity, which is necessary to reach the maximum energy 
product.. This provides a great potential for high-coercivity materials. For 
example,, Sm2Fei7Nx and Sm5(Fe, Ti)i7 magnets, which are made by means 
off  mechanical alloying, exhibit an intrinsic coercivity that can reach 35 
kA/cmm (44 kOe) and 60 kA/cm (75 kOe), respectively.4,5 However, due to 
theirr low remanence, (BH)max is only 114 kJ/m3 (14 MGOe) and 16 kJ/m3 

(22 MGOe), respectively. Therefore, it is easy to imagine that a much higher 
(BH)maxx may be obtained if a material with low coercivity and high 
remanencee can be properly combined in a composite material with a 
materiall  with high coercivity and low remanence. In such a material, both 
materialss can make up for each other's deficiencies. 

Inn fact, the general idea of a composite material is not a new concept. 
Onee has developed composite materials in order to obtain materials with 
highh strength and good tenacity for machine engineering and construction 
engineering.. This kind of compounding is on a macroscopic scale. In fact, a 
rare-earthh transition-metal compound can be considered as a composite of 
Fee or Co atoms with rare-earth atoms on atomic scale. The 3d concentration 
providess the high magnetization and the high Curie temperature, and the 4f 
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concentrationn provides the high magnetocrystalline anisotropy, which may 
resultt in rare-earth permanent magnets with excellent intrinsic magnetic 
properties.. However, it is impossible to develop a real composite 
permanentt magnet by just mechanically mixing magnetically hard phase 
withh magnetically soft phase on a macroscopic scale. Because the two 
kindss of macro-grains are independent of each other and there is no 
magneticc interaction between them, the soft-magnetic parts are easily 
demagnetizedd by a small demagnetizing field which leads to a clear knee in 
thee demagnetization curve around zero field. Therefore (BH)max is too small 
andd the magnet cannot be used in practice. The only way to develop 
compositee permanent magnets is in the range where the grains or clusters 
aree smaller than macroscopic, i.e. much smaller than a micron. The number 
off  atoms in each cluster should be much less than that in the macro-grain 
andd much larger than in the unit cell. In this new research field the 
followingg problems should be addressed: (1) Which components may form 
nanocompositee permanent-magnet materials? (2) What is the coupling 
mechanismm in these materials? (3) Which kind of processes can be used for 
fabricatingg them? 

1.44 Review of experimental studies of nanocomposite 
permanentt magnet 

Thee motivation for the research on nano-phase hard-magnetic 
materialss originates from the discovery of the single-domain magnetism in 
thee 1950s. As showing in Fig. 1.2, the coercivity of powdered magnets 
increasess with the reduction of particle size going through a maximum at 
thee single domain size and then decreases again for ultrafine particles due 
too thermal effects and becomes zero for superparamagnetic particles. 
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Fig.. 1.2 Size dependence of the coercivity 6 
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Thee first studies on nanophase magnetic systems have been carried 
outt on amorphous R-Fe (R = Tb, Sm) alloys which, upon crystallization, 
formedd nanosize particles with the Laves RFe2 phase structure and with 
largee coercivities at room temperature.7 The breakthrough came in 1983 
whenn Hadjipanayis et al.8,9 and Croat et al.10 were able to obtain a large Hc 

onn melt-spun Pr-Fe-B (Si) and Nd-Fe-B alloys, respectively. The large 
coercivitiess in both systems are due to the highly anisotropic tetragonal 
R2Fei4BB phase (K = 4.5 x 107 erg/cm3)11 that was formed with the 
nanoscalee size during melt-spinning or after crystallization. Since then, 
manyy other systems including the 1:12, 2:17, 2:17N(C)X, 3:29, 1:5, etc. 
havee been prepared with nanosize microstructure and with large values of 
thee coercivity.13"17 Besides melt-spinning and splat cooling, other rapid-
solidificationn techniques have been used like vapor deposition, 
atomization,222 and mechanical alloying 23, 24 for the fabrication of 
nanophasee magnets. Recently, sputtering techniques have also been used to 
preparee nanosize Sm-Co alloys25, 26 and CoPt and FePt alloys for high-
densityy recording media. ' 

Forr ideal permanent magnetic magnets, the remanence Mr should be 
equall  to the saturation magnetization Ms. Therefore, the theoretical value of 
thee maximum energy product is represented by equation (1.1). For isotropic 
permanentt magnets with non-interacting homogeneously magnetized 
single-domainn particles, the ratio of the remanence Mr to the saturation 
magnetizationn Ms is identical to the theoretical limit 0.5, given by the 
Stoner-Wohlfarthh theory.29 In fact, isotropic magnets usually consist of 
randomlyy oriented uniaxial grains. When the grain size is larger than 50 
nm,, the remanence is in agreement with the Stoner-Wohlfarth theory. 
Therefore,, the remanence is Mr = Ms/2 leading to lower values of (BH)max 

comparedd to anisotropic sintered magnets. Additional processing like 
sintering,300 or die upsetting,31 is required to increase the remanence and 
(BH)maxx of these materials. In the past, several attempts have been made to 
increasee the remanence of melt-spun Nd-Fe-B materials. It was first found 
thatt Nd-Fe-B magnets containing small amounts of Si and Al have a higher 
reducedd remanence mr = Mr/Ms, larger than 0.5 in an isotropic material, 
Thiss high remanence was related to a uniform fine microstructure 
consistingg of small (18 nm) 2:14:1 grains without non-magnetic 
boundaries.333 Later, however, Manaf et al.3 have shown that the presence 
off  Si and Al is not necessary for the high remanence in Nd-Fe-B ribbons. 
Theyy have attributed the high remanence to a controlled microstructure of 
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smalll  grains (<30 nm) with a net alignment of the grain magnetization 
causedd by strong intergrain exchange interactions. Higher values of 
remanencee were subsequently achieved in nanocomposite magnets 
consistingg of a mixture of exchange-coupled hard- and soft-magnetic 
phases.. Coehoorn et al. 35 have realized a high-reduced remanence of 0.8 
withh a coercivity of 4 kOe in melt-spun NcUFe77Bi9 alloys consisting of 
Fe3BB and Nd2Fei4B phases. Ribbon samples containing mixtures of 
Nd2Fe(Co)i4BB + oc-Fe (Co) and Pr2Fe(Co)i4B + cx-Fe (Co) were also shown 
too develop high reduced remanence and coercivity.36 Since then, other 
systemss have been found, including Sm-Co,37 Sm2(Fe, Co)]7Nx,

38 and 
Sm2(Fe,, Co)i7Cx. Reasonable values of coercivity can be realized in such 
mixtures,, even with only 10 vol% of hard-magnetic phase. 

Anotherr class of nanocomposite materials is formed by the 
precipitation-hardenedd 2:17 magnets with composition Sm(Co, Fe, Cu, Zr)2i 

(ZZ = 5.5-9.1). The complex micro structure of these bulk magnets consists 

off  a fine mixture of cellular with a 2:17-phase cell (~ 50 nm) surrounded 

byy thin (4-10 nm) coherent walls with l:5-phase and thin lamella (~ 3.0 
nm)) are superimposed on the cellular microstructure.41 The interplay 
betweenn the size and chemical composition of these phases controls both 
thee magnitude and the temperature dependence of the coercivity. 

Thee CoPt and FePt alloy systems belong to another kind of bulk 
permanent-magnett materials with nanometer microstructure. The crystal 
structuree of these alloys, if quenched from high temperatures, is a 
disorderedd fee. structure. However, if the alloys are annealed at lower 
temperaturee a transformation to atomically ordered structures takes place. 
Forr alloys around the equiatomic composition, this transformation leads to 
ann ordered face-centered tetragonal (f.c.t.) phase with a sufficiently large 
uniaxiall  magnetic anisotropy with the easy magnetization direction along 
thee c-axis. During the phase-transformation process, the magnetically hard 
f.c.tt ordered phase nucleates and grows from the matrix of the disordered 
phase.. It results in a nanocomposite microstructure in the initial 
transformationn and the remanence ratio is much larger than 0.5.42 

Thee theory on nanocomposite exchange coupling will be introduced 
inn Chapter 2. 
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1.55 Motivation of the present work 

Thee present work focuses on the experimental investigation of the 
effectt of the magnetic anisotropy of the hard-magnetic phase on the 
exchangee coupling between the nanometer grains of the soft- and the hard-
magneticc phase. According to the model of Kneller and Hawig (see 
Chapterr 2), the critical dimension for complete exchange-coupling between 
thee hard- and soft-magnetic phases is inversely proportional to the square 
roott of the magnetic anisotropy constant of the hard phase. By using the 
magneticc parameters available for Nd2Fei4B and Fe3B, the calculated 
criticall  grain size for the soft phase is about 8 nm. Unfortunately, it is very 
difficul tt to control the grain size below this value during the manufacturing 
process.. However, a reduction of the magnetic anisotropy in the hard phase 
cann extent the range of complete exchange-coupling so that the remanence-
enhancementt effect can be more easily obtained. However, on the other 
hand,, the reduction of the magnetic anisotropy of the hard phase may result 
inn a decrease in coercivity. Therefore, both the magnetic anisotropy of the 
hard-magneticc phase and the microstructure are very important factors on 
thee exchange coupling. 

Thee Nd4.0Fe77.5B 18.5 melt-spun alloy has the typical composition to 
producee the two-phase (hard-magnetic phase Nd2Fei4B and soft-magnetic 
phasee Fe3B) nanocomposite exchange coupling. By heat treating at 
differentt annealing temperatures, different grain sizes can be obtained. On 
thee other hand, the substitution of Sm for Nd in the alloy can be carried out 
too reduce the magnetic anisotropy of the R2Fei4B-tpye phase because the R-
sublatticee anisotropy in Sm2Fei4B has a sign opposite to that in Nd2Fei4B. 

Thee interest in CoPt and FePt is based on the recognition that this 
systemm offers the possibility to be used as an almost ideal model system for 
studyingg exchange coupling between the magnetically hard and soft phases, 
leadingg to remanence enhancement. The reason for this is the fact that this 
iss one of the few systems where a coherent relationship could be reached 
betweenn the lattices of the hard- and soft-magnetic phases. CoPt and 
Fe59.75Pt39.5Nbo.755 were selected for an experimental investigation. 

http://Nd4.0Fe77.5B
http://Fe59.75Pt39.5Nbo.75
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