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Chapterr  1 

Introductio n 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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Chapterr  2 

Theoryy of nanometer  exchange 
coupling g 

2.11 One-dimensional model 

Thee phenomenon of remanence enhancement in isotropic 
nanocrystallinee permanent magnets has been studied since the 1970's. The 
firstt theoretical paper was published by Kneller and Hawig in 1991. The 
effectt of remanence enhancement is accounted for by the exchange 
couplingg between grains of nanometer size. They derived a relationship 
betweenn the micro structure and the magnetic properties that predicts how to 
reachh a significant remanence enhancement. Kneller and Hawig also 
estimatedd the microstructure parameters of this new kind of material, for 
example,, the distribution of soft-magnetic phase and hard-magnetic phase 
andd the fraction of soft-magnetic phase, indicating the possibility of 
developingg nanocomposite permanent-magnetic materials. Below we will 
presentt the model of Kneller and Hawig. 

Knellerr and Hawig used a one-dimensional model (see Fig. 2.1) to 
representt the basic principles of the exchange coupling between the hard-
magneticc phase (k phase) and the soft-magnetic phase (m phase). The 
magnetocrystallinee anisotropy is assumed to be uniaxial in both phases, 
withh the easy axes being parallel to the z-axis and perpendicular to the x-
axis.. Furthermore, the composite material is assumed to consist of a 
sequencee of alternating k- and m-phase regions along the x-axis with 
widthss of 2bk and 2bm, respectively. Ferromagnetic exchange interactions 
aree operative between the magnetic moments of both phases through the 

11 1 
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phasee boundaries. In general, the energy per unit area of a 180° domain 
walll  in a homogeneous material may approximately be written as: 

YY ~ 5K + 5A(TT / 5)2 (2.1) ) 

wheree 5 is the wall thickness, K the magnetocrystalline-anisotropy constant 
andd A the exchange constant. The two terms in eq. 2.1 represent the 
anisotropyy energy and the exchange energy, respectively. Under 
equilibriumm conditions, y(5) has a minimum value (dy/d8 = 0), from which 
thee equilibrium quantities 50 and y0 are obtained: 

50~7i(A/K ) ) 

Y O ~ 2 T I ( A K ) ) 

(2.2) ) 
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Figuree 2.1. One-dimensional model of the microstructure and the micromagnetic 
structuree of an exchange-coupled composite material used as a basis for the 
calculationn of the critical dimensions of the phase regions, (a) Saturation 
remanence.. (b)-(c) Demagnetization in an increasing reversed field H in the case 
off  b m » bcm (After Kneller and Hawig). 
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Thee critical dimensions for magnetization reversal in the one-

dimensionall  system considered in Fig. 2.1 can be obtained from details of 
thee reversal process. Starting from saturation remanence along the easy 
directionn +z (Fig. 2.1(a)) with increasing opposite field H, the 
magnetizationn will become modified (reversibly) first in the middle of the 
softt m-phase (Fig. 2.1(b)) and the wall will become compressed towards 
thee k-phase boundary. Thus, the wall-energy density of the m phase, Eym = 
ym/5mm increases. When the wall-energy density of the m phase is larger than 
thee wall-energy density of the k phase in the equilibrium state, the wall will 
penetratee into the k phase. This can result in an irreversible magnetization 
reversall  in both the m- and the k-phase regions (Fig. 2.1(c)). The critical 
walll  width at this state is defined as the full exchange-coupled length of the 
mm phase, i.e. 5m = bcm. Then, 

Eymm - ym/5m = Ym/bcm = Eyok = yok/5ok (2.4) 

wheree Eyok is the equilibrium density of a wall in the k phase. According to 
eq.. 2.2 and eq. 2.3, Ey0k = Tok/Ö0k = 2Kk. 

Becausee K m « Kk, the anisotropy energy of the m phase can be 
disregarded.. Thus, according to eq. 2.1, the energy density equals Eym= 
Am(jtt /bcm )2- The full exchange-coupling length of the m phase can be 
derivedd to be: 

bcmm = 7r(Am/2Kk)
1/2 (2.5) 

Iff  one inserts into this equation representative values of Am (10"n J / m) and 
Kkk (2 x 106 J / m3) one obtains for bcm values of about 5 nm. Thus, the 
laterall  dimension of the m phase should be 2bcm

 = 10 nm for full exchange 
coupling.. It is not possible to derive theoretically a value for the critical 
thicknesss of the k phase. However, it seems realistic to assume that the 
criticall  thickness of the k phase bCk is about equal to the equilibrium wall 
thicknesss in the k phase bck = 50k = rc (Ak / Kk) . Since usually Ak < Am, 
becausee of the generally lower Curie temperature of k-phase materials, this 
givess for bCk about the same value as for bcm, i. e. bck ~ bcm. 

Becausee the model of Kneller and Hawig is very simple, one may 
nott expect that the calculated results will exactly represent reality. 
Nevertheless,, the model qualitatively describes the basic relationships 
betweenn the microstructure and the magnetic properties of a two-phase 
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exchange-coupledd magnetic material. By means of eq. 2.5, one can 
understandd that the larger the exchange constant Am of the m phase is, the 
largerr the exchange-coupling length bcm of the m phase will be. On the 
otherr hand, the smaller the magnetocrystalline-anisotropy constant Kk of 
thee k phase, the larger the exchange-coupling length bcm of the m phase. 
Thee microstructure should consist of two suitably dispersed ferromagnetic 
andd mutually exchange-coupled phases, one of which is hard magnetic in 
orderr to provide a high coercive field, while the other may be soft 
magnetic,, providing a high saturation magnetization. The grain size of the 
soft-magneticc phase should be twice the domain-wall width of the hard-
magneticc phase. 

2.22 Effect of exchange coupling on the macro-magnetic 
properties s 

Thee exchange coupling between neighboring grains may result in 
somee special types of magnetic behavior: 

1.. Effect of remanence enhancement 

Withinn the framework of the Stoner-Wohlfarth theory2, the 
saturationn remanence of an ensemble of non-interacting and single-domain 
grains,, with uniaxial magnetocrystalline anisotropy and with isotropic 
distributionn of the easy axes, is given by Jr = 0.5JS (Js is the spontaneous 
polarization).. In this case, the easy directions lying in the upper half-sphere 
aree equally occupied. If, however, the neighboring grains are coupled by 
exchangee interaction, particularly in a two-phase composite material, if bm 

== bcm, all magnetic moments of the soft-magnetic phase are coupled by 
exchangee interactions originating from neighboring hard-magnetic-phase 
grains.. In this situation, the magnetic moments of neighboring grains tend 
too align parallel to each other along the original saturation-magnetization 
direction.. Therefore, the remanence Jr wil l be larger than 0.5 Js. 

2.. Effect of coercivity reduction 

Thee demagnetizing field will reduce the magnetization by reversing the 
magneticc moments. The demagnetizing field at which the magnetization is 
reducedd to zero is defined as the coercive field or the coercivity. One can 
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assumee that there is only a difference of microstructure between the two 
systemss with same magnetic matrix phase, i.e. in one system, all magnetic 
grainss are isolated by a paramagnetic layer, and in another system, the 
neighboringg magnetic grains are coupled by exchange interaction through 
thee grain boundaries. In the latter system, when the demagnetizing field 
reversess the moments in some grains, they tend to reverse the moments in 
thee neighboring grains by exchange coupling. Therefore, there is an 
additionall  demagnetizing field due to the neighboring grains. The effective 
demagnetizingg field in the exchange-coupled system is larger than in the 
"isolatedd system". Exchange coupling leads to a decrease of the coercivity. 

Inn a two-phase exchange-coupled system, the effective anisotropy 
fieldfield of the soft-magnetic phase increases and the effective anisotropy field 
off  the hard-magnetic phase decreases due to the exchange coupling 
betweenn both kinds of grains. Therefore, the coercivity of a two-phase 
nanocompositee magnet should be in between the coercivities of the hard-
magneticc phase and the soft-magnetic phase. The higher Js of the soft-
magneticc phase, the lower the coercivity of the two-phase exchange-
coupledd system, despite the enhancement of the remanence. Therefore, 
remanencee enhancement originating from the exchange coupling can only 
bebe reached at the expense of the coercivity. 

3.. Effect of exchange coupling on the demagnetizing curve 

Iff  all magnetic moments of the soft-magnetic phase in a two-phase 
compositee material are in the exchange-coupled region, i.e. if the mean 
grainn size of the soft phase 2bm is equal to 2bcm, the demagnetizing curve 
afterr previous saturation wil l be convex in the second quadrant, like for 
single-phasee material. If 2bm > 2bcm, some of the magnetic moments in the 
centrall  part of the soft-magnetic phase wil l become decoupled from 
neighboringg grains of the hard-magnetic phase. When the demagnetizing 
fieldfield reaches the reversal field of the soft-phase, these decoupled moments 
wil ll  reverse which wil l lead to a large reduction of the magnetization. Thus, 
thee demagnetizing curve will have a concave shape in the second quadrant. 
Inn practice, there is a demagnetizing field originating from the magnetic 
chargess at the surface or/and inside the magnetized sample. When the 
externall  magnetizing field is near zero, the demagnetizing field easily 
reversess the decoupled moments to give rise to a step in the demagnetizing 
curvee around zero field. 
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4.. Spring-magnet behavior 

Inn the demagnetizing process which starts from the saturated 
remanentt state, the reversal of magnetic moments is reversible when the 
demagnetizingg field (Hd) is smaller than the critical switching field (Hno). 
However,, when Hd > Hno, the reversal of the magnetic moments is 
irreversible.. In a conventional hard magnet with single magnetic domain 
grains,, the grains with orientation different from the demagnetizing field 
directionn have different critical switching fields. For an assembly of rotated 
magneticc moments, some have experienced a reversible rotation and some 
ann irreversible rotation when the demagnetizing field is smaller than the 
largestt critical field. When Hno is close to the coercivity (iHc), the reversal 
iss almost irreversible. In a two-phase exchange-coupled magnet material 
thee situation is different. For a sufficiently small demagnetizing field Hd 

mostt moments of the hard phase may not yet have reversed their direction, 
altoughh much more moments of the soft phase have already done so. When 
thee demagnetizing field is removed, the moments of the soft phase can 
returnn reversibly to their original direction owing to the exchange coupling 
too the neighboring hard grains. Thus, the reversibility of two-phase 
exchange-coupledd magnets is much larger than that of conventional hard 
magnets.. This is partly due also to the fact that the saturation magnetization 
M smm of the soft phase is larger than that of the hard phase Ms. The magnetic 
behaviorr sketched for the two-phase magnet is, in a way, similar to that of a 
mechanicall  spring. Therefore, magnets with high reversibility are called 
springg magnets. 

2.33 Three-dimensional theory 

Thee theory of Kneller and Hawig demonstrates some important 
basicc concepts of nanocrystalline magnetic exchange coupling despite the 
factt that the model is rather rough. Since 1993, many, more rigorous, 
theoreticall  calculations have been performed by means of two- and three-
dimensionall  models. All results support the theory of Kneller and Hawig. 
Thee group of Fischer, Schrefl, Fidler and Kronmüller3"10 has applied the 
finite-elementt method for the numerical simulation of realistic three-
dimensionall  isotropic magnets, which consist of irregular polyhedral grains 
off  the single hard-magnetic phase or two phases. In two-phase 
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nanocompositee magnets, the hard-magnetic grains are embedded in a 
matrixx of the soft-magnetic phase. Starting from static micromagnetism, 
minimizationn of the total Gibbs free energy 

Ott = Oex + OK + OH + Ostr (2.6) 

givess a stable equilibrium state for the distribution of the spontaneous 
polarizationn Js(r), (|JS| is constant). In eq. (2.6), if one neglects 
magnetoelasticc and surface anisotropy effects, four contributions to the 
totall  Gibbs free energy are taken into account. 
1.. The short-range echange energy Oex, which favours a uniform 

magnetizationn distribution due to the exchange interaction, results in 
neighbouringg magnetic moments that prefer to be parallel to each other. 

2.. The anisotropy energy OK for uniaxial-magnetic materials, which 
favourss alignment of the magnetic moments parallel to the easy axis 
withinn each grain. 

3.. The magnetostatic energy OH of the magnetic moments in the presence 
off  an external field which forces the magnetic moments to align along 
thee field direction. 

4.. The long-range stray field energy Os. The stray field originates from the 
magneticc charges owing to an inhomogeneous distribution of the 
magneticc polarization within the grains, the grain boundaries, the phase 
boundaries,, etc. 

Inn order to calculate a stable magnetization distribution for a given 
externall  field Hext, some parameters have to be given exactly, for example, 
thee grain structure (shape, mean size, distribution of the easy axes), the 
magneticc parameters (spontaneous polarization Js, exchange constant A, 
anisotropyy constants Ki and K2). The net magnetization in the z-direction 
parallell  to the external field finally gives one point of the hysteresis loop. 
Startingg from the saturated state at large applied fields, the whole 
demagnetizingg curve can be obtained by stepwise decreasing the external 
field.field. As input for the minimization process, always the magnetization 
distributionn of the previous step is used. (Note: Since the present thesis 
relatess an experimental investigation of the mechanism of the exchange 
couplingg between the grains, a more detailed description of the numerical 
algorithmm used for the computations (see the references 3-10) is 
disregardedd here.) Some main results of the computations are: 
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1.. In order to achieve a significant enhancement of the remanence and to 
preservee a high coercive field in an isotropic nanocrystalline permanent 
magnet,, a homogeneous microstructure with a very small range in grain 
sizee are required. For example, using the magnetic parameters of the 
Nd2Fei4BB phase at 300 K, the mean grain size Dg must be smaller than 
200 nm for obtaining significant remanence enhancement.4 

2.. Inhomogeneous grain distribution can result in an increase of the stray 
field,field, which may have a significant contribution to the demagnetizing 
fieldfield and reduce the coercivity. If the anisotropy field is very small, the 
strayy field may lead to a vortex distribution of the magnetic moments, 
whichh results in a decrease of the remanence. 

3.. In order to achieve the largest remanence in isotropic nanocrystalline 
permanentt magnets, the anisotropy constant Ki must be sufficiently 
largee to suppress stray field effects and sufficiently small to obtain 
remanencee enhancement due to exchange interaction. Therefore, there 
shouldd be a maximum value on the Jr (Ki) curve. The maximum value 
off  the remanence shifts to smaller Ki with increasing mean grain size 
forr full exchange coupling because Dg ~ 25B = 2K(A/ K I ) 1 2.9 

4.. In a single-phase nanocrystalline permanent magnet, the exchange 
couplingg of neighbouring grains drastically reduces the coercive field to 
aboutt 40% of the ideal nucleation field Hno = 2Ki / Js, if the angle 
betweenn the easy axes approaches 90°.I0 

5.. In isotropic two-phase magnets, a small average grain size improves the 
remanencee as well as the coercivity. For a grain size of about twice the 
domainn wall width of the hard phase, the volume fraction of the soft-
magneticc phase can be increased up to 50% without significant 
reductionn of the coercivity. 

6.. For Nd2Fei4B /a - Fe (75vol%) isotropic two-phase system with a mean 
grainn size 10 nm, the material parameters at 300 K have been used, 
(Nd2Fe,4BB : Ki = 4.3 x 106 J/m , K2 = 6.5 x 105 J/m\ A = 7.7 x 10"12 

J/m,, Js = 1.61 T " and a - Fe: Kii  = 4.6 x 104 J/m3, K2 = 1.5 x 104 J/m3, 
AA = 2.5 x 10~n J/m, Js = 2.15 T 12). The calculated results of the 
magneticc properties are: remanence Jr = 1.85 T, reduced remanence Jr / 
Jss = 0.92, coercivity |i0Hc = 1.01 T, maximum energy product (BH)max = 
6622 KJ/m3 (83 MGOe).4 
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Inn general, numerical micromagnetic analysis clearly shows that 

strongg exchange interactions account for remanence enhancement and 
properr coercivity, especially for quite high energy products, in isotropic 
nanocrystallinee permanent magnets. Even though there may be some 
discrepancyy between the theoretical quantitative calculations and the actual 
experiments,, the theoretical results are very useful to understand the 
mechanismm of the effect of remanence enhancement. Of course, the most 
effectivee and the most direct method to understand the mechanism of 
remanencee enhancement should come from the experimental results on 
realisticc materials. 
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Chapterr  3 

Experimentall  methods 

3.11 Sample preparation 

Thee technique of producing magnetic materials with a uniform 
distributionn of grains or particles that are smaller than 30 nm is a crucial 
criticall  part in the investigation of nanoscale exchange coupling. So far, the 
basicc methods of preparing nanomaterials are melt spinning, splat cooling, 
vaporr deposition, mechanical alloying and sputtering with subsequent 
annealing.. Another method is precipitation of nanophase by means of phase 
transformationn during annealing. In the present thesis, the methods of the 
meltt spinning and the precipitation of nanophase have been used to prepare 
samples. . 

3.1.11 Melt-spinning 

Thee amorphous ribbons that have been subject of the present thesis 
weree made by means of the melt-spinning technique. Starting ingots of 
compositionn Nd4-xSmxFe77.5Bi8.5 with x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5 
weree prepared. All constituting elements, which were of at least 99.9 wt% 
purity,, were melted together in a "water-cooled copper-boat" induction 
furnacee under purified-argon-atmosphere (400 mbar) protection after 
evacuationn to 1 x 10~5 mbar. The ingots were re-melted at least four times to 
ensuree homogeneity. An excess amount of Sm of 10 wt% was added to 
compensatee for the vaporization loss of Sm during the induction melting 
andd the melt-spinning procedure. Pieces of about 5 gram of the master alloy 
weree melt spun from a quarts tube with an orifice diameter of about 0.6 mm 
ontoo a rotating copper wheel at a speed of 40 m/s in a high-purity argon 

21 1 
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atmospheree (Fig. 3.1). The ribbons made in this way are about 15 urn in 
thick,, 1 mm wide, and 5 - 10 cm long. 

argon n 
electromagneticc valve 

quartzz jet tube 

meltingg alloy 

quartss vacuum chamber 

manuall  elevator 

pumpp vacuum 

copperr wheel 

vacuumm chamber 

Fig.. 3.1 Schematic representation of the melt-spinning machine. 

3.1.22 Casting of bulk samples 

Al ll  CoPt and Fe59.75Pt39.5Nbo.75 alloys studied in the present thesis 
havee been prepared from 99.9 wt% pure cobalt, iron, platinum and niobium 
byy arc melting in an atmosphere of purified argon. The ingots were re-
meltedd at least four times to ensure homogeneity and then the molten alloy 
wass cast into a water-cooled copper mould having the form of a thin 
cylinderr (1.5 mm in diameter). Due to the strong toughness of the alloys it 
iss impossible to grind the bulk samples into powder for X-ray-diffraction 
measurement.. Therefore, the cylinder-shaped as-cast ingots were pressed 
intoo plates about 400 urn thick, 3 mm wide and 10 mm long. 

http://Fe59.75Pt39.5Nbo.75
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3.1.33 Annealing 

Al ll  as-spun ribbons and as-cast plate-like samples were sealed in 
quartzz tubes with 100 mbar purified-argon gas inside. When the 
temperaturee of the electric furnace reaches the set value (400 °C-1350 °C), 
thee samples were put into the furnace for the required time, and then taken 
outt to be cooled down in ice water or in air. The exact annealing 
temperaturee and annealing time and the way the various samples have been 
cooledd will be presented in detail in the relevant chapters. 

3.22 Structure, microstructur e and phase analysis 

3.2.11 X-ray diffractio n 

Thee phase composition and phase transformation of the samples 
weree examined by means of X-ray diffraction. The X-ray-diffraction 
(XRD)) patterns were taken with a Philips PW 1050/37 diffractometer, 
usingg Cu Ka radiation. A diffraction angle range of 20 between 20° and 90° 
wass chosen using a 0.02° 15 s continuous scanning speed. The Gufi4 
program11 was used to subtract the background and remove the data of Cu 
Kci22 radiation. The reflections were indexed and the phases were 
determinedd by comparing the experimental positions and intensities of the 
reflectionss with the corresponding standard patterns described in Ref. 2. 
Thee mean grain size in the samples was evaluated from the XRD line 
broadeningg by means of the program of Dahlgren et al.3 The melt-spun 
ribbonss were ground into fine powder for XRD. For the plate-like samples, 
thee XRD just comes from the flat surface of the samples. For some samples 
withh larger grain size that were homogenized at high temperature, some 
intensitiess deviate from those of the standard patterns. 

3.2.22 Transmission electron microscopy 

Inn order to investigate the structure and microstructure of the 
materialss investigated, transmission-electron-microscopy (TEM) 
observationss were performed using a Philips EM400T electron microscope 
att an accelerating voltage of 150 kV. Fig. 3.2 shows the basic principle of 
electronn microscopy imaging and diffraction. A parallel beam of electrons 
acceleratedd by a voltage Vo is transmitted through a specimen (thin foil) 
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andd is diffracted in a number of directions by the crystal. The diffracted 
electronn beams are brought into focus in the back focal plane of the 
objectivee lens, forming a diffraction pattern that can be magnified and 
studiedd if subsequent lenses in the microscope are arranged to focus on the 
backk focal plane of the objective. The diffraction pattern consists of a two-
dimensionall  array of spots corresponding to a particular set of reflecting 
planes.. From the diffraction pattern one can approximately derive the 
interplanarr spacing by means of the equation 

dd = LA/r (3.1) 

whichh is derived by Bragg's law. Here L is distance between specimen and 
focall  plane, A, is the wave length of the electron beam that depends on the 
accelerationn voltage, and r is the distance of a diffracted spot and the center 
spott on the back focal plane. LA is called the apparatus constant. In the 
presentt TEM experiments, the apparatus constant LA. equals 18.7. The 
objectivee lens also forms an image of the lower surface of the specimen in 
thee image plane. This image can be magnified subsequently by other lenses 
off  the instrument and is finally projected onto the fluorescent screen. Since 
aa set of planes participating in the diffraction is perpendicular to the 
directionn from the diffracted spot to the central spot, one may also find 
somee special crystallographic directions in image. Using the transmitted 
electronn beam forms a bright-field image and using a diffracted electron 
beamm forms a dark-field image. 

-- image plane 
projectionn lenses 

fluorescentt screen 

Figuree 3.2 Electron microscope image and diffraction 
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Thee ion-reduction method was used to make thin foils of the Nd-Fe-
BB ribbons for TEM. In the ion-reduction process, Ar atoms are ionized and 
acceleratedd by a high voltage. Then, the Ar ion beam bombards and reduces 
aa rotating inclined surface of the specimen which is mounted over a 
cooling-welll  of liquid nitrogen. The Co-Pt and Fe-Pt specimens were first 
mechanicallyy reduced and then electrolytically polished at room 
temperaturee in concentrated HC1 using an alternating voltage of 8 V. 

3.33 Magnetic measurements 

3.3.11 A.C.-susceptibility measurement 

Thee temperature dependence of the a.c. susceptibility, which is used 
forr the determination of the Curie temperature, spin-reorientation 
temperaturee and phase-transformation temperature, was measured by 
makingg use of home-built equipment at the Institute of Metal Research at 
Shenyang,, P.R. China. The detection system and the heating system are 
shownn in Fig. 3.3. In this apparatus, the sample is mounted in the center of 
thee detection system and in an atmosphere of purified argon. An alternating 
voltagee (1.12 kHz, 0.974 V) is supplied to the magnetic-field coil to 
generatee an a.c. magnetic field (1.98 x 10"6 T) in the center of the system. 

' ' 
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Fig.. 3.3 Schematic representation of the a.c. susceptibility equipment 1 .Quartz 
tube,, 2. Sample holder, 3 Sample rod (quartz tube), 4. Heating coil, 5. Asbestos, 6. 
Asbestoss cloth, 7. Detection coil, 8. Magnetic-field coil, 9. Compensation coil, 
lO.Thermocouple. . 
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Att the same time, an induction voltage is generated in the detection coil, 
whichh is counteracted by a compensation coil. The latter is oppositely 
woundd with respect to the detection coil and connected with it in series. 
Thee detection coil picks up an induction signal that comes from the 
magneticc sample in the a.c. magnetic field. The induction voltage, which is 
proportionall  to the a.c. susceptibility Xac, is amplified by a lock-in amplifier. 
Thee signal of the thermal-couple is amplified by a temperature converter. 
Thee Curie temperatures were determined by taking the minimum value of 
thee derivative of the &c vs T curve. The a.c. susceptibility is not calibrated. 
Thee range of temperature measurement is from room temperature to 870 K. 

3.3.22 SQUID magnetometer 

AA Quantum Design MPMS-5S superconducting quantum-
interferencee device (SQUID) was used for the investigation of the 
macroscopicc magnetic properties of the samples. The d.c. magnetic field 
cann be varied between -5 and 5 T and the temperature between 1.7 and 400 
K.. The SQUID utilizes an extremely sensitive detection method that is 
capablee of measuring magnetization values in the range of 10"12 to 103 Am2 

withh an accuracy of 0.1 %. The magnetic field was applied along the length 
directionn of the ribbon samples and the plate-like samples, so that the 
demagnetizingg factor can be disregarded. 
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Chapterr  4 
Effectt  of exchange coupling in 
nanocompositee two-phase Nd-Fe-B 
magnets s 

4.11 Introductio n 

Thee discovery of two-phase nanocomposite magnets, such as 
NckFenB/FeaB11 and Nd2Fei4B/a-Fe,2 have opened a new investigation 
fieldfield for novel permanent magnets. Summarizing all of the experimental 
andd theoretical researches during the last decade, there are three basic 
featuress of isotropic two-phase nanocomposite magnets. First, the reduced 
remanencee ratio mr = Mr/Ms is larger than 0.5. Second, the reversibility of 
thee demagnetization is larger than in conventional permanent magnets, 
leadingg to the characterization as 'spring magnet', Third, the coercivity iHc 

adoptss values between those of the hard-magnetic phase and the soft-
magneticc phase, depending on the volume fraction of these two phases. 
Generally,, these features are attributed to the effect of the exchange 
couplingg between the hard phase and soft phase, whose grain sizes, 
especiallyy for the soft phase, are smaller than 30 nm. There is no non-
magneticc phase at the boundaries between both phases, preventing 
magneticallymagnetically isolated grains. In other words, the magnetic moments of the 
hardd phase keep the nearby moments of the soft phase in mutually parallel 
directionn via the exchange interaction between the magnetic moments. 
Accordingg to the exchange spring model of Kneller and Hawig,3 which was 
alreadyy introduced in Chapter 2, the critical length bcm of the soft (m) phase 
thatt is fully exchange coupled with hard (k) phase can be expressed as: 

27 7 
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bcm=7t(Am/2Kk)
1/22 (1) 

Here,, Am is the exchange energy of the soft-magnetic phase (m) and Kk is 
thee magnetocrystalline-anisotropy constant of the hard-magnetic phase (k). 
Iff  each grain of the soft-magnetic phase is surrounded by hard phase, the 
grainn size of the soft phase should be smaller than 2bcm for full exchange 
couplingg with the hard phase. By using the magnetic parameters available 
forr Nd2Fei4B and Fe3B, the calculated critical grain size for the soft phase 
iss about 8 nm. The numerical investigations of Fischer et al.4 on realistic 
three-dimensionall  grain arrangements suggest an optimal microstructure 
consistingg of 40 vol% of small soft-magnetic grains with a diameter of 
aboutt 10 nm, embedded between hard magnetic grains with a mean grain 
diameterr of about 20 nm. Unfortunately, it is very difficult to control the 
grainn size to have this value during the manufacturing process. However, 
thee exchange-coupling length, or the critical grain size 2bcm, can be 
increasedd by reducing Kk. One possibility is to substitute Sm for Nd in the 
componentt Nd2Fei4B in order to reduce the magnetocrystalline anisotropy 
off  the Nd2Fei4B phase because the Sm-sublattice anisotropy in Sm2Fei4B 
hass a sign opposite to the Nd anisotropy in Nd2Fei4B.5 It should be noted 
thatt reduction of the anisotropy of the hard-magnetic phase may affect the 
energyy product. As wil l be shown below, it can cause an increase of the 
remanencee or the rectangularity of the demagnetization curve, i.e. it may 
increasee the energy product. On the other hand, it may decrease the 
coercivity,, which will limit the increase of the energy product and may 
evenn cause a reduction of it. 

Inn this chapter, we focus on two problems. One is the effect of the 
grainn size of the soft phase on the exchange coupling. We have chosen 
NcU.0Fe77.5BB 18.5 as a typical starting composition to produce 
Nd2Fei4B/Fe3B-typee nanocomposite magnets.6,7 By heat treatment at 
differentt annealing temperatures, different grain sizes can be obtained. 
Anotherr problem is the effect of the magnetocrystalline anisotropy of the 
hard-magneticc phase on the exchange coupling. Based on the study of the 
firstt problem, we have substituted Sm for Nd, retaining the same overall 
compositionn to only reduce magnetocrystalline anisotropy of the hard-
magneticc phase. 

http://NcU.0Fe77.5B
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4.22 Experimental 

Ass starting ingots we used Nd4-xSmxFe 77.5B18.5 with x = 0.0, 0.1, 
0.2,, 0.3, 0.4 and 0.5. The ingots were prepared by induction melting under 
purifiedd Ar as protection. The resulting alloys were rapidly solidified into 
ribbonss in a high-purity argon atmosphere by melt spinning onto a copper 
rollerr having a wheel velocity of 40 m/s in order to produce amorphous 
ribbons.. Differential thermal analysis (DTA) measurements were carried 
outt on the as-spun ribbons to find the crystallization temperature. The as-
spunn ribbons were sealed in quartz tubes and then subjected to vacuum 
annealingg at 600-800 °C for 5 min, and subsequently quenched into water. 
Thee melt-spun ribbons were characterized by X-ray diffraction (XRD) with 
Cuu Ka radiation and measurement of the ac susceptibility as a function of 
temperature. . 

Thee magnetic properties of the annealed ribbons were measured in a 
SQUIDD magnetometer in fields up to 5 T at 300 K. Because the field was 
appliedd along the length direction of the ribbons, the demagnetizing factor 
cann be disregarded. The grain size in the ribbons annealed at different 
temperaturess was derived from the broadening of the XRD peaks and 
incidentallyy also determined by transmission electron microscopy (TEM). 

4.33 Results and discussion 

4.3.11 Effect of the grain size on the exchange coupling in 
nanocompositee Nd4Fe77.5Bi8.5 ribbons 

1.. Formation of the two-phase ribbons 

Figuree 4.1 shows the powder XRD of the as-spun ribbons. The 
absencee of sharp reflections indicates that the as-spun ribbons melt-spun at 
400 m/s are, at least partially, amorphous. 

Thee DTA trace of the as-spun ribbons exhibits two sharp 
exothermicc peaks, at 584 °C and 651 °C (see Fig 4.2). For the nominal 
Nd4.0Fe77.5BB 18.5 composition, the Fe3B phase should be present for about 66 
att % and the Nd2Fei4B phase for about 34 at %. Therefore, the higher 
exothermicc peak should correspond to the crystallization temperature of the 
Fe3BB phase and the lower one to the crystallization temperature of the 
Nd2Fei4BB phase. 

http://Nd4.0Fe77.5B
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Figuree 4.1. X-ray-diffraction patterns of as-spun Nd4Fe77 5B18 5 ribbon. 
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Figuree 4.2. DTA of as-spun Nd4Fe77.5Big.5 ribbon. 

Inn order to obtain two-phase (NdiFenB/FesB) nanocomposite 
ribbons,ribbons, the as-spun ribbons were annealed at 670-760 °C for 5 min. Figure 
4.33 shows the powder XRD patterns for Nd4Fe77.5Bi8.5 ribbon annealed at 
differentt temperatures. It can be seen that after annealing above 670 °C, 
Fe3BB is the main phase with the reflections marked by the rhombs. 
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Nd2Fei4BB and a small amount of a-Fe, marked by the circle, can also be 
identifiedd in the XRD patterns. The intensity of the Nd2Fei4B-phase 
reflectionss is too weak to derive the grain size. Therefore, only the mean 
grainn size of the Fe3B phase was determined by using the method of 
Stokes.88 The mean size increases from 16  0.4 nm after annealing at 670 
°CC to 23  0.4 nm after annealing at 760 °C. These mean grain sizes are 
bothh larger than 2bcm which equals 10 nm. Although a smaller mean grain 
sizee of Fe3B could be obtained by annealing at lower temperature, at these 
temperaturess the Nd2Fei4B phase has not formed perfectly or has not 
completelyy crystallized. The TEM result shows that the grain size is 
homogeneouslyy distributed (Fig. 4.4). So, the notion of mean grain size has 
aa realistic meaning. 

Figuree 4.5 shows the Xac~T curve for the sample annealed at 700 °C 
forr 5 min. The two peaks, at 308 °C and 515 °C, correspond to the Curie 
temperaturess of the two ferromagnetic phases Nd2Fei4B and Fe3B, 
respectively.. If we compare the two peaks in the ac susceptibility, it can 
againn be concluded that FesB is the main phase. 

Inn general, the experimental results mentioned above indicate that 
two-phasee (Nd2Fei4B/Fe3B) nanocomposite alloy ribbons can be obtained 
byy annealing as-spun amorphous ribbons at 670 - 760 °C for 5 min. 
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Figuree 4.3. XRD patterns Nd4Fe77.5Bl8 5 ribbons annealed at different temperatures 
Taa for 5 min and the corresponding mean grain size Dg of Fe3B. 
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Figuree 4.4. Bright-field TEM image of Nd4Fe77.5Big.5 ribbon annealed at 730 °C for 5 
minutes. . 
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Figuree 4.5. Temperature dependence of the ac susceptibility of Nd4Fe77.5Bi 
alloyy ribbon annealed at 700 °C for 5 minutes. 
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2.. Magnetic properties 

Thee demagnetization curves corresponding to the different 
annealingg temperatures are shown in Figure 4.6. It can be seen that there is 
aa clear step near zero field in the curves of the samples annealed at 670 °C 
andd 760 °C. This means that in these two cases some parts of the soft phase 
aree not exchange coupled. In the case of the ribbons annealed at 670 °C, 
duee to an uncompleted crystallization process of the hard phase, there may 
nott yet exist a good crystallographic coherence at the phase boundaries. 
Thiss may be the reason why grains of the soft phase are not fully exchange-
coupledd to the hard phase across the boundaries. In the case of the ribbons 
annealedd at 760 °C, the grain size of Fe3B has become too large for full 
exchangee coupling. The magnetic moments in the centers of the Fe3B 
grainss can then easily be reversed by a small demagnetizing field. 
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HoHH (T) ^H (T) 

Figuree 4.6. Demagnetization curves of Nd4Fe77.5B185 ribbons annealed at different 
temperaturess Ta for 5 minutes, and the corresponding reduced remanence Mr/Ms 

andd the mean grain sizeDg of Fe3B. 
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However,, in the samples annealed at 700 °C and 730 °C, crystallization of 
thee hard phase may have reached completion. Crystallographic coherence 
thenn exists between the Nd2Fei4B and Fe3B grains, and also the mean grain 
sizee of Fe3B is within the range of strong exchange coupling. As a result, 
thee reduced remanence mr, the coercivity jHc and the squareness of the 
demagnetizationn curves are larger than in the samples for which the 
annealingg temperatures are lower than 700 °C or higher than 730 °C. 

3.. Reversibility of the magnetization 

Thee larger reversibility of the magnetization in the second quadrant 
iss associated with smaller dissipation of magnetic energy stored in the 
magnet.. Therefore it is worthwhile to carefully study this problem for the 
purposee of practical application. The reversibility of the magnetization is 
determinedd by the recoverable magnetization Mrec (see the insert in Fig. 
4.7),, which is the change in magnetization between a given demagnetizing 
fieldfield Ht (turn field) and H = 0. A relevant quantity is the ratio Mrec/Mtot 
wheree Mtot is the total change in magnetization between zero field and a 
givenn demagnetizing field Ht (turn field). Before each measurement of Mrec 

andd Mtot, the sample was saturated in a field of 5 T. The measurements at 
eachh field Ht were taken after 60 s waiting time to avoid effects of magnetic 
viscosity. . 
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Figuree 4.7. Dependence of the reversibility of the magnetization of Nd4Fe77.5B18.5 
ribbonss on the annealing temperature. 
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Figuree 4.7 shows the change of the reversibility ratio Mrec/Mtot as a 
functionn of the turn field Ht for samples annealed at different temperatures. 
AA maximum in the reversibility ratio, corresponding to less well exchange 
coupledd samples, appears in the curves of ribbons annealed at 670 °C and 
7600 °C, as discussed above. The lower reversibility ratio obtained for these 
sampless at small turn fields indicates that a larger portion of the total 
changee in magnetization is irreversible. The latter portion has to be 
attributedd to the decoupled soft phase, while most magnetic moments of the 
exchange-coupledd soft phase and hard phase are not reversed at all. Upon 
increasingg the turn field Ht, more magnetic moments of the hard phase and 
thee exchange-coupled soft phase participate in the rotation, and most of the 
latterr moment rotation is reversible. For this reason, the reversibility ratio 
increasess in the low-field section. When the turn field further increases, 
moree magnetic moments of the hard phase wil l become reversed 
irreversibly,, the exchange-coupled magnetic moments of the soft phase 
becomingg irreversibly reversed at the same time. Therefore, the 
reversibilityy ratio decreases. It is easy to understand why a larger 
reversibilityy ratio is found at small turn fields Ht for the well-exchange-
coupledd samples annealed at 700 °C and 730 °C. Due to the fact that all 
magneticc moments of the soft phase are exchange-coupled to the hard 
phase,, these moments reversed by a small turn field can be recovered 
owingg to the exchange interaction with the not reversed hard phase after 
removingg the turn field. In Fig. 4.7, the fastest decrease of the reversibility 
ratioratio is expected to occur when Ht approaches the nucleation field. It should 
bee noted that the nucleation field increases with increasing annealing 
temperature.. If the annealing temperature increases, grain growth occurs 
nott only of the soft phase, but also of the hard phase. However, the 
effectivee exchange-coupling range between the soft and the hard phases 
doess not change. In the demagnetizing process, apart from the external 
demagnetizingg field, there is then a further reversing action on the moments 
off  the hard phase that comes from the exchange coupling to the soft phase. 
Whenn the grain size of both phases is small, the influence of the reversed 
magneticc moments of the soft phase on reversing magnetic moments of the 
hardd phase will be relatively strong by exchange coupling. Therefore, the 
nucleationn field is smaller in this case. In other words, if the grain size of 
thee hard phase becomes larger, the fraction of exchange-coupled magnetic 
momentss will become smaller. Such, the nucleation field will also become 
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larger.. This may explain why the steepest part of the Mrec/Mtot curves in 
Fig.. 4.7 moves to higher demagnetizing fields. 

4.3.2.. Effect of the substitution of Sm for  Nd on the exchange coupling 

Inn order to investigate the effect of substitution of Sm for Nd on the 
exchangee coupling, samples annealed for 5 min at 760 °C were chosen first. 
Underr this condition, a relatively weak exchange coupling is observed in 
thee not substituted sample, as shown in Fig. 4.6. It means that the central 
regionn of the soft grains with a mean grain size of 22  0.6 nm is in the 
decoupledd state. The XRD results in Fig. 4.8 show that, independent of the 
Smm content, all Nd4-xSmxFe 77.5B18.5 ribbons (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 
0.5)) have the same phase composition (Fe3B/Nd2Fei4B-type) and the same 
grainn size of 22  0.6 nm. Therefore, any change in exchange coupling 
shouldd be attributed to the Sm substitution. Thus, it is possible to study the 
effectss of Sm substitution on the exchange coupling in samples with the 
samee microstructure. 

Figuree 4.8. XRD patterns of Nd4-xSmxFe77.5Bi8.5 (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 
0.5)) ribbons annealed for 5 min at 760 °C and the corresponding mean grain size 
D„off  Fe3B. 
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Wee mentioned already that the step in the demagnetization curve 
nearr zero field is a signature of the presence of non-exchange-coupled soft 
grains.. In Fig. 4.9, we show the DC susceptibility XDC as function of 
externall  field, being defined here as the first derivative of the 
demagnetizationn curve with respect to the external field. The peak near zero 
fieldfield can be taken as indicative of the step in the demagnetization curves 
nearr zero field. The corresponding coercivity |ioiHc and reduced remanence 
mrr are also indicated in Fig. 4.9. It can be seen that the peak height at zero 
fieldfield markedly decreases with increasing x and that the reduced remanence 
mrr increases from 0.67 to 0.73 at the same time. These changes directly 
showw that the exchange coupling is improved by Sm substitution. This is a 
directt consequence of the fact that the average value of Kk in Eq. (1) 
decreasess with increasing Sm concentration.3 It should be noted that, in 
spitee of the monotonie decrease of the magnetocrystalline anisotropy of the 
hardd phase with increasing x, a slightly higher coercivity ;HC appears for x 
== 0.1 before it eventually decreases for x > 0.3. This also can be explained 
inn terms of enhanced exchange coupling. The amount of the exchange-
coupledd soft phase increases and as a result there is an increase of the 
magnetizationn at the same demagnetizing field. This leads initially to 
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Figuree 4.9. Composition dependence of the DC-susceptibility of Nd4. 
xSmxFe77.5Bi8.55 (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) ribbons annealed for 5 min at 
7600 °C and the corresponding coercivity |ioiHc(T) and of the reduced remanence 
mr. . 
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slightlyy higher or less reduced values of the coercivity. However, when the 
anisotropyy is reduced too much by the Sm substitution, the coercivity 
finallyy decreases. 

Figuree 4.10 shows the composition dependence of the reversibility 
ratioo of Nd4-xSmxFe 77.5B18.5 (x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5) ribbons 
underr the same annealing condition. The reversibility ratio in the low-field 
rangee is seen to increase with increasing x. From the discussion given 
above,, this can be taken as further evidence that, upon increasing the 
amountt of Sm substituted for Nd, the range of exchange coupling extends 
towardss the soft-grain center. 
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Figuree 4.10. Composition dependence of the reversibility of the magnetization of 
Nd4_xSmxFe77.5B18.55 (x = 0.00, 0.10, 0.20, 0.30, 0.40 and 0.50) ribbons annealed for 
55 min at 760 °C. 
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Figuree 4.11. Demagnetization curves of annealed Nd4.xSmxFe77.5Bi85 ribbons 
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Fromm the results presented above, it is obvious that the substitution 
off  Sm for Nd improves the exchange coupling. Furthermore, considering 
thee well established exchange coupling in the sample annealed at 700 °C, 
thee mean grain size (18  0.3 nm) is larger than the theoretical critical size 
(100 nm).3 Perhaps, the central region of the soft grains is only weakly 
exchangee coupled. It seems reasonable to consider that the strength of the 
exchangee coupling has a gradient between strong exchange coupling and 
decoupling.. Therefore, it was expected that the exchange coupling could be 
enhancedd by substituting Sm for Nd. The demagnetization curves and 
magneticc characteristics deduced from these curves are shown in Figs. 4.11 
andd 4.12, respectively. The remanence increases slightly with increasing x 
andd then slightly decreases again (see Fig. 4.12). The coercivity first 
reachess a maximum at x = 0.1 and then decreases monotonically with 
increasingg x. The decrease of the coercivity is due to the fact that the 
magnetocrystallinee anisotropy of the hard grains decreases strongly with 
increasingg Sm content. The slightly higher coercivity at x = 0.1 may be due 
too a decrease of the exchange coupling between some of the hard grains, as 
describedd by Huo and Davies.9 On the other hand, the amount of the 
exchangee coupled soft phase increases and as a result there is an increase of 
thee magnetization at the same demagnetizing field before the 
magnetocrystallinee anisotropy of the hard phase decreases too much. This 
mayy be also another reason to find initially slightly higher or less reduced 
valuess of the coercivity. In order to achieve a high maximum energy 
product,, one needs high remanence, high coercivity and good rectangularity 
off  the demagnetization curve. Because of the counteracting effects of the 
Smm substitution, the maximum energy product first increases due to an 
increasee in remanence caused by the exchange enhancement. For larger Sm 
concentrations,, it decreases again as a result of the strong reduction of the 
coercivityy (see Fig. 4.12). One may notice that all demagnetization curves 
inn Fig. 4.11 do not show a step at zero field, which is one of the features of 
ann exchange-coupled system. Nevertheless, the absence of a step does not 
guaranteee the presence of a sufficiently strong exchange coupling. This 
kindd of curve can persist when the mean grain size is slightly larger than 
2bcm,, where the magnetic properties have already decreased due to 
weakeningg of the exchange coupling.10 So, even if a curve without step is 
alreadyy formed in samples without Sm, the magnetic properties can be 
furtherr improved by enhancing the exchange coupling. In our case, this is 
achievedd by increasing the exchange length bcm. 
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Figuree 4.12. Composition dependence of the magnetic properties of annealed Nd4. 
xSmxFe77.5Bi88 5 ribbons. 
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Figuree 4.13. Composition dependence of the area ratio defining the rectangularity 
off  hysteresis loops. 

Alll  samples studied show a remanence enhancement with values of 
M r/Mss between 0.73 and 0.77. For a more clear assessment of the exchange-
couplingg enhancement, one may evaluate the rectangularity of the 
demagnetizationn curves. A direct evaluation is to calculate the area ratio, 
whichh is defined as the ratio of the area (Si) below the demagnetization 
curvee in the second quadrant to the product of coercivity and remanence. It 
iss shown in Fig. 4.13 that the samples with larger x have higher area ratios 
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andd hence a better rectangularity of their demagnetization curves. 
Consequently,, the corresponding normalized maximum energy product also 
monotonicallyy increases with increasing x. It is reasonable to ascribe this 
increasee to an improvement of the exchange enhancement upon decreasing 
anisotropy.. Although the coercivities of the samples with larger x decrease 
beloww the values of interest for application, the results are still valuable for 
understandingg the mechanism of the exchange enhancement. 

Besidess substitution of R elements, another way to effectively 
changee the anisotropy is to vary the temperature. In Nd2Fei4B, the 
anisotropyy constant increases monotonically with decreasing temperature in 
thee range from 300 to 180 K.11 Therefore the correlation length 2bcm of 
Fe3BB in Nd2Fei4B/Fe3B nanocomposite also changes from 8 nm at 300 K to 
66 nm at 180 K. The compound Nd3.8Smo.2Fe77.5Bi8.5 has been selected for 
magneticc measurements at varying temperatures in fields up to 5 T since 
thee largest energy product at room temperature was obtained on this 
sample.. Since the saturation magnetization increases significantly with 
decreasingg temperature, it is reasonable to check the change of the 
rectangularityy at different temperatures instead of the energy product. As is 
shownn in Fig. 4.14, the rectangularity decreases with decreasing 
temperature.. This indicates a decrease in rectangularity with increasing 
anisotropy. . 
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Figuree 4.14. Temperature dependence of the area ratio of Nd38 Sm0.2Fe77.5Bi8.5 
ribbons.. The dotted line is a linear fit to the experimental data. 
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Figuree 4.15. Temperature dependence of the recoverable magnetization of Nd3.8 
Srrio.2Fe77.5BB 18.5 ribbons. 

Forr further understanding of the exchange-spring magnet behavior, 
thee reversibility ratio was also measured. The ratio of the recoverable 
magnetizationn (Mrec) to the total magnetization (Mtot) is plotted with respect 
too Ht in Fig. 4.15. This ratio increases with decreasing temperature. Since 
thee recoverable magnetization corresponds not only to the magnetic 
momentss of the soft-magnetic phase, but also to those of the hard-magnetic 
phase.. When the temperature decreases, for the hard magnetic phase the 
nucleationn field Hn increases, and the amount of reversible rotating 
magnetizationn at the same demagnetizing field also increases. Therefore, 
thee larger ratio at lower temperature can be ascribed to the increase of the 
amountt of reversible rotating magnetization of the hard magnetic phase. It 
iss known ' that in a less well-coupled two-phase magnet, there exists a 
significantt difference between the nucleation field Hn, which identifies the 
mostt amount of the irreversible magnetization reversal associated with the 
hard-magneticc phase, and the coercivity Hc, which is defined as the field 
satisfyingg M(H) = 0. Due to the fact that the nucleation field is different for 
differentlyy oriented grains in the present isotropic sample, the nucleation 
fieldfield should be defined as the field at which the decrease of the recoverable 
partt becomes very pronounced. It can be determined from the location of 
thee maximum of the first derivative of the recoverable magnetization with 
respectt to the external field. The values of Hn and Hc as well as (H„  - Hc) 

http://Srrio.2Fe77.5B
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obtainedd at various temperatures have been listed in Table 1. One can see 
thatt the difference between the nucleation field and the coercivity increases 
withh decreasing temperature. From these results, one may draw the same 
conclusion,, as mentioned already above, that a smaller anisotropy of the 
hard-magneticc phase favors stronger exchange coupling. On the contrary, 
increasingg magnetic anisotropy of hard-magnetic phase can results in the 
weakeningg of exchange coupling. Similar results on NdFeB and PrFeB 
systemss were reported by David and Givord. 

Tablee I. Nucleation field and coercivity and their differences measured at 
differentt temperatures on Nd3.8Sm0.2Fe77.5B18.5 ribbons. 

T T 

Hn n 

Hc c 

(Hn-Hc)/Hn n 

2000 K 

0.3733 T 

0.3422 T 

8.33 % 

2255 K 

0.3400 T 

0.3211 T 

5.66 % 

2500 K 

0.3099 T 

0.2955 T 

4.55 % 

2755 K 

0.2800 T 

0.2700 T 

3.66 % 

3000 K 

0.2466 T 

0.2422 T 

1.6% % 

4.44 Conclusions 

Fourr kinds of experimental methods have been used to qualitatively 
describee the degree of exchange coupling: 
1.. In the curve of the DC susceptibility XDC as function of external field, 

ass determined from the first derivative of the demagnetization curve 
withh respect to the external field, the magnitude of the peak near zero 
fieldd can be taken as indicative of the degree of decoupling of the 
centrall  region of the soft grains. 

2.. The curve of the reversibility ratio (Mrev/Mtot) versus turn field Ht can 
moree completely reveal several features of a spring magnet, such as 
thee degree of exchange coupling of the soft-magnetic grains to the 
hard-magneticc grains and the effect of anisotropy on the latter 
exchangee coupling. 

3.. The rectangularity of the demagnetization curve is also related to the 
degreee of exchange coupling in two-phase nanocomposite magnets. 
Forr strongly exchange-coupled two-phase magnets, the rectangularity 
shouldd be higher. 
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4.. The relative difference of the nucleation field Hn and the coercivity 
Hc,, (Hn -Hc)/ Hn, is a measure of the degree of exchange coupling. For 
aa fully exchange-coupled system, the difference should be close to 
zero. . 

Itt has been shown experimentally that most of the magnetic 
momentss of the soft-magnetic phase Fe3B can be coupled by the hard-
magneticc phase Nd2Fei4B when the grain size is about 20 nm. When the 
grainn size of the soft phase is larger than this value, some of the moments 
off  the Fe3B phase become decoupled, leading to a lower reversibility of the 
magnetizationn in low demagnetizing fields. The lower degree of exchange 
couplingg can be improved by substituting Sm for Nd. This is attributed to 
ann extension of the range of the exchange coupling by reducing the 
anisotropyy of the Nd2Fei4B hard-magnetic phase. For relatively low Sm 
substitution,, all hard-magnetic properties become enhanced, not only the 
reducedd remanence, but also the coercivity. Therefore, it is possible to 
reachh optimal magnetic properties in two-phase nanocomposite magnets by 
properlyy adjusting the anisotropy of the hard-magnetic phase. 
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Chapterr  5 

Effectt  of nanoscale exchange coupling 
inn CoPt bulk magnets 

5.11 Introductio n 

Thee Co-Pt phase diagram (see Fig. 5.1) is characterized by the Al 
phasee in a range of complete solid solubility at high temperatures. The 
crystall  structure of the Al phase is a disordered face-centered-cubic (fee) 
structuree over the whole solid solution range, in which Co and Pt atoms 
statisticallyy occupy the crystallographic sites. The high-temperature Al (fee) 
phasee is practically useless for permanent-magnet applications because it does 
nott offer a sufficiently high magnetic anisotropy. However, structural 
transformationss occur, when the rapidly cooled solid-solution Coi-xPtx alloys 
aree annealed at lower temperatures. The fee phase gives rise to a disorder-
orderr transformation at comparatively high Pt concentrations (x > 0.75) 
whereass at relatively low Pt concentrations (x < 0.23) it transforms into an 
hepp structure. Coi.xPtx alloys that can be used as permanent-magnet materials 
aree found around the equiatomic composition where the disordered Al (fee) 
phasee transforms into an ordered Ll 0 phase,1 as shown in Fig. 5.2. The Ll 0 

phasee is an ordered face-centered-tetragonal (fct) superstructure with Pt at 
thee 0 0 0 and Vi Vi 0 sites and Co at the Vi 0 Vi and 0 lA Vi sites. It is a 
magneticallymagnetically hard phase with a very high magnetocrystalline anisotropy 
fieldd (u0Ha ~ 13 T at room temperature), the easy magnetization direction 
beingg along the c-axis. Its Curie temperature is around 500 °C, being 
slightlyy lower than that of the fee phase. 

Alreadyy Penisson et al4 have studied the order-disorder process in the 
equiatomicc Pt-Co alloy with transmission electron microscopy (TEM). Their 

47 7 
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Figuree 5.1. Phase diagram of Co-Pt. 
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Figuree 5.2. Unit cells of the Al (fee) phase and the Ll 0 (fct) phase. 

workk shows that the ordering proceeds by means of nucleation and growth of 
orderedd particles that are coherent with the matrix. Isothermal treatments lead 
too a three-dimensional array of domains in which one of the three possible 
orderingg directions is favored. A treatment at a temperature just below the 
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transformationn critical temperature leads to a microtwinned structure. The 
antiphasee boundaries are constituted by a narrow zone in which the atoms are 
closerr to each other than on both sides of the zone. Kaneko et al.5 and 
Hadjipanayiss et al.6 have reported that the coercivity passes through a 
maximumm when CoPt alloys are heat treated for variable aging times at 
temperaturess sufficiently below the fcc-fct transformation temperature. These 
authorss have also reported that better results are obtained when the first-aging 
stepp is followed by a second aging step at lower temperatures than the first 
one,, provided the first aging step is kept sufficiently short to prevent 
overaging.. Kaneko et al. regarded the first annealing step as leading to the 
formationn of a fine precipitate of the fct phase in the fee matrix, whereas the 
secondd step was considered to be responsible for an increase of the 
magnetocrystallinee anisotropy of the fct phase. Thin films of CoPt and FePt 
alloyss have been receiving considerable attention for high-density magnetic 
recordingg and magneto-optical recording media application,7 since the Ll 0 

(fct)) phase possesses magnetic anisotropy higher than 5xl06 kJ/m3.8 

Ourr interest in CoPt is based on the recognition that this system offers 
thee possibility to be used as an almost ideal model system for studying the 
mechanismm of exchange coupling between nanoscale grains of the 
magneticallyy hard fct phase and the magnetically soft fee phase, leading to 
remanencee enhancement. The reason for this is the fact that it is one of the 
feww systems were coherence can be reached between the lattices of the hard 
andd soft magnetic phase, which is required for strong nanoscale exchange 
coupling. . 

5.22 Experimental 

Alloyy ingots with composition CoPt were prepared from 99.9% 
purityy cobalt and platinum by arc melting in an atmosphere of purified 
argon.. The as-arc-melted alloys were cast in the form of a thin cylinder. 
Co-Ptt alloys are characterized by a comparatively large mechanical 
strengthh and for this reason it is impossible to grind them into powder for 
powderr x-ray diffraction (XRD) experiments. In order to obtain an area 
largee enough for XRD, the cylinder was pressed into a plate of about 400 
(imm thickness, 3 mm width and 10 mm length. The sample was vacuum 
sealedd into a quartz tube, homogenized at 900 °C, which is above the 
disorder-orderr transition temperature, and then quenched in ice water. 
Subsequently,, the as-quenched samples were first annealed at 650, 675,, 700 
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andd 750 °C for 15 min. Then a temperature of 675 °C was chosen to further 
anneall  the samples for different times (10 - 80 minutes). The crystal 
structure,, the composition of the phases and the microstructure were 
examinedd by XRD using Cu Ka radiation and TEM. The mean grain size 
Dgg in samples annealed at different temperatures was derived from the 
broadeningg of the XRD reflections, using Scherrer's formula. The magnetic 
propertiess of the annealed samples were measured at 300 K in a SQUID 
magnetometerr in fields up to 5 T. Because the field was applied along the 
lengthh direction of the plate-like samples, the demagnetizing factors were 
disregarded.. The Curie temperatures were derived from the temperature 
dependencee of ac-susceptibility foe measured in an external alternating 
magneticc field of 1.98 x 10"6 T along the length direction of the plate-like 
samples. . 

5.33 Effect of annealing on the disorder-order transformation 

First,, we have to clarify the initial state, which was obtained after 
homogenizingg at 900 °C for 3 hours followed by quenching in ice water. 
Figuree 5.3 shows the result of XRD on the as-quenched sample. There is no 
presencee of superstructure reflections in this XRD pattern. It indicates that the 
fullyy disordered Al (fee) phase can be obtained after quenching. Microscopic 
observationn (see Fig. 5.4) shows that the size of all grains of the Al phase is 
largerr than 10000 nm for the as-quenched state. 

o o 

§  A1 (fee) phase 

200 ~ 30 40 5cT 60 70 80 90 
299 (Deg.) 

Figuree 5.3. XRD of the as-quenched sample after homogenization at 900 °C for 3 
hours s 
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Figuree 5.4. Microscope image of the as-quenched sample after homogenization at 
90000 °C for 3 hours 

Thee results of XRD on CoPt annealed at various temperatures Ta for 
155 minutes are shown in Fig. 5.5. All alloys were homogenized at 900 °C 
andd subsequently quenched in ice water before the annealing treatment at 
Ta.. It can be derived from the results shown in Fig. 5.5 that higher 
annealingg temperatures lead to a more complete transformation of the fee 
phasee into the fct phase. From the line width of the reflections belonging to 
thee fct superstructure, which are the (001), (110), (201) and (112) 
reflections,, we have derived values of the mean ordered region size. These 
valuesvalues have been included at the left side of the Fig. 5.5. It clearly shows 
thatt the growth of the ordered regions is very sensitively related to the 
annealingg temperature. 

Inn order to observe the progress of the ordering transformation from 
All  phase to Ll 0 phase in detail, a fixed annealing temperature of 675 °C 
wass chosen and only changes in the annealing time from 10 minutes to 80 
minutess were considered. Figure 5.6 shows the XRD patterns of samples 
annealedd at 675 °C for different times. It can be seen that the intensity of 
thee (001) (110) (201) and (112) superstructure reflections increases with 
prolongedd annealing time. From the peak widths, we have derived values 
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Figuree 5.5. XRD patterns of CoPt bulk samples annealed at different temperatures 
Taa for 15 min. 

forr the mean ordered region size. These values have been included on the 
leftt side in Fig. 5.6. Particularly, the change of the (200) reflection should 
bee noted. This reflection gradually broadens in the initial annealing stage. 
Withh increasing annealing time, it splits into two reflections, the (200) and 
(002).. This is a consequence of the metallic radius of the cobalt atoms being 
smallerr than that of the platinum atoms so that c < a in the fct structure. 
Thus,, the (002) interplanar distance in the well-ordered fct structure is 
smallerr than in the disordered fee structure. On the other hand, the (200) 
andd (020) interplanar distances slightly expand. Therefore, the (002) 
reflectionn in the fct phase shifts to larger angle and the (200) reflection 
slightlyy shifts to smaller angle. The degree of broadening and the separation 
off  the original (200) reflection directly reflect the degree of ordering of the 
fctt phase. In Fig. 5.6, the evolution of the (200) peak indicates that the fct 
phasee has a relatively low degree of ordering at the initial ordering 
transformation.. When the annealing time increases, both the size of the 
orderedd regions and the degree of order of the fct phase increase. Besides, 
byy contrast, one may note that the (111) reflection displays hardly any shift 
inn diffraction angle 26 and that it retains its intensity and width during the 
wholee transformation process. From this, it can be inferred that the {111} 
interplanarr distance is almost equal and coherent in the fct and fee 
structures,, and that the {111}  planes are hardly distorted during the fec-fet 
transformation. . 
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Figuree 5.6. XRD patterns of CoPt bulk samples annealed at 675 °C for different 
times. . 

Inn order to investigate the change in structure and microstructure 
duringg the ordering transformation in detail, TEM investigations were 
carriedd out on the samples that have been annealed for different times. 
Figuree 5.7 shows the diffraction pattern (a) in [100] direction and the dark-
fieldfield image (b) of the as-quenched samples. The absence of superstructure 
spotss in the diffraction pattern indicates that the as-quenched state is a 
singlee disordered fee phase. The diffraction pattern looks like a single 
crystall  pattern and just comes from one grain. It means that the grain size is 
largerr than 1000 nm at least. These results are consistent with those of the 
XRDD and optical microscopy of the as-quenched sample. When the 
annealingg time is 10 min, superstructure diffraction spots appear, see Fig. 
5.8(a)) taken along [111] direction. The dark-field image in Fig. 5.8(b) was 
obtainedd by using the (110) superstructure diffraction spot to lighten up 
onlyy the ordered regions. It can be seen that fine ordered phase particles 
uniformlyy emerge in the disordered fee matrix phase. In the diffraction 
patterns,, the diffraction spots of ordered phase fully overlap with the matrix 
feee phase except for the superstructure spots. This indicates that the ordered 
phasee and matrix fee phase are coherent. Besides, the ordered regions 
appearr along the intersection habit plane {110}. For the sample annealed 
forr 20 min., the diffraction pattern and the (110) dark-field image along the 
[111]]  direction are shown in Figs. 5.9(a) and (b), respectively. Compared 
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withh Fig. 5.8(b), the ordered-phase particles have grown a bit, but most of 
thee ordered regions do not touch. When the annealing time increases to 60 
min,, there is a larger change in microstructure. Fig. 5.10(a) shows the 
diffractionn pattern along the [110] direction. It can be easily seen that the 
diffractionn pattern consists of two sets of diffraction patterns. One is along 
[110]]  direction, the other is along the [-1-10] direction. For clarity, the 
schemee in Fig. 5.10(c) has been drawn to show the diffraction pattern in 
Fig.. 5.10(a). It clearly indicates that the two sets of diffraction spots possess 
twinn symmetry with two normal twin planes which are (1 -1 1) and (-1 1 2). 
Figuree 5.10(b) shows the dark-field image using the (-111) diffraction beam 
alongg the [110] direction. The twin bands cross each other at right angles to 
formm a cellular microstructure. The angle between the c-axes of the ordered 
regionss at two sides of the twin plane (1 -1 1) is about 70°, and that at two 
sidess of the twin plane (-1 12) is about 110°. Besides, the dark-field image 
inn Fig. 5.10(b) shows that the mean size of the ordered regions is still 
smallerr than 10 nm in each twin band and that the mean width of the twin 
bandd is smaller than 15 nm. Moreover, Figs. 5.11(a) and (b) show the two 
dark-fieldd images for the sample annealed at 750 °C for 15 min. Their 
contrastss are interchangeable because of the use of the two (-111) and (-
1111 )t diffraction spots, that correspond to diffraction coming from two sides 
off  the twin planes. It can be seen that within the wide twin bands (mean 
widthh larger than 20 nm) the ordered regions meet and form antiphase 
boundaries.. The mean size of the ordered regions is about 20 nm. 

(a)) (b) 
Figuree 5.7. TEM observation on the as-quenched samples along the [100] 
direction,, (a) Diffraction pattern, (b) Dark-field image. 



5.33 Effect of annealing on the disorder-order transformation 55 

Figuree 5.8. TEM observation on the sample annealed at 675 °C for 10 min along 
thee [111] direction, (a) Diffraction pattern, (b) Dark-field image using the (1 -1 0) 
diffractionn beam. 

(a)) (b) 
Figuree 5.9. TEM observation on the sample annealed at 675 °C for 20 min along 
thee [111] direction, (a) Diffraction pattern, (b) Dark-field image using the (-1 10) 
diffractionn beam. 
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Figuree 5.10. TEM observation on the sample annealed at 675 °C for 60 min along 
thee [110] direction, (a) Diffraction pattern, (b) Dark-field image using the (-1 1 1) 
diffractionn beam, (c) A scheme of the diffraction pattern in (a). 
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(a)) (b) 

Figuree 5.11. TEM observation on the sample annealed at 750 °C for 15 min along 
thee [110] direction, (a) Dark-field image using the (-111) diffraction beam, (b) 
Dark-fieldd image using (-111),. 

Accordingg to the results of the XRD and TEM investigations 
mentionedd above, the ordering transformation process of the disordered 
CoPtt alloy can be generally described. In the initial ordering stage, the 
orderedd phase nucleates and grows. Due to the lower degree of order of the 
smalll  ordered regions, the lattice of the ordered phase does not have a large 
deviationn from the lattice of the disorder fee matrix phase, i.e., the axial 
ratioratio c/a ~ 1. The directions of the c-axes of the various ordered regions are 
randomlyy oriented along the three crystallographic axes of the disordered 
feee matrix phase. Prolonged heat treatment gives rise to an increase of the 
meann ordered region size and of the degree of order of the ordered regions. 
Thee growth rate depends on the annealing temperature and the annealing 
time.. However, the development of the c/a different from unity leads to an 
increasee of the lattice distortion so that the strain energy increases. To 
reducee the strain energy, ordered regions easily grow simultaneously with 
nearest-neighborr ordered regions having the same c-axis direction. 
Growingg along the {110}  habit planes indicates that the {110}  habit planes 
aree minimum of strain energy and the strain field in the lattice is 
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anisotropy.. If a given small ordered region is surrounded by some ordered 
regionss with differently oriented c-axes, the ordered regions with dominant 
orientationn wil l swallow it up so that an ordered-region group with the 
samee c-axis orientation is formed. The lattice strain increases with the 
progresss of the ordering transformation. When a given ordered-region 
groupp meets another ordered-region group and their c-axes are mutually 
normal,, twins are formed, that take the (1 -1 1) or (-1 1 2) plane as twin 
planee in order to reduce the strain energy. When ordered regions with same 
c-axiss orientation meet within a twin band, antiphase boundaries are 
formed.. The wide twin bands (> 20 nm) and the coarser ordered regions (~ 
200 nm) are formed upon full ordering. It can generally be inferred that the 
latticee strain leads to a change of the microstructure or of the distribution of 
orientationn of the c-axes of the ordered regions from random to ordered 
duringg the atomic-order transformation. 

5.44 Effect of the ordering transformation on the magnetic 
properties s 

5.4.11 Curi e temperature 

Thee temperature dependence of the ac-susceptibility of CoPt 
measuredd after quenching and annealing at 675 °C for various times is 
shownn in Fig. 5.12. The Curie temperatures were obtained by extrapolation 
off  the steepest part of the curves. The corresponding values have been 
indicatedd on the right side of the curves. It can be seen in Fig. 5.6 that 
annealingg for 80 min leads to a well-ordered fct phase. The Curie 
temperaturee of this phase (Tc = 516 °C) is substantially lower than that of 
thee fee phase (Tc = 573 °C). The Tc difference between the two phases can 
bebe simply explained as follows: In the disordered fee structure each Co(Pt) 
atomm has 12 nearest-neighbor Co(Pt) atoms. When the degree of short-
rangee order is zero, each site is equally occupied by Co and Pt atoms in a 
statisticall  way. Thus, each Co atom has on the average six nearest-neighbor 
Coo atoms. In the ordered fct structure, each Co atom has only four nearest-
neighborr Co atoms. Therefore, the reduction of the number of Co nearest-
neighborr atoms leads to a reduction of the Co-Co exchange interaction so 
thatt the Curie temperature decreases in the fct phase. 
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Figuree 5.12. Temperature dependence of the ac-susceptibility of CoPt alloys 
annealedd at 675 °C for different times. 

Inn the ac-susceptibility measurements (shown in Fig. 5.12), we 
foundd no superposition of two foe curves with two separate Curie 
temperaturess in the alloys annealed for a relatively short time. This 
situationn would be expected when the atomically well-ordered fct phase 
wouldd coexist with the atomically disordered fee phase. Instead, we see a 
graduall  shift of the Curie temperature to lower temperatures. This means 
thatt for the alloy annealed for the shortest time there is already substantial 
atomicc ordering of the Co and Pt atoms on the different atomic sites. 
Inspectionn of the XRD intensities in Fig. 5.6 and the TEM result in Fig. 5.8 
showss that the fee phase prevails after annealing for 10 min. The amount of 
fctt phase formed is still relatively small, the mean size of ordered regions is 
justt about 4.3 nm, and the atomic ordering in this phase is still far from 
ideal.. Most of the contributions to the Xac curve for short annealing times in 
Fig.. 5.12 are therefore due to the fee phase. Consequently, we are led to the 
conclusionn that there is already some increase of the degree of atomic order 
off  the fee phase before phase separation into the fct phase takes place. It is 
reasonablee to assume that this fee phase can no longer be regarded as 
magneticallyy soft. In other words, different ordered regions have different 
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degreess of order, so that there is a continuous distribution of the degree of 
orderr in the alloy system in the initial stage of the ordering transformation. 

5.4.22 Magnetocrystalline anisotropy 

Thee Hopkinson effect is the phenomenon that the permeability u or 
thee susceptibility x of a ferromagnetic material at low field strength, 
measuredd as a function of temperature, reaches a maximum at a 
temperaturee slightly below the Curie temperature. It can be seen in Fig. 
5.122 that the Hopkinson peak is becoming lower and narrower with 
prolongedd annealing time. The reciprocal of the half-height-width (HHW) 
off  the peak multiplied by 100 is used as a parameter to quantitatively 
describee this change and is indicated under each peak. The occurrence of 
thee maximum is connected with the processes of irreversible rotation of the 
magneticc moment. When the external field is not too large and/or the 
magnetocrystalline-anisotropyy constant of the ferromagnetic phase is not 
tooo small and also the grain size is not too small, the magnetic anisotropy, 
thermall  activation and demagnetization field may contribute to the effect. 
Inn our experiment, the external field is equal to 1.98 x 10"6 T and directed 
alongg the length direction of the plate-like samples. Therefore, the 
influencee of the demagnetization field can be ignored. The contribution of 
thermall  activation to the effect depends on the product KaV, where Ka is the 
magnetic-anisotropyy constant and V the grain volume. We mentioned 
alreadyy that atomic ordering occurs not only in the fct phase but also in the 
feee phase upon annealing, which affects the soft-magnetic character of the 
feee phase. Therefore, in Fig. 5.12, the change of the Hopkinson peak 
mainlyy originates from the increase of the magnetic anisotropy of both the 
fctt phase and the fee phase with prolonged annealing time. The broad 
Hopkinsonn peak corresponding to the samples with shorter annealing times 
indicatess that not only the distribution of the degree of order is broad, but 
alsoo that the magnetic anisotropy displays a very non-uniform distribution 
overr the whole sample. The distribution of the degree of order and the non-
uniformityy of the magnetic anisotropy most likely originates from 
fluctuationss in concentration and/or anisotropy strain field as discussed in 
thee section 5.3. 

5.4.33 Magnetic-hardening process 
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Fromm the results of the demagnetization curves shown in the left 
partt of Fig. 5.13, it follows that there is a strong increase of the magnetic 
anisotropyy with increasing annealing time. This leads to the development of 
coercivityy and remanence in CoPt (see also the table insert in Fig. 5.13). 
Thee coercivity strongly increases with increasing annealing time, but after 
passingg through a maximum at ta = 60 min it decreases again. It is well 
knownn that magnetic hardening can not only be attributed to an increase of 
thee magnetic anisotropy, but also to a proper micro structure. From the 
resultss of the XRD and the TEM investigation mentioned above, we infer 
thatt when the annealing time is less than 60 min the microstructure consists 
off  fine ordered regions with different degrees of order, that are uniformly 
separatedd by regions with very low degree of order. The ordered regions are 
crystallographicallyy coherent with the original matrix phase and their mean 
sizee is smaller than 10 nm, which is well below the magnetic single-domain 
sizee of the fct CoPt phase (around 600 nm). Therefore, the magnetization 
reversall  should be based on a coherent rotation mechanism. The coercivity 
iss directly related to the magnetocrystalline anisotropy. In the case of 
incompletee ordering transformation, however, the magnetocrystalline 
anisotropyy has not reached its maximum. Therefore, also the coercivity has 
nott reached its maximum. When the annealing time is 60 min, the ordering 
transformationn has further increased and the original matrix phase with 
veryy low degree of order has already disappeared. The increase of the 
degreee of order leads to an increase of the magnetocrystalline anisotropy 
andd coercivity, but we should note that the formation of twin bands inhibits 
anyy further increase of coercivity. From Fig. 5.10(b), it can be inferred that 
thee length of the twin bands is already beyond the range of the magnetic 
single-domainn size. In a twin band, different ordered regions with the same 
c-axiss exist. Hence magnetic domain walls will occur. In this case, the 
antiphasee boundaries may play an important role in pinning the magnetic 
domainn walls. Therefore, the coercivity depends not only on the 
magnetocrystallinee anisotropy, but also on the density of antiphase 
boundaries.. Generally speaking, the coercivity when controlled by the 
mechanismm of domain-wall movement is smaller than when depending on 
thee mechanism of uniform rotation. However, the formation of twin bands 
changess the coercivity mechanism from uniform rotation to domain-wall 
movement.. Obviously, the latter decrease of the coercivity is ascribed to the 
excessivee growth of the size of the ordered regions and the width of the 
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twinn bands, so that the density of antiphase boundaries decreases (see Fig. 
5.11)) when the annealing time is larger than 80 min or the annealing 
temperaturee is higher than 700 °C for a short times (15 minutes), despite the 
increasee in magnetocrystalline anisotropy. 
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Figuree 5.13. Demagnetization curves of CoPt bulk samples annealed at 675 °C for 
differentt times ta. 

5.4.44 Effect of nanoscale exchange coupling 

Itt is worth to note that upon annealing the remanence Mr first 
increasess and then decreases, but that the maximum occurs at short 
annealingg times (20 min) already. The remanence maximum also 
correspondss to the maximum of remanence ratio mr = Mr/Ms = 0.78. For an 
arrayy of randomly oriented, non-interacting, single-domain particles, the 
Stoner-Wohlfarthh model9 predicts a remanence ratio mr of 0.5. The fact 
thatt much larger values are obtained is a strong indication that the magnetic 
particless in the annealed CoPt alloy are exchange coupled. However, the 
remanencee ratio mr alone is not enough to evaluate the degree of exchange 
coupling.. In order to clarify the exchange-coupling mechanism in the CoPt 
alloys,, the methods of characterizing the exchange coupling presented in 
Chapterr 4 are used here. 
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Figuree 5.14. Annealing-time (ta) dependence of the area ratio defining the 
rectangularityy of demagnetization curves 

Itt is of interest to evaluate the rectangularity of the demagnetization 
curves.. The exchange coupling causes the magnetization vector of the soft 
phasee and even that of the hard phase to align with that of the nearest-
neighborr hard phase whose easy-magnetizing direction is near to the 
externall  field direction. Therefore, the magnetization vectors of the various 
particless in the sample tend to be aligned when it is in the remanent state. 
Thus,, a better rectangularity of demagnetization curve should be obtained 
forr a well exchange-coupled sample. A direct evaluation can be made by 
calculatingg the area ratio, which is defined as the ratio of the area (Si) 
beloww the demagnetization curve in the second quadrant to the product of 
coercivityy and remanence. It is shown in Fig. 5.14 that the sample annealed 
forr 20 min has a peak value for this area ratio and hence the best 
rectangularityy of its demagnetization curve. It is reasonable to ascribe this 
peakk value to strong exchange coupling. 

Anotherr method to evaluate the exchange coupling is measurement 
off  the reversibility of magnetization. It is determined as described in 
Chapterr 4. Figure 5.15 shows the dependence of the reversibility on 
demagnetizingg field for two CoPt bulk samples. The lower reversibility 
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(curvee a) corresponds to the sample annealed at 675 °C for 15 min and the 
higherr reversibility (curve b) to that annealed additionally at 620 °C for 180 
min.. The results of XRD (see Fig. 5.16) and magnetic measurements on the 
formerr and the latter indicate that the mean ordered-region sizes are 4.9 nm 
andd 8.0 nm, the coercivities 0.201 T and 0.542 T and the remanence ratios 
0.777 and 0.77, respectively. As mentioned above, when the ordering 
transformationn is in its early stage as in the former sample, the ordered-
regionss size, the degree of ordering and the magnetic anisotropy of the fct 
phasee are comparatively low and the distribution of these quantities is not 
uniform.. This may be due to the fact that the distribution of the Co and Pt 
atomss over the sites is statistical and displays concentration fluctuations in 
thee as-quenched fee phase. Thus, nucleation and growth of the fct phase in 
thee fee matrix phase is locally different. According to the model of Kneller 
andd Hawig4 the critical particle size for the soft-magnetic phase (m) for 
exchangee coupling to the hard-magnetic phase (k) is given by 

bmcc = 7tV(Am/2Kk). (1) 

Here,, Am is the exchange energy of the soft-magnetic phase and Kk the 
anisotropyy constant of the hard-magnetic phase. We showed already that 
thee magnetic anisotropy, as expressed by Kk, is not a constant in the present 
alloys,, but increases with annealing time. The amount of soft-magnetic 
phasee prevails for shorter annealing times, meaning that the space occupied 
byy the soft phase is relatively large. The requirement for exchange coupling 
too the hard-magnetic phase expressed in Eq. 1, can be met in the present 
materialss because for the shorter annealing times bmc is large even though 
Kkk is small. Thus, an enhanced remanence ratio can be obtained after 
saturatingg the sample at 5 T. However, in small demagnetizing fields, 
irreversiblee reversal of the magnetization can occur in some fct ordered 
regionss with smaller anisotropy and in those fee disordered regions, which 
mayy no longer be classified as really soft-magnetic because of the atomic 
orderingg in the fee phase mentioned above, exchange coupled by the fct 
regionss of smaller anisotropy. Furthermore, on the other hand, some 
antiphasee boundaries, which are formed due to the fact that the ordered 
regionss meet, may give rise to antiferromagnetic coupling,10 so that some 
irreversiblee reversal occurs in small demagnetizing fields. Therefore, a 
lowerr reversibility than in the case of real exchange coupling between soft 
andd hard phases may be the result. As shown by curve (c) in Fig. 5.15, this 
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Figuree 5.15. Reversibility of the magnetization, (a) CoPt bulk samples annealed at 
6755 °C for 15 min. (b) CoPt bulk samples annealed at 620 °C for 180 min after 
annealingg at 675 °C for 15 min. (c) Nd4Fe77.5B|8.5 ribbons annealed at 700 °C for 5 
minutes. . 
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Figuree 5.16. XRD patterns of CoPt bulk samples, (a) Annealedd at 675 °C for 15 
min,, (b) Annealed at 620 °C for 180 min after annealing at 675 °C for 15 min. 
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iss quite different from Nd-Fe-B two-phase nanocomposite exchange-
coupledd alloys in which the magnetic anisotropy in each grain of the 
Nd2Fei4BB phase is basically the same.1' 

Wee will now discuss the sample (curve (b) in Fig. 5.15) with the 
higherr reversibility. In Fig. 5.16, one can see that the (200) reflection still 
retainss high intensity. This means that there still exists a substantial amount 
off  fee phase in the sample after the second step of annealing at 620 °C for 
1800 min. After the latter treatment, the magnetic anisotropy of the fct phase 
hass strongly increased, but the regions of the remaining fee phase have 
becomee smaller. This means that the exchange-coupling condition of Eq. 1 
cann still be met and an enhanced remanence ratio can be obtained. Due to 
thee fact that the magnetic anisotropy in all regions of the fct phase has 
increased,, the fraction of irreversible magnetization in the total reversed 
magnetizationn Mtot has decreased strongly at a small demagnetizing field. A 
higherr reversibility is obtained in this case. When increasing the 
demagnetizingg field, even when remaining far below the coercivity, some 
fctt grains that have a relatively small magnetic anisotropy are irreversibly 
reversed.. Thus, the reversibility steeply decreases. In this respect, the 
presentt magnets differ from the conventional exchange spring magnets 
despitee the fact that their remanence ratio is very high. 

Lastly,, we discuss an interesting problem in this alloy system. As 
describedd above, when the annealing time is 60 min or longer, cross-
intersectedd twin bands with widths of about 10 nm are formed, see Figs. 5.10 
andd 5.11. Thus, the mechanism of magnetization reversal very likely changes 
fromm coherent rotation to magnetic-domain-wall movement. It is well known 
thatt in an isotropic magnet displaying magnetic-domain-wall pinning, the 
meann grain size is larger than its critical single-magnetic-domain size. 
Normally,, the critical single-magnetic-domain size is several hundreds of 
nanometerss for most hard magnets. Therefore, the exchange coupling across 
grainn boundaries never leads to a remanence enhancement. However, as 
shownn in Fig. 5.13, the measurements on the samples annealed at 675 °C for 
longerr than 60 min show that the remanence ratio is still larger than 0.70. We 
alreadyy show that the grain orientation in the original disordered matrix phase 
iss a random one (Fig. 5.4). Although the formation of twin bands leads to c-
axiss orientation in two directions, this orientation is limited only to within one 
givenn grain of the original matrix phase. For the whole magnet, the c-axis 
orientationss are still at random. Therefore, the magnet is still magnetically 
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isotropic.. Thus, the remanence enhancement should be attributed to nanoscale 
exchangee coupling. 

Inn Fig. 5.10(b), we can see that the width of most twin bands is 
smallerr than 10 nm. This size should be within the exchange-coupling length. 
Therefore,, the magnetic moments in nearest-neighbor twin bands should 
experiencee strong exchange coupling across the twin plane. Strictly speaking, 
inn this special microstructure the mechanism of magnetization reversal should 
bee of a mixed type involving magnetic-domain-wall movement and coherent 
rotation.. When the sample is annealed at higher temperatures or for longer 
annealingg time, the width of the twin bands obviously increases. The 
exchangee coupling between nearest-neighbor twin bands is reduced and then 
thee remanence ratio also decreases to 0.5. In this case, the mechanism of 
magnetizationn reversal should be mainly magnetic-domain-wall movement. 

5.55 Conclusions 

Thee nanoscale exchange coupling has been investigated by 
observationn of the structure, microstructure and phase composition and by 
measurementss of the magnetic properties across the disorder-order 
transformationn of CoPt alloys. The results of XRD, TEM, temperature 
dependencee of ac susceptibility and magnetic-isotherm measurements indicate 
thatt the ordering transformation can be divided into two stages when samples 
composedd of a single disordered Al phase are annealed at 675 °C for different 
times. . 

Thee first stage is that of nucleation and growth of the fct ordered 
phasee when the annealing time is shorter than 60 min. In this stage, the 
orderedd regions with mean size smaller than 8 nm are uniformly distributed 
andd the ordering transformation preferentially occurs along the {110}  planes 
off  the disordered matrix phase. The c-axes of the ordered regions with fct 
structuree are randomly oriented along the a-, b- and c-axes of the cubic 
structuree of the original fee disordered matrix phase and the ordered and 
disorderedd phases are completed coherent. The degree of order of the ordered 
regionss continuously increases, but the increase rate is different for different 
orderedd regions. Meanwhile, the degree of order in the matrix phase also 
increases,, albeit at low rate. There is a broad continuous distribution of the 
degreee of order at the initial stage of the ordering transformation. An ordered 
regionn with high degree of order has a comparatively high magnetocrystalline 
anisotropy,, and a lower degree of order corresponds to a lower 
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magnetocrystallinee anisotropy. The effect of nanocomposite exchange 
couplingg between regions with different degree of order is very clear. A 
remanencee ratio of 0.78 is obtained when the annealing time is 20 min. 

Thee second stage involves formation of antiphase boundaries and twin 
bands,, occurring when the annealing time is longer than 60 min. The growth 
off  the ordered regions has as a consequence that the disordered regions are 
swallowedd up and that the ordered regions touch to form antiphase 
boundaries.. Simultaneously, cross-intersected polytwin bands of several 
hunderdss of nm length and a few nm width are formed along the {111}  and 
{211}}  planes to relax the strain energy. The mechanism of magnetization 
reversall  changes from coherent rotation to magnetic-domain-wall movement. 
Sincee the width of polytwin bands is still within the length of exchange 
coupling,, strong remanence enhancement is retained. The mechanism of 
magnetizationn reversal is of a mixed type involving both domain-wall 
movementt and coherent rotation. Upon increasing annealing temperature and 
time,, the ordered regions become coarsened, the density of antiphase 
boundariess is reduced and the twin bands are broadened. This leads to a 
reductionn of the effect of nanoscale exchange coupling, so that the remanence 
iss reduced. The reduction of antiphase boundaries as sources of domain-wall 
pinningg leads to a reduction of the coercivity. 
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Chapterr  6 

Orderin gg transformation and 
magneticc properties of 
Fe59.75Pt39.5Nbo.755 bulk alloy 

6.11 Introductio n 

Thee permanent-magnet properties of equiatomic FePt, FePd and 
CoPtt alloys have been previously investigated in detail.1"7 From the 
correspondingg phase diagrams, for example, the Fe-Pt phase diagram 
shownn in Fig. 6.1,8 it can be seen that there is an order-disorder 
transformationn around the equiatomic concentration. The atomically 
disorderedd Al phase is a soft-magnetic phase with a face-centered-cubic 
(fee)) structure. The ordered CuAu I-type Ll 0 phase is a hard-magnetic 
phasee with a face-centered-tetragonal (fct) superstructure, with the easy 
magnetizationn direction along the c-axis. This phase has a high uniaxial 
magnetocrystallinee anisotropy (7xl07 J/m3).9 Permanent-magnet properties 
cann be obtained by annealing the alloys at temperatures sufficiently below 
thee fec-fet transformation temperature after quenching from temperatures 
abovee the transformation temperature. The phase transformation proceeds 
byy means of nucleation and growth starting at different locations in the 
disorderedd matrix phase. Particularly, the degree of order of the Ll 0 (fct) 
phasee is lower at the initial formation stage. The order gradually increases 
withh increasing annealing temperature or annealing time. Most of the 
ordered-phasee regions emerge as twins along two sides of the {110}  planes 
forr releasing the strain energy.5,6,7 Coalescence of the ordered regions 
duringg the growth process invariably leads to the occurrence of a large 
numberr of antiphase boundaries and twin bands. The maximum coercivity 
occurss when the disordered phase has disappeared and the mean grain size 
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off  the ordered phase is about 20 nm. However, complete atomic ordering of 
thee fct phase has still not been reached in this case. Zhang et al. have 
proposedd a domain-wall-pinning model as mechanism for the 
magnetizationn reversal. Hadjipanayis et al.5 and Xiao et al. have discussed 
thee occurrence of remanence enhancement in this system. Watanabe has 
foundd that magnetic properties superior to those of the binary Fe-Pt alloys 
cann be obtained in Fe-Pt alloys containing small amounts of niobium which 
leadd to better control of the heat treatment. Due to the fact that Fe-Pt 
permanentt magnets have excellent corrosion resistance, they have been 
appliedd in medical implants. Recently, the suitability of Fe-Pt and Co-Pt 
filmss for high-density recording materials has also been investigated. The 
presentt work is aimed at reaching a deeper understanding of the effect of 
remanencee enhancement of the Fe59.75Pt39.5Nbo.75 bulk alloy by investigating 
thee composition of the participating phases, the microstructure and the 
changess of the magnetic properties associated with the disorder-order 
transformation. . 
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Figure.. 6.1 Fe-Pt binary phase diagram. 
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6.22 Experimental 

Alloyy ingots of composition Fe59.75Pt39.5Nbo.75 were prepared from 
99.99%% purity iron and platinum and 99.85 purity niobium by arc melting 
inn an atmosphere of purified argon. The as-arc-melted alloy was cast in the 
formm of a thin cylinder. In order to obtain an area large enough for X-ray 
diffractionn (XRD), the cylinder was pressed into a plate of about 400 um 
thickness,, 3 mm wide and 10 mm long. The sample was vacuum sealed in a 
quartzz tube, homogenized at different temperatures in the range of 800 °C -
13500 °C for 3 hours and then cooled down to room temperature. In order to 
studyy the effect of the quench rate on the transformation, three quench rates 
weree chosen. In the first case, the sample was quickly quenched by 
breakingbreaking the quartz tube in stirred ice water (rate 1, QR1). In the second 
case,, the sample was quenched in stirred ice water without breaking the 
quartzz tube (rate 2, QR2). In the third case, the sample was cooled in air 
(ratee 3, QR3). Subsequently, the as-quenched samples were annealed at 
5800 °C for different times (1 - 400 h). The analysis of the crystal structure 
andd the phase composition was carried out by using XRD with Cu Ka 
radiationn and transmission electron microscopy (TEM) (Philips EM400T). 
Thee mean grain (ordered region) size Dg was derived from the peak 
broadeningg of the XRD lines using Scherrer's formula. Phase analysis was 
alsoo carried out by measuring the alternating current (ac) susceptibility 
fromm room temperature to 450 °C, using the difference in Curie temperature 
off  the various magnetic phases. An alternating magnetic field of 1.98 x 10"6 

TT was applied along the length direction of the plate-like samples. The 
measurementss of the main magnetic properties were performed at 300 K in 
aa SQUID magnetometer using fields up to 5 T. Because the field was 
appliedd along the length direction of the plate-like samples, the 
demagnetizingg factors were disregarded. 

6.33 Results and discussion 

6.3.11 Effect of homogenizing temperatures and cooling rates 

1.. Phase transformation 
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Fig.. 6.2 (a) and (b) show the XRD pattern and the temperature 
dependencee of the ac susceptibility of the as-cast sample, respectively. The 
singlee Al (fee) phase had formed in the as-cast sample because the 
quenchingg rate associated with arc casting is fairly high. The mean grain 
sizee is about 14 nm. The Curie temperature of the disordered Al (fee) 
phasee is 306 °C. 
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Figuree 6.2. XRD pattern (a) and temperature dependence of the ac susceptibility 
(b)) of the as-cast Fe59.75Pt39.5Nbo.75 sample. 
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Itt should be noted that the Fe59.75Pt39.5Nbo.75 alloy has an off-
stoichiometricc composition. Its Fe content is higher than in FePt and lower 
thann in Fe3Pt. The Curie temperature of its disordered Al phase will be 
differentt from that of the corresponding disordered A1 phases of FePt and 
Fe3Pt.. Using a mean-field model, the Curie temperature can be expressed in 
termss of the ferromagnetic exchange interaction as 

TCC = ZTTJTTST(ST+ l)/3k (1) 

Heree ZTT is the number of nearest-neighbor T atoms of a given T atom, JTT 
iss the T-T exchange-interaction parameter, ST is the spin momentum of the 
TT atom and k is the Boltzmann constant. The Curie temperature of the 
Fe59.75Pt39.5Nbo.755 alloy depends not only on the number of the nearest-
neighborr Fe atoms of an Fe atom, but via JTT also on the nearest-neighbor 
Fe-Fee distance. Therefore, in a disorder-order transformation process, the 
relativee degrees of short-range and long-range atomic order strongly 
determinee the Curie temperature of each phase. In the disordered Al phase, 
bothh degrees of order are very low. When the disorder-order transformation 
proceeds,, both degrees of order increase in different ways. However, both 
degreess of order become equal to one in the ideally ordered and 
stoichiometricc Llo phase. It means that all nearest-neighbor atoms of a Fe 
atomm will then be Pt atoms and the Fe sublattice will be completely 
occupiedd by Fe atoms and the Pt sublattice by Pt atoms. Due to the fact that 
thee lattice parameters a and b expand and c is reduced in the Llo phase, the 
averagee Fe-Fe distance in the fct phase is slightly larger than in the Al 
phase.. This increased Fe-Fe distance and, more importantly, the change in 
symmetryy will strongly reduce the 3d-band width and increase the spin-up 
andd spin-down densities of states. This leads to an increase in the difference 
betweenn the number of spin-up and spin-down electrons. This is why the 
Curiee temperature of the Llo phase is higher than that of the Al phase, in 
spitee of the decrease of the number ZFeFe of nearest-neighbor Fe atoms of a 
givenn Fe atom from an average of six in the former phase to four in the 
latterr (see Chapter 5). 

Figuress 6.3 (a) and (b) show the XRD results and the temperature 
dependencee of the ac-susceptibility of the samples quenched with the 
highestt rate (QR1) after homogenizing at 1350°C - 800 °C. It can be seen 
thatt only the (001) superstructure reflection belonging to the ordered Llo 
phasee appears for the samples homogenized in the range 1350 °C-1250 °C. 
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Besides,, also the reflection (002) of this phase appears. This indicates that 
thee ordered phase has been formed when quenching with rate 1. But the 
degreee of long-range order is fairly low. The increase of long-range order 
enhancess only the (001) reflection. In the homogenization range of 1200 °C 
-- 1050 °C, the superstructure reflections (110), (201) and (112) also appear 
besidess the (001) reflection. This means that the degree of long-range order 
off  the ordered phase further increases when the homogenization 
temperaturee is decreased. In contrast to the results found for the 1350 °C-
12500 °C range, also the (200) reflection of the Ll 0 phase appears, in 
additionn to the (002) reflection. In the temperature dependence of the ac-
susceptibilityy (Xac), measured on the sample obtained after homogenizing at 
temperaturess from 1350 °C to 105O°C, (see Fig. 6.3(b)), only one Curie 
temperaturee Tc appears. This Curie temperature is slightly lower than the 
Curiee temperature of the Al phase (306 °C, see Fig. 6.2(b)). From the 
discussionn above, this could mean that the degree of short-range order of 
thee main Al phase of the sample quenched with rate 1 from 1300 °C is 
slightlyy larger than of the as-cast sample, so that the number of the nearest-
neighborr Fe atoms of a given Fe atom is lower. On the other hand, the 
degreee of long-rang order is still fairly low in this case. When the 
homogenizationn temperature is lower, 950 °C, all of the superstructure 
reflectionss appear and the reflections corresponding to the disordered Al 
phasee almost disappear. The ordered Ll 0 (fct) phase can be identified from 
thee apparent splitting of the (200) and (002) reflections, originating from 
thee (200) reflection of the Al phase. The data shown in Fig 6.3(a) make it 
clearr that the Ll 0 phase becomes the main phase in the 950 °C diagram. 
Thiss diagram also shows that there is still some residual Al phase present 
inn the sample. There are three Curie temperatures in the corresponding %ac -
TT curve. The lowest Tc (= 271 °C) should correspond to the disordered Al 
matrixx phase with slightly increased short-range atomic order but without 
long-rangee atomic order. The highest Tc (= 383 °C) should correspond to 
thee Ll 0 (fct) phase. The middle one (Tc = 331 °C) is considered to 
correspondd to a phase between the disordered Al phase and ordered Ll 0 

phase.. This will be discussed later. The XRD diagram and the Xac-T curve 
showw that only the ordered L] () phase exists when the homogenization 
temperaturee is 800 °C. 
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Figuree 6.3. XRD patterns (a) and the temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 
1(QR1)) after homogenizing at different temperatures. 
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Here,, it should be emphasized that the Hopkinson effect appearing 
ass a cusp in the lower two Xac-T curves is an effective means to 
qualitativelyy estimate the presence of magnetocrystalline anisotropy. The 
Hopkinsonn effect is a phenomenon in which the permeability u or 
susceptibilityy % of a ferromagnetic material, measured as a function of 
temperaturee at low field strength, reaches a maximum at a temperature 
slightlyy below the Curie temperature. In fact, it indicates that the strongly 
temperature-dependentt magnetocrystalline anisotropy of a hard-magnetic 
materiall  will lead to a sudden decrease of the susceptibility when the 
temperaturee is sufficiently below the Curie temperature. The Hopkinson 
peakk is not expected to appear for soft-magnetic materials with very low 
magnetocystallinee anisotropy. From Figs. 6.2(b) and 6.3(b), it can be 
inferredd that the disordered Al (fee) phase is a soft-magnetic phase and that 
thee ordered Llo (fct) phase is a hard-magnetic phase. 

Thee time required for atomic ordering in an alloy is determined by 
atomicc movements, i.e. by diffusion. In the case of atomic ordering, unlike 
inn precipitation and decomposition processes, no large concentration 
differencess are necessary to transport material over large distances. On the 
contrary,, it is here more a question of atomic interchange between 
neighboringg sublattice sites. Preferential occupation of specific sites by one 
atomicc species can start via a nucleation and growth process or uniformly 
andd continuously in the whole alloy. It is plausible that the quenching rate 
cann strongly affect the structure, microstructure and the degree of order of 
thee final phases for such a high disorder-order transition temperature as in 
thee Fe-Pt alloy system. Figures 6.4(a) and (b) show results of XRD and the 
temperaturee dependence of ac-susceptibility of the samples quenched with 
ratee 2 (QR2) after homogenization at 1350 °C-800 °C. It can be seen that, 
afterr homogenization in the range 1350 °C-1100 °C, the very weak and 
broadenedd (100), (110), (201) and (112) superstructure reflections appear. 
Onn the other hand, there is no splitting of the (200), (220) and (311) 
reflectionss belonging to the cubic phase and these reflections are still 
strong.. The mean size of the ordered regions is about 4 nm, which was 
derivedd from the width of the superstructure reflections. The observation of 
thee superstructure reflections indicates that there is a tendency of the Fe 
atomss in the present off-stoichiometric alloy to occupy preferentially the 
face-centeredd positions in the initial ordering stage, as in the ordered Ll 2 

cubicc crystal structure. From the JCac-T curve corresponding to the sample 
homogenizedd at 1350 °C (Fig. 6.4(b)), it can be seen that there are two 
nearbyy Hopkinson peaks. These should correspond to two ordered 
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Figuree 6.4. XRD patterns (a) and temperature dependence of ac-susceptibility (b) 
off  Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 2 (QR2) after 
homogenizingg at different temperatures 

http://Fe59.75Pt39.5Nbo.75


78 8 Chapterr 6 Fe-Pt-Nb bulk alloy 

cubicc phases with different degrees of long-range order. The phase with the 
higherr Curie temperature should possess the higher degree of long-range 
order.. From Fig. 6.4(b), it can be seen that when the homogenization 
temperaturee decreases, the Hopkinson peak with higher Curie temperature 
movess to another Hopkinson peak with lower Curie temperature. When the 
homogenizationn temperature is 1100 °C, only one Hopkinson peak (Tc = 
3333 °C) appears. By inspecting the corresponding XRD pattern, this 
Hopkinsonn peak should be identified with the main phase of an ordered 
cubicc structure with a low degree of long-range order. However, it is fairly 
differentt from the disordered cubic phase without the Hopkinson peak as 
shownn in Figs. 6.2(b) and 6.3(b). This result means that a very high 
nucleationn rate can be obtained under this heat-treatment condition and at 
thiss cooling rate, so that the most disordered matrix phase transforms into a 
largee amount of fine ordered nuclei with a fairly low degree of order. 
Moreover,, considering this state, the ordering transformation has 
progressedd further when the homogenization temperature is taken higher, 
fromm 1100°C to 1350 °C. Under these circumstances, the samples have a 
longerr time for ordering during the cooling process at quenching rate 2. 
Sincee there are concentration fluctuations, some parts with compositions 
nearr to FePt become more easily ordered and phase separation into the fct 
phasee can take place. In the remaining part, the transformation occurs with 
aa lower ordering rate at the same time. More details were derived from 
observationss with an optical microscope and by TEM performed on the 
samplee homogenized at 1350 °C for 3 hours and then cooled at quenching 
ratee 2. Figure 6.5(a) shows the microscope picture taken of the sample 
surface.. The grain boundaries of the original disordered matrix phase can 
bee clearly seen. It indicates that the micro structure is nearly isotropic for 
thee grains of the original fee phase, and that the grain size of most grains is 
largerr than 50 urn. Figure 6.5(b) shows the diffraction pattern taken from 
thee [211] zone axis. Splitting and streaking of the spots is observed. Figure 
6.5(c)) shows the corresponding bright-field image. Fringes parallel to the 
(1-10)) plane are also observed. This indicates that lamellae in the 
microstructuree may have formed. This feature can be explained by 
anisotropicc strain fields. Since the fec-fet transformation produces lattice 
deformation,, i.e. the c-axis is contracted and the a-axis and b-axis are 
expanded,, an anisotropic strain field is produced. Due to the fact that the 
{110}}  planes have minimum strain energy, the fec-fet 



6.33 Results and discussion 79 

transformationn easily takes place along these planes, 
featuress will be continued. 

Thee study on these 

Figuree 6.5. Microstructure observed by optical microscopy (a), TEM diffraction 
patternn along the [211] direction (b) and corresponding bright-field image (c) of a 
Fe59.75Pt395Nbo.755 sample homogenized at 1350 °C for 3 hours and quenched at 
ratee 2 (QR2). 
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Forr a homogenization temperature of 950 °C, the XRD pattern and 
thee Xac-T curve show again three phases as in Fig. 6.3. The phase with the 
highestt Curie temperature is the ordered Llo (fct) phase with a mean 
particlee size of about 80 nm. The lowest Curie temperature corresponds to 
thee disordered Al matrix phase. Besides, we also note that a small amount 
off  the Ll 2 phase (Tc = 329 °C) has still remained in this state as the third 
phasee in the 950 °C trace. Combination of this result and that in Fig. 6.3 
suggestss that the homogenization temperature of 950 °C is just around the 
transformationn temperature of the present alloy, and that the phase 
separationn into the ordered fct phase from the disordered fee matrix phase 
alreadyy mainly has taken place during the homogenization by a mechanism 
off  nucleation and growth. This result is very different from that obtained 
withh a homogenization temperature above 1100 °C followed by cooling at 
quenchingg rate 2 as described above. In that case, the phase ordering 
transformationn takes place during the cooling process. In Fig. 6.4, as in Fig. 
6.3,, only the ordered Llo (fct) phase exists for a homogenization 
temperaturee of 800 °C. This means that the ordering transformation has 
alreadyy reached completion during the homogenization and that a fairly 
largee mean size of the ordered regions is reached. This state is beyond our 
interest. . 

Figuress 6.6 (a) and (b) show the XRD patterns and the temperature 
dependencee of the ac-susceptibility of the samples prepared with quenching 
ratee 3(QR3) after homogenizing at 1300 °C - 850 °C. It is evident that 
quenchingg rate 3 is much lower than quenching rate 2. From Figs. 6.5(a) 
andd (b), it can be seen that only the ordered Llo phase can be identified in 
thee homogenization temperature range 1300 °C - 1100 °C. Accordingly, the 
(200),, (220) and (311) reflections have split and all superstructure 
reflectionss are present. But, the (200)-(002), (220)-(202) and (311)-(113) 
splittingss are smaller than in the more perfect ordered Llo phase obtained 
byy homogenization at 850 °C. It means that this phase is a defect ordered 
Ll 00 phase (c/a ~ 0.981), which can be arranged between the ordered LI2 
(fee)) phase (c/a = 1) and the more perfectly ordered Ll 0 (fct) phase (c/a ~ 
0.969).. The mean size of the ordered regions is about 9 nm for this range of 
homogenizationn temperatures, which was derived from the width of the 
superstructuree reflections. The TEM observations were performed on the 
samplee homogenized at 1300 °C for 3 hours and then cooled at quenching 
ratee 3. Figure 6.7(a) shows the diffraction pattern taken from the [100] zone 
axis,, and Fig. 6.7(b) shows the corresponding ordered bright-field image. In 
Fig.. 6.7(b), fringes of about 10 nm width parallel to the (1-10) plane are 
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observed.. It indicates that there may exist a microstructure with fine 
lamellae.. A further study of this feature is in progress. 

> > 
H H 
x x 
--
(-(-

200 30 40 50 60 70 80 90 
299 (Deg.) 

l al l 

=3 3 

CD D 

(QR3) ) 

1300°C C 

1200°C C 

1100°C C 

950°C C 

850°C C 

-' -' 

306°C C 

// !j387"C 

jj  I 3 8 8C 

// )386"C 

:: '. 390"C 

ƒƒ '\ 390"C 

2000 25 0 30 0 35 0 40 0 45 0 

) ) 

(b) ) 
Figuree 6.6. XRD patterns (a) and temperature dependence of the ac-susceptibility 
(b)) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 3 (QR3) after 
homogenizationn at different temperatures. 
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(a)) (b) 
Figuree 6.7. TEM diffraction pattern along the [100] direction (a) and 
correspondingg bright-field image (b) of a Fe59.75Pt39.5Nbo.75 sample homogenized 
att 1300 °C for 3 hours and quenched at rate 3 (QR3). 

Inn the two remaining cases (950 °C and 850 °C), the reflection 
correspondss to the ordered Ll 0 phase with larger mean size of the ordered 
regions.. In the case of homogenization at 950 °C (see Figs 6.6(a) and (b)), a 
veryy small amount of the disordered Alphase (Tc = 306 °C) has remained in 
additionn to the main phase of the Ll 0 type (Tc = 390 °C). At a 
homogenizationn temperature of 850 °C, only the latter phase (Tc = 390 °C) 
iss formed. 

Inn general, the disorder-order transformation of the off-
stoichiomitricc Fe59.75Pt39.5Nbo.75 bulk alloy is a fairly complex process. 
Differentt phases with different structures and/or the different degrees on 
long-rangee and short-range order can be obtained at different 
homogenizationn temperatures and quenching rates. Generally speaking, 
duringg the process from disorder to order, the free energy will become 
reducedd and the structure will change from higher symmetry with a 
relativelyy low degree of order to lower symmetry with a higher degree of 
order.. It should be emphasized that, due to the off-stoichiometric 
compositionn of the Fe59.75Pt39.5Nbo.75 alloy, it may be difficult to obtain a 
single-phasee sample with perfect Llo(fct) order as in the stoichiometric 
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FePtt alloy because the extra Fe atoms have to occupy some of the Pt 
positionss in the basal plane of the LI o unit cell which results in a larger c/a 
thann that in the perfect L10 phase (c/a = 0.966)12. 

2.. Hard-magnetic properties 

Inn order to observe the effect of the phase transformation on the 
magneticc hardening process, the magnetic properties were measured on the 
sampless corresponding to each state mentioned above. Figs 6.8 - 6.10 show 
thee coercivities, reduced remanence, maximum energy product and the 
meann ordered-region size corresponding to the three quenching rates after 
homogenizationn at different temperatures. 
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Figuree 6.8. Effect of the homogenization temperature and quenching rate (QR1) 

onn the magnetic properties of Fe59.75Pt39.5Nbo.75 bulk alloy. : coercivity, : 

maximumm energy product, : reduced remanence, : mean ordered-region size). 
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Whenn using quenching rate 1, see Fig. 6.8, the alloy is magnetically 
softt if the homogenization temperature is above 1000 °C. When the 
homogenezationn temperature decreases below 1000 °C, the alloy becomes a 
magneticallyy hard phase of Ll0-type. But, since the transformation is not 
complete,, c/a = 0.969, and/or the mean ordered region size is too large, the 
coercivitiess and energy products are small. 
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Figuree 6.9. Effect of the homogenization temperature and quenching rate (QR2) 

onn the magnetic properties of Fe59.75Pt39.5Nbo.75 bulk alloy. : coercivity, : 

maximumm energy product, : reduced remanence, : mean ordered-region size). 

Whenn applying quenching rate 2, see Fig.6.9, and when the 
homogenizationn temperature increases from 1100°C to 1350 °C, the 
coercivityy increases from 0.029 T to 0.255 T. Under these circumstances, 
thee reduced remanence increases from 0.59 to 0.70, the energy product 
increasess from 0.75 to 7.83 MGOe, and the mean ordered region-size 
almostt does not change. According to the XRD, the Xac - T curves and the 
TEMM shown in Figs 6.4 and 6.5, the increase in the 
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coercivityy should be attributed to the further ordering transformation, so 
thatt the magnetic anisotropy field increases in some of the regions that have 
aa fairly high degree of order. The enhancement of the reduced remanence 
shouldd be ascribed to absence of growth of the mean size of the ordered 
regions,, apart from the increase in the degree of order. A strong exchange 
couplingg is produced between the nearest neighboring ordered regions of 
dimensionss of a few of nanometers. 

Ass to the samples prepared with quenching rate 3, the cooling rate is 
soo low that there is enough time for the phase transformation to proceed 
fromm fee to fct, although the fct phase is not yet fully ordered. Thus, the 
magnetocrystallinee anisotropy within the atomically ordered regions is 
ratherr high. As can be seen in Fig. 6.10, the higher nucleation rate produces 
aa microstructure with a mean ordered-region size of about 9 nm for samples 
homogenizedd above 950 °C. At lower homogenization temperatures, the 
nucleationn rate has apparently become reduced so that large particles have 
formed,, a situation that leads to low coercivities. 
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Figuree 6.10. Effect of the homogenization temperature and quenching rate (QR3) 

onn the magnetic properties of Fe59.75Pt39.5Nbo.75 bulk alloy. : coercivity, : 

maximumm energy product, : reduced remanence, : mean ordered-region size). 
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Nextt we will discuss the mechanism of magnetization reversal. It is 
welll  known that for most of the hard-magnetic phases the critical size of 
singlee domain particles is in the range of 100 to 1000 nm. In most of the 
sampless studied the mean size of the atomically ordered regions is smaller 
thann 20 nm as shown in Figs. 6.8 and 6.10, which is well below the single-
domainn size. Therefore, the magnetization reversal most likely proceeds via 
aa uniform magnetization-rotation mechanism. Since the crystallographic 
orientationss of the fairly large grains of the original disordered fee matrix 
phasee are randomly distributed in the as-quenched state, as shown in Fig. 
6.5(a),, the atomically ordered regions also have a random orientation, even 
moree so because their c-axes are oriented at random along one of the a-, b-, 
andd c-axes of a given original matrix grain. Hence, the increase in reduced 
remanencee (mr > 0.5) should be attributed to the exchange coupling 
betweenn the small nearest neighbor regions. For the samples with cubic 
mainn phase, that were homogenized at 1100°C and then cooled with 
quenchingg rate 2, the coercivity is 0.029 T. Together with the stronger 
Hopkinsonn peak appearing in the temperature dependence of the ac 
susceptibility,, as shown in Fig. 6.4(b), this once again indicates that the 
magneticc anisotropy of this phase may not be very low as in a truly soft-
magneticc phase, despite the fact that it is face centered cubic. 

6.3.22 Effect of annealing on the phase transformation and the 
magneticc properties 

Inn order to develop the hard-magnetic properties of the as-quenched 
samples,, heat treatments have to be carried out far below the transition 
temperature.. The state corresponding to the optimum hard-magnetic 
propertiess is related to the initial state and the history of the heat-treatment. 
Ass described above, when the homogenization temperature changes from 
higherr to lower and/or the cooling rate changes from high to low, different 
degreess of order in the transformed ranges and different mean particle sizes 
andd densities are obtained. Therefore, the samples homogenized at different 
temperaturess (1300°C and 1100°C) and quenched with different cooling 
ratess (QR1, QR2, and QR3) were chosen for further annealing treatment at 
loww temperatures. On the other hand, one has to consider that excessive 
growthh of the particles (ordered regions) is not favorable for hard-magnetic 
properties.. An annealing temperature of 580 °C 
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andd different annealing times were chosen, in order to make contact with 
Watanabe'ss work.11 

Inn addition to XRD and TEM, the temperature dependence of ac 
susceptibilityy is most helpful for qualitatively describing the phase 
transformationn and the resulting microstructure by comparing c/a, Tc and 
thee mean particle size. These data are indispensable for explaining the 
changee in magnetic properties. First, we will discuss results obtained with 
sampless obtained with quenching rate 1. By comparing the XRD patterns 
andd the Curie temperatures in Fig. 6.11 (homogenization at 1100°C) with 
thosee in Fig. 6.12 (homogenization at 1300 °C) it can be seen that the cubic 
phasee with low degree of order hardly remains in the former sample, when 
thee annealing time increases up to 50 hours. Furthermore, the c/a of the fct 
phasee can reach 0.966, since the degree of order of the as-quenched sample 
afterr homogenization at 1100 °C is higher than that at 1300 °C, despite the 
factt that the main phase of both is the disordered fee Al phase. On the 
otherr hand, from Figs. 6.13 and 6.14, it can be seen that the growth rate of 
thee size of the atomically ordered regions is high during the first 50 hours 
forr both cases, and that the growth rate then approaches saturation. It 
indicatess that in the initial stage of the annealing the ordered regions grow 
andd invade the disordered matrix phase. On the other hand, the degree of 
orderr of the disordered region also gradually increases at the same time. 
Eventually,, the disordered phase disappears, and the ordered regions meet 
andd form antiphase boundaries.6 However, if the growth of the ordered 
regionss is to go on, a high enough temperature has to be reached to 
overcomee the energy barrier of the antiphase boundary so that the density 
off  antiphase boundaries is reduced. The fact that the growth of the ordered 
regionss saturates means that the temperature of 580 °C is not high enough 
too overcome the energy barriers of the antiphase boundaries for coarsening 
thee ordered regions. Besides, when the growth of the ordered regions has 
saturatedd after annealing for 400 hours, the mean size of the ordered 
regionss in the samples annealed at 1100°C (47 nm) is larger than in the 
sampless annealed at 1300 °C (33 nm). It means that quenching from higher 
temperaturee results in a higher nucleation rate leading to a large number of 
smallerr ordered regions. As regards the magnetic properties, the coercivity 
increasesincreases with increasing degree of order and with decreasing amount of 
thee disordered phase. When the degree of order approaches saturation, the 
coercivityy also stops to increase. The exchange coupling between the 
variouss regions with different degree of order results in the remanence 
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Figuree 6.11. XRD patterns (a) and temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 1 
(QR1)) after homogenization at 1100°C and annealing at 580 °C for different 
times. . 
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Figuree 6.12. XRD patterns (a) and temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt395Nbo.75 samples obtained with quenching rate 1 
(QR1)) after homogenization at 1300 °C and annealing at 580 °C for different 
times. . 
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Figuree 6.13. Effect of the annealing temperature on the magnetic properties of 
Fe59.75Pt39.5Nbo.755 bulk sample obtained with quenching rate 1(QR1) after 
homogenizationn at 1100 °C and subsequent annealing at 580 °C for different times. 

:: coercivity, : maximum energy product, : reduced remanence, : mean 
ordered-regionn size). 

enhancementt (mr > 0.5). When the degree of order in the ordered regions 
increases,, their magnetic anisotropy also increases. This gives rise to a 
reductionn of the exchange length. " Moreover, when the mean particle size 
becomess larger than twice of the exchange length (which is about twice the 
magnetic-domain-walll  width) the reduced remanence mr decreases as 
shownn in Figs. 6.13 and 6.14. Thus, the maximum energy product as 
functionn of the annealing time also has a maximum value. 

Whenn we perform the annealing experiments on samples that after 
homogenizationn at 1100°C and 1300 °C were quenched with rate 2, the 
phasee transformation, the microstructure and the magnetic properties are 
somewhatt different from those obtained with quenching rate 1. In the as-
quenchedd state of samples homogenized at 1100 °C, the main phase of the 
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Figuree 6.14. Effect of the annealing temperature on the magnetic properties of 
Fe59.75Pt39.5Nbo.755 bulk sample obtained with quenching rate 1 (QR1) after 
homogenizationn at 1300 °C and subsequent annealing at 580 °C for different times. 

:: coercivity, : maximum energy product, : reduced remanence, : mean 
ordered-regionn size). 

initiall  state is not the disordered fee phase but an ordered fee phase with 
loww degree of long-range order. Although cubic, this phase already has a 
certainn anisotropy, as demonstrated by the appearance of the Hopkinson 
peakss shown in Fig. 6.15(b). The Curie temperature Tc and/or the degree of 
orderr of the main phase rapidly and continuously increases in the first 50 
hourss of annealing. A comparison of the data of Figs. 6.13 and 6.16 shows 
thatt the growth of the ordered regions is faster in the samples quenched 
withh rate 2. The XRD data in Fig. 6.15(a) show that when the annealing 
timee is longer than about 50 hours, the fct (Ll 0) phase becomes the main 
phase.. For longer annealing times, the size of the ordered regions increases 
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Figuree 6.15. XRD patterns (a) and the temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 2 
(QR2)) after homogenization at 1100°C and subsequent annealing at 580 °C for 
differentt times. 
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Figuree 6.16. Effect of annealing temperature on the magnetic properties of 
Fe59.75Pt39.5Nbo.755 bulk sample obtained with quenching rate 2 (QR2) after 

homogenizationn at 1100°C and annealing at 580 °C for different times. : 

coercivity,, : maximum energy product, A: reduced remanence, : mean 
ordered-regionn size). 

onlyy slowly (Fig. 6.16). For an annealing time of 400 hours, the mean 
particlee size is about 44 nm. The process of magnetic hardening is similar 
too that described for the samples quenched from 1100 °C with rate 1. The 
effectt of annealing time on the phase transformation and the magnetic 
propertiess for the sample homogenized at 1300 °C is shown in Figs. 6.17 
andd 6.18. The broader Hopkinson peak for the as-quenched state means that 
thee distribution of the degree of order is also broader. In other words, some 
orderedd regions in the sample have a relatively low degree of order and 
somee have a relatively high degree of order. As seen in Fig. 6.17(a), if the 
annealingg time reaches 100 hours, a considerable amount of the cubic phase 
hass still remained, despite the fact that the fct (Ll 0) phase has 
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Figuree 6.17. XRD patterns (a) and temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 2 
(QR2)) after homogenization at 1300 °C and annealing at 580 °C for different 
times. . 
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Figuree 6.18. Effect of annealing temperature on the magnetic properties of 
Fe59.75Pt39.5Nbo.755 bulk sample obtained with quenching rate 2 (QR2) after 
homogenizationn at 1300 °C and annealing at 580 °C for different times. : 

coercivity,, : maximum energy product, : reduced remanence, : mean 
ordered-regionn size). 

becomee the main phase. A peak value of mr = 0.74 of the reduced 
remanencee is reached in this case. Figures 6.19(a) and (b) show the TEM 
diffractionn pattern of the latter sample along the [ 100] direction and dark-
fieldfield image using the (110) superstructure spot in the [100] direction. It can 
bee seen that the ordered regions ( 1 0 - 30 nm) are uniformly distributed. 
Thee nearest-neighbor ordered regions almost meet. Definitely, the clear 
remanencee enhancement should be attributed to exchange coupling within 
thee nanocomposite microstructure. But, the matrix phase is not a soft-
magneticc phase, as mentioned already above. This means that the 
remanencee enhancement is reached here by exchange coupling of two 
magneticallymagnetically hard phases. The sample does not possess the 
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featuree of "exchange spring magnet" as the two-phase nanocomposite Nd-
Fe-BB magnet, which consists of the soft-magnetic phases Fe3B or oc-Fe 
andd the hard-magnetic phase Nd2Fei4B. Figure 6.20 shows the reversibility 
off  this type of "two-phase" nanocomposite magnet as compared with Nd-
Fe-B.. The reversibility of the magnetization is determined by the 
recoverablee magnetization M rec(see insert in Fig. 6.20), which is the change 
inn magnetization between a given demagnetizing field Ht (turn field) and H 
== 0. A relevant quantity is the reversibility Mrec/M tot, where Mtot is the total 
changee in magnetization between zero field and H,. Before each 
measurementt of M rec and M tot, the sample was saturated in a field of 5 T. 
Thee measurements at each field Ht were taken after 60 s waiting time to 
avoidd effects of magnetic viscosity. In the present Fe-Pt-Nb two-phase 
system,, the weaker anisotropy of the phases leads to an irreversible 
magnetizationn reversal already at small turn fields Ht, much lower than the 
coercivityy (0.37 T) so that a lower reversibility is obtained. 

Figuree 6.19 TEM diffraction pattern along the [100] direction (a) and the dark-
fieldfield image (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 2 
(QR2)) after homogenization at 1300 °C and annealing at 580 °C for 100 hours, by 
usingg the (110) superstructure spot in the [100] direction. 
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Figuree 6.20. Reversibility of the magnetization of a typical two-phase 
nanocompositee permanent magnetic materials 5 bulk alloy, : 
Nd4Fe77.5Bi8.55 melt-spun ribbon). 

Whenn the annealing time reaches 400 hours, the coercivity increases 
upp to 0.44 T, and the reduced remanence decreases. These changes should 
bee mainly ascribed to a increase of the degree of order of all ordered 
regions,, which results in the reduction of the effect of "two-phase" 
nanocompositee exchange coupling and an increase of the magnetic 
anisotropyy in all ordered regions. 

Figuress 6.21-6.24 show the effect of annealing time on the phase 
transformationn and the magnetic properties of samples quenched with rate 3 
(QR3)) after homogenization at 1100 °C or 1300 °C. Since the lower cooling 
ratee provides a higher nucleation rate and hence more time for the ordering 
transformationn to proceed, the quenched samples have already transformed 
intoo the fct (Llo) phase. From the splitting of the (200)-(002) reflections 
andd the corresponding c/a ratio (which are marked in the XRD patterns in 
thee top part of Figs. 6.21 and 6.23), it can be judged that the quenched 
sampless as well as the annealed samples do not consist of the perfectly 
orderedd fct phase. Inspection of the data in the lower panels of Figs. 6.21 
andd 6.23 shows that annealing leads to only a comparatively modest change 
off  the mean ordered-region size, from 10 nm after quenching to 17 nm after 
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Figuree 6.21. XRD patterns (a) and temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 3 
(QR3)) after homogenization at 1300 °C and annealing at 580 °C for different 
times. . 
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Figuree 6.22. Effect of annealing temperature on the magnetic properties of 
Fe59.75Pt39.5Nbo.755 bulk sample obtained with quenching rate 3 (QR3) after 
homogenizationn at 1300 °C and annealing at 580 °C for different times. : 

coercivity,, : maximum energy product, A: reduced remanence, : mean 
ordered-regionn size). 

annealingg for 400 hours. This could indicate that the ordered regions have 
alreadyy met before the annealing. The effect of the annealing is then mainly 
thee elimination of lattice distortions and the increase of the magnetic 
anisotropyy due to further atomic ordering. The smaller size of the ordered 
regionss results in a higher remanence enhancement, mr > 0.7, and the 
increasedd anisotropy gives rise to a higher coercivity. For the sample 
homogenizedd at 1300 °C, the optimum hard-magnetic properties, |ioiHc = 
0.422 T, (ioMr = 0.96 T and (BH)max = 15.1 MGOe, are obtained after 
annealingg for 100 hours. A TEM observation was carried out on the sample 
withh the optimum hard-magnetic properties. Figures 6.25(a) and (b) show 
thee TEM diffraction in the [110] zone axis and the dark-field image using 
thee (001) superstructure spot in the [110] direction. It can be seen that most 
orderedd regions (about 10 -30 nm) have already met each other and have 
formedd antiphase boundaries, but twin bands like in the CoPt alloy system 
havee not been formed. 
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Figuree 6.23. XRD patterns (a) and temperature dependence of the ac-
susceptibilityy (b) of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 3 
(QR3)) after homogenization at 1100°C and annealing at 580 °C for different 
times. . 
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Figuree 6.24. Effect of annealing temperature on the magnetic properties of 
Fe59.75Pt39.5Nbo.755 bulk sample obtained with quenching rate 3 (QR3) after 
homogenizationn at 1100°C and annealing at 580 °C for different times. : 

coercivity,, : maximum energy product, : reduced remanence, : mean 
ordered-regionn size). 

6.44 Conclusions 

Thee ordering transformation and magnetic properties in 
Fe59.75Pt39.5Nbo.755 bulk alloy have been investigated in detail by using 
differentt homogenization temperatures, different quenching rates and 
differentt subsequent low annealing temperatures and different annealing 
timess to obtain samples with different microstructures and atomically 
orderedd states. 

Thee experimental results indicate that the disorder-order 
transformationn temperature is around 950 °C. Using a higher 
homogenizationn temperature (in the range of 1100 °C-1350 °C) and a lower 
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(a)) (b) 

Figuree 6.25. The TEM diffraction pattern along the [110] direction (a) and the 
dark-fieldd image of Fe59.75Pt39.5Nbo.75 samples obtained with quenching rate 3 
(QR3)) after homogenization at 1300 °C and annealing at 580 °C for 100 hours, by 
usingg the (001) superstructure spot in the [110] direction. 

coolingg rate, such as cooling in air, one can increase the nucleation rate of 
thee ordered phase, so that a uniform microstructure of the ordered regions 
withh dimensions of 10 - 20 nm can be obtained. A uniform nanoscale 
microstructuree with a wide distribution of the degree of order can be 
obtainedd by properly controlling the quenching rate and the annealing time. 
Inn this way, a high remanence ratio (mr = 0.74) can be obtained by profiting 
fromm the nanocomposite exchange coupling between nearest-neighbor 
orderedd regions with different magnetic anisotropy. In the present off-
stoichiometricc magnetic-alloy system, the magnetic fct phase is not very 
hard-magneticc like the Nd2Fei4B phase, and the magnetic fee phase is not 
trulyy magnetically soft due to the increase of the degree of order, so that the 
sampless do not possess the features of an exchange-spring magnet as the 
iron-richh Nd-Fe-B magnets, although the exchange coupling still results in 
aa strong remanence enhancement. So far, the expected two-phase 

http://Fe59.75Pt39.5Nbo.75


Reference e 103 3 

nanocompositee exchange-coupling system consisting of the completely 
disorderedd Al phase and the fully ordered Llo phase has not been obtained 
inn the present work. The optimum hard-magnetic properties, jioiHc = 0.42 T, 
fioo Mr = 0.96 T and (BH)max =15.1 MGOe, are obtained for the sample 
homogenizedd at 1300 °C, cooled in air and subsequently annealed at 580 °C 
forr 100 hours. 
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Summary y 
Inn this thesis, the effect of nanoscale exchange coupling has been 

experimentallyy investigated in iron-rich Nd-Fe-B quenched ribbon alloys, 
equiatomicc CoPt bulk alloys and iron-rich Fe-Pt-Nb bulk alloys. The basic 
featuress of nanoscale exchange coupling and the mechanism of magnetization 
reversall  in these alloy systems have been described by observation of 
structure,, nanostructure, phase compositions and measurements of magnetic 
properties. . 

Thee first two chapters of this thesis give a general introduction in the 
experimentall  progress and the basic theory of nanoscale exchange coupling. 

Chapterr 3 introduces the experimental methods used in this thesis. 
Thesee methods mainly include (i) melt-spinning, arc-melt casting and heat-
treatmentt used for the preparation of samples with nanostructure; (ii) x-ray 
diffractionn and transmission electron microscopy used for the observation of 
structure,, nanostructure, phase compositions; (iii ) ac susceptibility and 
SQUIDD measurements performed for determining the magnetic properties. 

Inn Chapter 4, two basic problems of two-phase nanocomposite 
exchangee coupling are investigated in typical two-phase (Nd2Fei4B/Fe3B) 
nanocompositee alloy ribbons of composition Nd4.0Fe77.5B18.5. One is the effect 
off  the grain size on the two-phase nanoscale exchange coupling. Another is 
thee effect of the magnetocrystalline anisotropy of the hard-magnetic phase on 
thee two-phase nanoscale exchange coupling by substitution of Sm for Nd in 
thee alloy system Nd4-xSmxFe 77.5B18.5 with x = 0.0, 0.1, 0.2, 0.3, 0.4 and 0.5. In 
orderr to provide a comprehensive understanding of the effect of two-phase 
nanocompositee exchange coupling, four kinds of experimental methods have 
beenn used to qualitatively describe the degree of exchange coupling: 
1.. In the curve of the DC susceptibility XDC as function of external 

field,, determined by the first derivative of the demagnetization 
curve,, the magnitude of the peak near zero field can be taken as 
indicativee of the degree of decoupling of the central region of the 
softt grains. 
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2.. The curve of the reversibility ratio (Mrev/M tot) versus turn field Ht 

moree completely reveals several features of a spring magnet, such as 
thee degree of the exchange coupling of the soft grains to the hard-
magneticc grains and the effect of anisotropy on exchange coupling. 

3.. The rectangularity of the demagnetization curve is also related to 
thee degree of exchange coupling in two-phase nanocomposite 
magnets.. For strongly exchange coupled two-phase magnets, the 
rectangularityy should be more pronounced. 

4.. The relative difference of the average nucleation field Hn and the 
coercivityy Hc, (ïïn - Hc)/ Hn, is a measure of the degree of exchange 
coupling.. For a fully exchange-coupled system, the difference 
shouldd be close to zero. 
Itt has been shown experimentally that most of the magnetic 

momentss of the soft phase Fe3B are coupled to the hard phase Nd2Fei4B, 
whenn the grain size is about 20 nm. When the grain size of the soft phase is 
larger,, some of the moments of the Fe3B phase become decoupled, leading 
too a lower reversibility of the magnetization in low demagnetizing fields. A 
higherr degree of exchange coupling can be achieved by substituting Sm for 
Nd.. This experimental finding is proof for the theoretical prediction of an 
extensionn of the range of the exchange coupling by the reduction of the 
anisotropyy of the hard Nd2Fei4B phase. For relatively low Sm substitution, 
alll  hard-magnetic properties are enhanced, not only the reduced remanence, 
butt also the coercivity. Therefore, it is possible to reach optimal magnetic 
propertiess in two-phase nanocomposite magnets by properly adjusting the 
anisotropyy of the hard phase. 

Inn Chapter 5, the effect of nanoscale exchange coupling has been 
investigatedd in the disorder-order transformation in the CoPt alloy system. 
Thee x-ray diffraction, transmission electron microscopy, ac susceptibility and 
magnetizationn results indicate that the ordering transformation can be divided 
intoo two stages when samples consisting of the disordered Al phase are 
annealedd at 675 °C for different times. The first stage is that of nucleation and 
growthh of the ordered fct phase when the annealing time is shorter than 60 
min.. In this stage, ordered regions with mean size smaller than 8 nm are 
uniformlyy distributed and the ordering transformation preferentially occurs 
alongg the {110}  planes of the disordered matrix phase. The c axes of the 
orderedd regions with fct structure are randomly oriented along the a, b and c 
axess of the cubic structure of the original disordered fee matrix and both 
phasess are completely coherent. The degree of order of the ordered regions 
continuouslyy increases, but the rate of increase is different for the different 
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orderedd regions. Meanwhile, the degree of order of the matrix phase also 
increasess at a low rate. There is a broader continuous distribution of the 
degreee of order at the initial stage of the ordering transformation. An ordered 
regionn with higher degree of order has a higher magnetocry stal line 
anisotropy,, and lower order corresponds to a lower magnetocrystalline 
anisotropy.. The effect of the nanocomposite exchange coupling between the 
regionss with different degree of order is very clear. A remanence ratio of 0.78 
iss obtained for an annealing time of 20 min. The second stage is that of the 
formationn of antiphase boundaries and twin bands when the annealing time is 
longerr than 60 min. The growth of ordered regions leads to a swallowing up 
off  the disordered regions and the ordered regions meet each other to form 
antiphasee boundaries. In the meantime, cross-intersected polytwin bands of 
severall  hundreds of nanometers length and a few nanometers width are 
formedd along the {111}  and {211}  planes to relax the strain. The mechanism 
off  magnetization reversal changes from coherent rotation to movement of 
magneticc domain walls. Since the width of the polytwin bands is still within 
thee length of the exchange coupling, strong remanence enhancement is 
maintained.. The mechanism of magnetization reversal is a mixture of 
movementt of domain walls and coherent rotation. As the annealing 
temperaturee and time increase, the ordered regions are coarsened, the density 
off  antiphase boundaries is reduced and the twin bands are broadened. This 
leadss to a reduction of the effect of nanoscale exchange coupling, so that the 
remanencee is reduced. The reduction of the density of antiphase boundaries as 
sourcess of the pinning of domain walls leads to a reduction of the coercivity. 

Finally,, in Chapter 6, the ordering transformation and magnetic 
propertiess of a Fe59.75Pt39.5Nbo.75 bulk alloy have been investigated in detail by 
usingg different homogenization temperatures, different quenching rates and 
thenn different low-temperature annealing and different annealing times to 
obtainn samples with different microstructure and different atomically ordered 
states. . 

Thee experimental results indicate that the disorder-order 
transformationn temperature is around 950 °C. Using a higher homogenization 
temperaturee (in the range of 1100 °C - 1350 °C) and a lower cooling rate, such 
ass cooling in air, one can increase the nucleation rate of the ordered phase, so 
thatt a fine microstructure of ordered regions with dimensions of 10 nm - 20 
nmm is obtained. A uniform nanoscale microstructure with a wide distribution 
inn the degree of order can be obtained by properly controlling the quenching 
ratee and the annealing time. In this way, a high remanence ratio 
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(mrr = 0.74) can be obtained by profiting from the nanocomposite exchange 
couplingg between nearest-neighbor ordered regions with different magnetic 
anisotropy.. In the present off-stoichiometric magnetic alloy system, the 
magneticc fct phase is not very hard like the Nd2Fei4B phase, and the magnetic 
feee phase is not truly magnetically soft due to the increase of the degree of 
order.. Therefore, the samples do not possess the features of an exchange 
springg magnet as the iron-rich Nd-Fe-B magnets, although the exchange 
couplingg still results in a strong remanence enhancement. So far, in the 
presentt work, the expected two-phase nanocomposite exchange-coupled 
systemm consisting of completely disordered Al phase and the fully ordered 
LII  o phase has not been obtained. The optimal hard-magnetic properties, (io iHc 

== 0.42 T. |io Mr = 0.96 T and (BH)max = 15.1 MGOe, are obtained for a 
samplee homogenized at 1300 °C, cooled in air and subsequently annealed at 
5800 °C for 100 hours. 



Samenvatting g 
Inn dit proefschrift is experimenteel onderzoek uitgevoerd aan de 

exchange-wisselwerkingg op nanometer afmetingen in snel afgekoelde 
ijzerrijkee Nd-Fe-B legeringen in lintvorm, in CoPt bulklegeringen en in 
ijzerrijkee Fe-Pt-Nb bulklegeringen. Het onderzoek is uitgevoerd via 
magnetischee metingen en bestudering van de structuur m.b.v. 
röntgendiffractiee en elektronenmicroscopie. 

Inn de eerste twee hoofdstukken wordt een inleiding in het 
onderwerpp van het proefschrift gegeven en wordt de bestaande theorie over 
exchange-wisselwerkingg op nanoschaal behandeld. 

Inn Hoofdstuk 3 worden de experimentele technieken besproken 
waarvann in dit proefschrift gebruik is gemaakt. 

Onderwerpp van Hoofdstuk 4 is de exchange-wisselwerking in 
nanocomposiet-materiaall  bestaande uit twee magnetische fasen, de hard-
magnetischee intermetallische verbinding Nd2Fei4B en het zacht-
magnetischee Fe3B. De totale samenstelling van de composiet is 
Nd4,oFe77,5Bi8,5.. Twee aspecten zijn bestudeerd. Een is het effect van de 
korrelgroottee op de exchange-wisselwerking. Er is sprake van optimale 
koppelingg tussen de twee magnetische fasen bij een korrelgrootte van 20 
nm.. Bij een grotere korrelgrootte van de zacht-magnetische fase raakt een 
gedeeltee van de magnetische momenten in deze fase ontkoppeld. Het 
anderee aspect is het effect van de magnetische anisotropic van de hard-
magnetischee fase op de exchange-wisselwerking. Dit is onderzocht door 
gedeeltelijkee vervanging van het Nd door Sm waardoor de anisotropic van 
dee hard-magnetische fase afneemt. Theoretisch verwacht men dat de dracht 
vann de exchange-wisselwerking hierdoor toeneemt. Inderdaad werd 
gevondenn dat reeds bij substitutie van een geringe hoeveelheid Sm 
verbeteringg van de hard-magnetische eigenschappen optreedt, zoals de 
gereduceerdee remanentie en de coerciviteit. 

Inn Hoofdstuk 5 wordt de exchange-wisselwerking op nanoschaal 
onderzochtt in de legering CoPt, die bij ongeveer 825 °C een 
structuurveranderingg ondergaat van een ongeordende vlakgecentreerde 
kubischee structuur bij hoge temperatuur naar een geordende 
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vlakgecentreerdee tetragonale structuur bij lage temperatuur. De kubische 
hoogtemperatuurr fase is magnetisch zacht, terwijl de tetragonale fase hard-
magnetischh is. Het bijzondere van dit systeem is dat beide fasen samen een 
coherentt metaalrooster vormen en dat de relatieve hoeveelheid van beide 
fasenn quasi-continu door variatie van de gloeibehandeling geregeld kan 
worden.. Er is gevonden dat deze transformatie in twee stadia verloopt als 
preparatenn met de ongeordende kubische hoogtemperatuur structuur 
wordenn gegloeid bij 675 °C. Bij kortere gloeitijden, onder de 60 minuten, is 
err sprake van nucleatie en groei van de geordende tetragonale fase. In dit 
stadiumm worden geordende gebiedjes gevormd met nanometerafmetingen. 
Mett toenemende gloeitijd neemt de ordeningsgraad van de gebiedjes toe 
maarr op verschillende wijze voor verschillende gebiedjes. Het effect van de 
exchangee wisselwerking tussen de gebiedjes is duidelijk waarneembaar in 
dee remanentie. In het tweede stadium, als de gloeitijd langer wordt dan 60 
minuten,, verdwijnen de ongeordende gebiedjes geleidelijk en ontmoeten de 
geordendee gebieden elkaar. Dit leidt tot de vorming van antifasegrenzen en 
tott de vorming van tweelingbanden. Niettemin blijf t de remanentie hoog. 
Pass bij verdere voortzetting van het gloeien, en ook bij gloeien bij hogere 
temperatuur,, vermindert het effect van de exchange-wisselwerking op 
nanoschaall  omdat de dichtheid van antifasegrenzen afneemt en de 
tweelingbandenn breder worden. 

Inn de Fe-Pt legeringen vindt een soortgelijke structuurverandering 
plaatss als in CoPt. In Hoofdstuk 6 wordt deze structuurverandering en de 
daarmeee gepaard gaande magnetische eigenschappen onderzocht aan de 
legeringg Fe59,75Pt39,sNbo,75. De experimentele resultaten wijzen uit dat de 
transformatietemperatuurr ongeveer 950 °C is. Door bij hoge temperatuur (in 
hett temperatuurgebied van 1100 -1350 °C) te gloeien kan in deze legeringen 
eenn uniforme structuur van geordende gebiedjes met afinetingen van 10 tot 20 
nmm worden gerealiseerd. Door geschikt kiezen van de gloeitijd en de 
afschriktijdd kan een hoge remanentie worden bereikt door te profiteren van de 
exchange-wisselwerkingg tussen aangrenzende gebiedjes met verschillende 
magnetischee anisotropic 



Listt  of publications in connection with 
thiss thesis work 

 Effect of exchange coupling in nanocrystalline CoPt bulk magnets, 
Q.F.. Xiao, E. Briick, Z.D. Zhang, F.R. de Boer, and K.H.J. Buschow, 
J.. Appl. Phys. 91(10) (2002) 8819. 

 Remanence enhancement in nanocrystalline CoPt bulk magnets, 
Q.F.. Xiao, E. Briick, Z.D. Zhang, F.R. de Boer, and K.H.J. Buschow, 
J.. Alloys Compds.336 (2002) 41. 

 Effect of phase transformation on remanence enhancement in bulk Fe-Pt 
magnets, , 
Q.F.. Xiao, P.D. Thang, E. Briick, F.R. de Boer, and K.H.J.Buschow, 
Appl.. Phys. Lett. 78 (2001) 3672. 

 Remanence enhancement and coercivity in two-phase CoPt bulk magnets, 
Q.F.. Xiao, E. Briick, Z.D. Zhang, F.R. de Boer, and K.H.J. Buschow, 
J.. Appl. Phys. 91 (2001) 304. 

 Influence of phase transformation on the permanent-magnetic properties 
off  Fe-Pt based alloys, 
E.. Briick, Q.F. Xiao, P.D. Thang, M.J. Toonen, F.R. de Boer, K.H.J. 
Buschow, , 
PhysicaBB 300 (2001) 215. 

 Effect of grain size and magnetocrystalline anisotropy on exchange 
couplingg in nanocomposite two-phase Nd-Fe-B magnets, 
Q.F.. Xiao, T. Zhao, Z.D. Zhang, E. Briick, F.R. de Boer, and K.H.J. Buschow, 
J.. Magn. Magn. Mater. 223 (2001) 215. 

 Effect of magnetocrystalline anisotropy on the magnetic properties of Fe-
richh R-Fe-B nanocomposite magnets, 
T.. Zhao, Q.F. Xiao, Z.D. Zhang, M. Dahlgren, R. Grössinger, K.H.J. Buschow, 
F.R.. de Boer, 
Appl.. Phys. Lett. 75 (1999) 2298. 

 Phase transformation and magnetic properties in Fe59.75Pt39.5Nbo.75 bulk 
alloy, , 
Q.F.. Xiao, E. Briick, D.Y. Geng, Z.D. Zhang, F.R. de Boer, and K.H.J. 
Buschow, , 
(too be published). 

 Phase transformation and magnetic properties in CoPt bulk alloy, 
Q.F.. Xiao, E. Briick, Z.D. Zhang, F.R. de Boer, and K.H.J. Buschow, 
(too be published). 

I l l l 

http://Fe59.75Pt39.5Nbo.75




Acknowledgements s 

II  am sincerely grateful to my promoteres Prof. Dr. Frank de Boer and 
Prof.. Dr. Jürgen Buschow for their guidance of my research work and of the 
thesis.. A very special thanks to Frank, who has created the chance for me to 
realizee my dream. I don't believe there are enough appropriate words to 
adequatelyy thank them for the great support they have given to me. I am 
impressedd by their scholarly performance, their modesty and prudence, their 
kindnesss and generosity. I have learnt a lot from them. I will forever be proud 
forr having worked under their guidance. I am also very grateful to my co-
promotorr Dr. Ekkes Briick for his continuous support of my work. His 
guidancee of the experiments and the discussions with him about experimental 
resultss have been the guarantee of completing my experimental work and my 
thesis.. His enormous enthusiasm and dedication are heartwarming. 

II  would like to thank Prof. Dr. Zhang Zhi-dong for his constant 
encouragementt and support during my Ph.D. research. Especially, I sincerely 
appreciatee that he has arranged for me to attend the exchange program 
betweenn China and The Netherlands. 

Manyy thanks to Dr. Zhao Tong and Drs. Pham Due Thang for the 
veryy nice co-operation. It has always been a pleasure time to do experiments 
andd discuss work together with them. I also like to thank Dr. Kou Xuanchao 
forr his many helpful suggestions. I have profited a lot of his help. Thanks to 
Dr.. M. Dahlgren for providing the program of calculating grain size. Special 
thankss are given to Prof. Bian Weimin and Prof. Song Dan for their help in 
thee TEM observations. Thanks also to Prof. Geng Dianyu for his help in part 
off  the ac-susceptibility measurements. 

II  am much indebted to all members of the Van der Waals-Zeeman 
Institute.. Many thanks to Ton Riemersma and Hugo Schlatter for their 
enthusiasticc and patient help in the sample preparation and in scanning all 
TEMM photos of this thesis. Many thanks to Bert Zwart and Eddy Inoeng for 
theirr enthusiastic help in sealing more than two hundred samples in quartz 
ampoules.. Many thanks to Bert Moleman and Willem Moolhuyzen for their 

113 3 



1144 Acknowledgements 

helpp in the XRD experiments which constitute an important part of this thesis. 
Manyy thanks also to Dr. Jacques Klaasse, Dr. Harry Duijn, Dr. Yuri Janssen, 
Dr.. N.P. Duong, Drs. Joost Peters and Drs. Inge Sutjahja for their kind help in 
magneticc measurements and for useful discussions. Thanks to Derk Bouhuijs 
andd Marc Brugman for their computer and network support. My special 
thankss to all menbers of the administration and financial department, 
especiallyy to Mariet Bos, Philo Menovsky, Roos Visser, Rita Vinig and Dick 
Jensen.. Thanks also to all members of the mechanical and electronic 
workshopss for their help at many occasions. Also, I deeply appreciate the 
helpfulnesss of the members of the international co-operation office. Thanks to 
Peterr de Goeje and Arend van Leeuwen for their help in the house hunting. 

II  would like to express my sincere thanks to all Chinese colleagues 
andd friends in Amsterdam: Dr. Tang Ning, Dr. Zeng Dechang, Dr. Zhang 
Cheng,, Dr. Hu Shejun, Prof. Wei Xingzhao, Prof. Wang Yongzhong, Prof. 
Tegus,, Dr. Zhang Lei, Prof. Liang Shizhu, Prof. Liang Yaoneng, Prof. Yang 
Fuming,, Dr. Yang Zhongquan, Dr. Zhang Shaoying, Mr. Hu Ming, Mr. Ma 
Long,, Dr. Gu Zhengfei, Dr. Yu Minghui, Dr. Huang Yingkai, Prof. Dagula, 
Drs.. Zhang Lian, Prof. Nasun, Dr. Xing Yutao and Prof. Li Xingwen. It 
alwayss was a nice time in my work and life together with you in Amsterdam. 

Lastly,, I want to sincerely thank my mother, my parents in law, my 
sister,, my wife, my son and all my relatives for their understanding, care and 
supportt of my study in the past years. 















**v v 
>fc> > 

V V 

ie e 

/ / ü ü 
/ / 


	Cover
	Titlepage
	Contents
	Chapter 1 Introduction
	Chapter 2 Theory of nanometer exchange coupling
	Chapter 3 Experimental methods
	Chapter 4 Effect of exchange coupling in nanocomposite two-phase Nd-Fe-B magnets
	Chapter 5 Effect of nanoscale exchange coupling in CoPt bulk magnets
	Chapter 6 Ordering transformation and magnetic properties of Fe59.75Pt39.5Nb0.75 bulk alloy
	Summary
	Samenvatting
	List of publications in connection with this thesis work
	Acknowledgements
	Cover

