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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 
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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 
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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. 
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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. 

-0.55 -0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5 

HbHCO O 

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 
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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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