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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: 
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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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