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The discovery of new high-tech magnetic materials sometimes takes place accidentially 
or by empirical study of a series of alloys and by the interdisciplinary directed collabora­
tion of solid state physicists, chemists and material science engineers. Recent examples 
for such materials are i) high-coercivity materials based on rare earth-transition metal­
metalloid intermetallic compounds with energy products up to 0.4 MJ/m3 , ii) nanocrys­
talline high-permeability materials with permeabilities up to 105 - 106 , iii) giant magne­
tostrictive alloys of rare earth and transition metals with magnetostrictions up to 
1500 X 10-6. The recent trends in the development of magnetic materials indicate the 
importance of nanocrystallinity which allows a wide variation of the characteristic 
properties of the hysteresis loop combined with a more effective use of the intrinsic 
material parameters. 

1. INTRODUCTION 

The application of magnetic materials 
at the beginning of this century was 
mainly based on carbon steel and the 
natural iron oxides as magnetite, Fe3 0 4 . 

As a consequence of the materials quan­
tum theoretical interpretation of spin 
order by Heisenberg, Bloch and N eel 
combined with the development of the 
theory of micromagnetism a more system­
atic tailoring of magnetic materials has 
become possible. In particular, the search 
for high-coercivity, high-permeability, 
high-remanence, giant magnetostrictive 
and resistive materials, combined with 
suitable electrical and mechanical proper­
ties, has influenced the field of magnetic 
materials substantially during the last 
four decades. Several aspects have to be 
considered as the origin of this success: 

1. The interdisciplinary collaboration 
between (fig. 1) i) constitution of 
alloys, ii) microstructure characteriza­
tion, and iii) the physics of magnetic 
property <=> microstructure relations. 

2. The development of rare earth metal­
transition metal alloys or intermetallic 
compounds. 

3. New preparation techniques as liquid 
phase sintering, melt-spinning, me­
chanical alloying, multilayer sputter­
ing and molecular beam epitaxy. 

Figure 1. Schematic representation of 
interdisciplinary collaboration for the 
development of magnetic materials. 
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Combinations of these different fields 
have led to a tailoring of magnetic alloys 
according to the purpose they are required 
for. 

Transition metals as Fe or Ni in 
general are the basis for soft magnetic 
materials whereas alloys of transition and 
rare earth metals are used for high 
coercivity materials. Special alloys may 
be prepared for high density storage or 
highly magnetostrictive materials. 

2. CHARACTERISTIC PROPERTIES 
OF THE HYSTERESIS LOOP 

The fundamental property of magnetic 
materials is their hysteresis loop and their 
initial magnetization curve. The hystere­
sis loop may be characterized by the 
remanence, M R• the coercive field, He, 
and its rectangularity. The initial mag­
netization curve, starting from the fully 
demagnetized state, in general follow the 
so-called Rayleigh-law 

M(H) = Xo H + aR H2 (1) 

which is valid for H < He. Xo denote the 
initial susceptibility and aR the Rayleigh 
constant. These characteristic properties, 
MR, He, z0 , aR are determined by the 
intrinsic properties of the magnetic mate­
rial as spontaneous magnetization, M5 , 

anisotropy constants, K 1 , K 2 , ... , magne­
tostriction constants, A-;-, but also by 
extrinsic properties as th~ microstructure 
and the domain pattern. The combination 
of intrinsic as well as extrinsic properties 
according to fig. 2 determines the mag­
netization processes and the characteristic 
properties of the hysteresis loop. 

In all magnetic materials in general a 
high-remanence is desirable. This holds 
for electrotechnical applications, for mag­
netic recording and the sensor technique. 
In general three groups of elements of the 
periodic table are important: 

1. The magnetic transition metals (TM) 
Fe, Co, Ni, where Fe and Co in 
general guarantee large M s and high 
Curie temperature. 

2. The rare earth metals (RE) are respon­
sible for high magnetocrystalline ani­
sotropies. Especially the light RE 
metals, but also Dy are of importance. 

3. Metalloid elements as B, N or C in 
amorphous as well as in high-coer­
civity materials play an important role 
for improving the intrinsic magnetic 
and structural properties. 

According to these three groups of ele­
ments magnetic materials in general are of 
binary, ternary, quarternary or even 
higher constitution. 

Microstructure 

Magnetization 
Processes 

Domain 
Pattern 

Figure 2. Correlation between magnetic 
properties, microstructure, domain pat­
terns and magnetization processes. 

3. HIGH-COERCIVITY MATERIALS 

3.1 Present state of materials develop­
ment 

The coercive field, He, is one of the 
most exciting properties of ferromagentic 
materials because its experimental value 
may vary from several mOe up to 
50.000 Oe. This large variation of He is 



predominantly due to the anisotropy con­
stant, K1 , which varies from 101 (I 1m3 ) in 
the case of soft magnetic materials, to 
several 107 (Jim3 ) in the case of magneti­
cally hard materials. The general trend of 
He with the anisotropy constant K1 is 
shown in fig. 3 for different groups of 
materials. It turns out that He is well 
described by a general relation [ 1, 2 ] 
(JJo = vacuum permeability): 

(2) 

Here the first and second term represent 
modified magnetocrystalline and dipolar 
magnetic fields, where the parameters a 
and Neff take care of the deteriorating 
effects of the microstructure. Eq. (2) has 
been shown to apply for materials being 
governed by nucleation as well as domain 
wall (dw) pinning mechanisms, and also 
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Figure 3. coercive field of prominent 
magnetic materials as a function of the 
anisotropy constant K1 and comparison 
with JJoH/hcor = 2 K1 I M 8 . 
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the coercive fiels of recording media seem 
to follow eq. (2) [3]. The maximum coer­
cive fiels of pms based on intermetallic 
compounds of RE and TM metals are for 
Co5Sm 40 Tesla, for Co 17Sm2 9 T, 
Fe 14Nd2B 6 T, Sm2Fe17 N3 16 T. Fig. 4 
gives a comparison of the experimentally 
realized coercive fields, He exp, with the 
theoretically expected coercive field 
2 K1 I Ms for a series of the most promi­
nent magnets. It is obvious that there 
exists a large discrepancy of a factor of 
four between the actual and the theoreti­
cal coercive fields. Accordingly the prog­
ress in high coercivity materials so far is 
exclusively due to the discovery of new 
materials with larger anisotropy constants 
as demonstrated by fig. 4. Hence, the 
materials available presently fulfil all in­
trinsic conditions for high-quality pms, 
however, the destructive role of the mi­
crostructure leads to a limitation of its 
applicability. 

1.0 .....-----....---...-.....--------.---~, 

+---+ laboratory magnets I 
.- techmcal magnets 

Disaepancy to theory 

1960 1970 1980 
year 

1990 

Figure 4. The ratio H cxp I H thcor of e e 
prominent pms developed during the last 
four decades (-•-•- lab. magnets; 
-•-•- technical magnets). 
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3.2 Optimization of microstructures 
According to the knowledge accumulat­

ed during the last two decades it has 
become evident that a principal improve­
ment of pms has to start from the creation 
of an ideal microstructure. Largest coer­
cive fields are obtained for a ~ 1 and 
Neff ~ 0. In the case of sintered, rapidly 
quenched and mechanically alloyed mag­
nets these conditions can only be fulfilled 
by i) a perfect magnetic decoupling of the 
individual grains by a nonmagnetic inter­
granular phase, ii) an ideal alignment of 
the easy axes, and iii) magnetically per­
fect grains surfaces. In order to realize 
all three conditions for grains of average 
diameters 5 - 20 flm many different pro­
duction steps have to be taken into 
account: 

1. Choice of a suitable composition of the 
master alloy in order to avoid precipi­
tation of large nonmagnetic or soft 
magnetic grains. 

2. Choice of suitable additives for en­
hancing the viscosity of the intergranu­
lar nonmagnetic phase, thus guarantee­
ing an ideal magnetic decoupling be­
tween grains. 

3. Choice of additives forming small 
grains of borides within the intergran­
ular phase which act as inhibitors of 
grain growth during the sintering 
process. 

These three aspects require a detailed 
knowledge of the phase diagram of the 
ternary or quarternary alloy. As an exam­
ple we may consider the FeNdB-system. 
Here an overstoichiometric N d-content 
(Ndl8.sFe7.sB6.s) guarantees the forma­
tion of a two-phase magnet consisting of 
the hard magnetic phase Nd2Fe 14B and a 
nonmagnetic N d-rich inter granular N dF e­
alloy. 

The viscosity of the Nd-rich alloy may 
be increased either by Ga [ 4] or AI [5]. 
Ga has been proven to be more suitable 
than AI because it does not dissolve 

within the Nd2Fe 14B-phase up to 1.4 % 
Ga, i.e. it does not reduce the spontane­
ous magnetization by substituting Fe [6]. 
As inhibitors of grain growth during the 
sintering process Nb, Mo and V have 
been found to be rather effective by form­
ing high-melting borides as, e.g. NbNdB. 

3.3 Temperature dependence of He 
Magnets with the above described ad­

ditives have been produced by sintering, 
rapid quenching and mechanical alloying. 
Coercive fields of 1.6 T - 2.5 T could be 
realized. In the temperature range from 
450 K down to 180 K the temperature 
dependence of He follows eq. (2) 
(fig. Sa-c). For the analysis a has been 
factorized according to a = aK a'l/ (see 
sect. 3.4) with a'l/- 0.5. At lower tem­
peratures the easy directions ly on a cone 
around the c-axis and eq. (2) has to be 
modified. 
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Figure 5. Analysis of the temperature 
dependence of He for different pms using 
plots He I M5 vs. (2 K1 I Mi) all'. 

a) Sintered Nd 18Fe74B6Ga1Nb 1 b) Rapidly 
quenched Nd 18Fe74B6Ga1Nb 1. c) Mechan­
ically alloyed 

N d1s .sFe6sCo 1 oDY2.5B6 .2sGao. 75 · 

In the case of the recently developed 
nitrided pms of Sm2Fe 17N 3_x such a spin 
rotation does not take place and eq. (2) is 
found to be valid between 150 K and 
480 K (fig. 6). Deviations from eq. (2) at 
lower temperatures may be due to the not 
well known temperature dependence of 
the anisotropy constants [7]. 
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Figure 6. Analysis of the temperature 
dependence of He of Sm2Fe 17B3-x . 
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In all cases analysed so far the parame­
ters a and Neff of eq. (2) are of the .order 
of 0.4-0.5 and 0.8-3, respecttvely. 
Both effects lead to a reduction of He by 
approximately a factor of four. 

3.4 Micromagnetic interpretation of mi­
crostructural parameters 

The unique values found for a and Neff 

in quite different types of pms point to 
the fact that there exist principle limits 
keeping a small and Neff relatively large. 
For an analysis of a this parameter is 
factorized according to [2, 8] 

(3) 

where aK dexcribes the effect of reduced 
anisotropies at the grain surfaces and a VF 

takes care of the misalignment of the 
grains's easy axes with respect to the pre­
ferred alignment direction of the grains. 
The value to be taken for the analysis of 
the temperature dependence of HJT), 
depends exclusively on the microstructure 
of the material. If the grains are magneti­
cally decoupled the volume average 
<a > is appropriate. If the grains are 

1/F 
strongly coupled by short range exchange 
interactions and/or dipolar long range in­
teractions the minimum value of all' has 
to be considered which approximately is 
given by ai/Fmin = 0.5 (1 + K21K1). In 
sintered and rapidly quenched magnets of 
Nd2Fe14B-type magnets ai/Fmin has been 
found to be valid whereas in the case of 
mechanically alloyed and nitrided magnets 
of type Sm2Fe17B3_x the volume average 
<a > seems to be appropriate. 

1/F • • 
The large effective demagnetization 

factors which oftenly exceed the value of 
Neff = 1 are due to strong demagnetiza­
tion fields at sharp edges and corners of 
the grains. Especially in the case of 
sintered and mechanically alloyed pms 
large values of Neff are found because 
these production lines favour the forma­
tion of polyhedral grains. In the case of 
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rapidly quenched materials on the other 
hand small values of N(ff but also of aK 

are found because of the more spherical 
grains and more imperfect grain surfaces. 
This is demonstrated in fig. 7 where the 
values of aK and Neff are presented for all 
types of pms. 
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Figure 7. Microstructural parameters aK 

and Neff for sintered, rapidly quenched, 
hot pressed (MQ Ill) and mechanically 
alloyed magnets. The trends for increas­
ing exchange couplings and dipolar inter­
action of the grains are indicated. 

It seems to be a general trend that in 
sintered pms aK approaches the value 1 
thus indicating that the grain surfaces are 
rather perfect. Unfortunately, the gain in 
He by the large a K values is lost because 
N(ff increases and compensates the aK­

effect [9]. As mentioned above, the 
increase of Neff in sintered pms is due to 
the formation of polyhedral grains with 
sharp edges and corners. Another effect 
which is responsible for the low value 
ofall' = 0.5 is the coupling between 
neighbouring grains by exchange and 
dipolar interactions which will be 
considered in the following section. 

3.5 Magnetization processes in mesosco­
pic and nanocrystalline ensembles 
of grains 

According to the analysis of the coer­
cive field misaligned grains are suggested 

to be the most effective source in reduc­
ing the coercive field. This even seems to 
be valid for well aligned sintered pms. A 
micromagnetic prove of this suggestion 
has been given just recently on the basis 
of a finite element calculation [ 1 0]. Here 
two cases have been considered: Ensem­
bles of grains with one grain misaligned 
by 20° where the grains are either cou­
pled by exchange and/or dipolar interac­
tions. In both cases the reversion of 
magnetization under the influence of a 
magnetic field starts from the misaligned 
grain. The critical field for reversion of 
M s and the procedure of demagnetization 
is found to depend on the grain size and 
the type of coupling. 

1. In the case of exchange coupling the 
entire specimen becomes demagnetized at 
the reversal of the misaligned grain due 
to the exchange coupling through the 
grain boundaries. The spin configuration 
for zero field around a grain boundary is 
shown in fig. 8. 
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Figure 8. Inhomogeneous magnetic state 
around a grain boundary due to exchange 
and dipolar interactions. 



Within a region of 4 nm the magnetiza­
tion approaches the easy axis directions. 
Therefore, in the case of a misaligned 
grain with diameter less than 4 nm its 
deteriorating effect is eliminated by the 
exchange coupling with the neighbouring 
grains. In addition, this leads to an 
enhanced remanence because the well 
aligned grains now dominate the mis­
aligned grain by exchange coupling. This 
effect opens the possibility to develop 
high remanence materials as will be dis­
cussed in the following section [11, 12]. 

2. Grains which are coupled only by mag­
netostatic interactions show a cascade 

a, 

b, 

Figure 9. Spin arrangement in an ensem­
ble of grains coupled by dipolar interac­
tions only and containing one misaligned 
grain (grain diameter 400 nm). a) under­
critical state, f.JoHexr = 3.89 T, b) demag­
netization channel for f.Jo Hexr = 3. 90 T. 
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type demagnetization channel within the 
grains. Since the range of the demagneti­
zation fields depends on the particle size, 
large misaligned grains give rise to smal­
ler coercive fields than small grains. This 
is demonstrated by fig. 9 and fig. 10 
where the demagnetization process is pre­
sented for average particle sizes of 40 nm 
and 400 nm. It is evident that in the case 
of the 400 nm grains the demagnetization 
process proceeds at much smaller fields 
than in the case of small grains. As an ex­
ample we may compare fig. 9 and fig. 10 
[ 13]. 

a, 

b, 

Figure 10. Spin arrangement in an ensem­
ble as in fig. 9 of grains coupled by 
dipolar interactions only (grain diameter 
40 nm). a) undercritical state, f.Jo Hexr = 
4.16 T, b) localized reversion of the mis­
aligned grain. 
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In the case of the large grains at a 
field of f.Jo Hexc = 3.9 T four grains 
around the misaligned grain are reversed 
whereas in the case of the small grains 
only the misaligned grain has reversed its 
magnetization. As a consequence of the 
long-range dipolar interactions not only 
the mode of the demagnetization process 
is influenced but also the absolute value 
of He is considerably reduced. In the case 
of Nd2Fe 14B considered here the reduc­
tion is from 6.8 T to 4.2 T, i.e. a reduc­
tion by 40 %. According to these results 
of a finite element computation the ex­
perimental ex-values of the order of 0.4 
have a natural explanation on the basis of 
the role of the microstructure. For the 
production of sintered magnets the fol­
lowing rules can be derived: 

1. The grain size in the range above 
40 nm has only a minor influence on 
the coercive field. 

2. Magnetic decoupling of the grains by 
means of additives of Ga, AI, sup­
presses cascade type demagnetization 
processes. 

3. In sintered pms the grain surfaces are 
rather perfect due to suitable annealing 
treatments. 

4. Misaligned grains are the most deterio­
rating source for the coercivity. 

3.6 High-remanence exchange-hardened 
nanocrystalline composite pms 

Large energy products, (BHJmax = (1 /4) · 
J.io M R2 , in ideal pms are achieved by 
large remanences, MR. In a number of 
papers [ 12] it has been proposed to pro­
duce high remanences by two-phase mag­
nets where one of the phases is cx-Fe or 
Co. These soft magnetic phases may be 
transformed to become magnetically hard­
ened by means of exchange coupling be­
tween the grains. This mechanism be­
comes effective if the grains have average 
diameters smaller than twice the wall 

width of the hard magnetic phase. In the 
case of Nd2Fe14B or Sm2Fe 17N3 _x this re­
quires grain sizes below 8 nm. The micro­
structural and micromagnetic conditions 
required to produce a high remanence -
high coercivity composite material have 
been investigated by means of micro­
magnetism and the numerical finite ele­
ment technique. Two problems have been 
studied in detail: 

1. The effect of grain size. 2. The role 
of the amount of the soft magnetic phase. 

a. 

Figure 11. Distribution of spontaneous 
magnetization in a two-phase magnet in 
the remanent state for a) D = 10 nm and 
b) D = 20 nm. Soft magnetic phase, cx­
Fe, white and hard magnetic phase, 
Nd2Fe 14B, shaded. 

The investigations were performed for 
the two-phase system Nd2Fe14B-cx-Fe. 



These results obtained also should be 
valid for the two phase system 
Sm2Fe17B3-x-a.-Fe. The material parame­
ters used for Nd2Fe14B are K 1 = 4.3·106 
J/m3 , K 2 = 0.65·106 J/m 3 , A = 7.7·10-12 
J/m, J 5 = Jlo M 5 = 1.61 T and for a.-Fe 
K1 = 4.67·104 J/m3 , K2 = 2.5·104 J/ml, 
A= 2.5·10- 11 J/m, J5 = 2.15 T. 

Fig. 11 gives an impression of the dis­
tribution of magnetization in a two-phase 
isotropic magnet (soft magnetic phase 
75 %, a.-Fe, white grains) with grain 
sizes of 10 and 20 nm in the remanent 
state for Hex, = 0. The distribution of 
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magnetization is dominated by the easy 
directions of the hard magentic grains 
(shaded grains). The effect of the ex­
change coupling on the soft magnetic 
grains is more pronounced for the 10 nm 
grains than for the 20 nm grains 
(fig. 11). This means that in a textured 
material an enhancement of the remanence 
takes place. This is demonstrated by the 
hysteresis loops shown for the first and 
second quadrants in fig. 12 for the two 
grain sizes 10 and 20 nm and an increas­
ing amount of the soft magnetic phase. 
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Figure 12. Demagnetization curves of isotropic two-phase pms for different amounts of 
a.-Fe in Nd2Fe 14B. The insets show the grain structure and the arrows indicate the easy 
axes. White and shaded regions denote soft and hard magnetic phases. The demagnetiza­
tion curves refer to particles of 10 nm (-)and 20 nm (--). 
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The following conclusions can be drawn 
from these model computation: 

1. The remanence increases continuously 
with increasing a-Fe content (fig. 13). 

2. The coercive field decreases only mod­
erately with increasing a-Fe content in 
the case of the 10 nm grains (fig. 13). 

3. The energy product (BH)max increases 
continuously with increasing a-Fe con­
tent in the case of the 10 nm grains 
(fig. 14). 

From the~e results it is obvious that the 
exchange coupling has the largest benefit­
ing effect in the case of the 10 nm grains. 
From a technical point of view a composi­
tion with 40 % a-Fe seems to give an 
optimal magnet with a remanence of 
1.50 Tesla, a coercivity of 1.25 T, and an 
energy product of 0.45 MJ/m3 • These 
values may even be improved by introduc­
ing a texture by a hot pressing treatment 
of the nanocrystalline isotropic material. 
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Figure 14. Maximum energy product 
(BHJmax of two-phase pms as a function 
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4. NANOCRYSTALLINE SOFT MAG­
NETIC MATERIALS 

4.1 Comparison of amorphous and na­
nocrystalline materials 

Promising materials for future soft 
magnetic material are the recently devel­
oped nanocrystalline iron based alloys 
[14,15]. These materials are produced by 
crystallization of initially amorphous al­
loys. By addition of copper and niobium 
the basic alloy Fe-Si-B obtains a high nu­
cleation rate and a reduction of the grain 
growth rate. Well defined grain sizes can 
be produced by choosing appropriate an­
nealing temperatures and annealing times 
for the melt-spun amorphous ribbons. As 
is well known amorphous ferromagnetic 
alloys are high-permeability materials 
because of their vanishing magnetic ani­
sotropy and because the magnetoelastic 
interaction may he eliminated by produc­
ing nonmagnetostrictive alloys. In spite 
of these excellent conditions amorphous 
alloys at higher temperatures show irre­
versible structural and magnetic relaxa-



tions. In order to avoid these effects it 
has been proposed to use nanocrystalline 
materials which have the advantage to be 
more stable and also to possess a small 
electrical conductivity, i.e. small eddy 
current losses [14, 15]. 

The results obtained for a nanocrystal­
line ferromagnet of nominal composition 
Fe73.sCu 1Nb3Si13 .5B9 [16] are shown in 
fig. 15. Characteristic properties of the 
initial magnetization curve, z0, He, aR, 
and the grain size, D, are shown as a 
function of the annealing temperature. 
The average grain size varies from 11 to 
160 nm in the temperature range between 
753 K and 1073 K. As a very surprising 
result of this annealing treatment it turns 
out the maximum values of zo and the 
minimum values of He are obtained for 
the nanocrystalline state at an annealing 
temperature of - 540°C and a grain size 
of - 13 nm. In a very narrow temperature 
range from 590 - 620 K zo decreases dras­
tically by more than two orders of magni­
tude whereas He increases by three orders 
of magnitude. The Rayleigh constant, aR, 
decreases by more than six orders of mag­
nitude thus indicating a drastic change of 
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the type of magnetization processes. As 
compared to the as-quenched amorphous 
material the nanocrystalline material has 
improved zo and He by more than a factor 
of ten. 

4.2 Analysis of magnetization processes 
The drastic changes of Zo and He indi­

cate also a change of the type of magneti­
zation processes within the nanocrystal­
line material. A detailed analysis shows 
that three types of magnetization proc­
esses have to be considered: 

1. Domain wall displacements below 
T

4 
= 850 K (D < 15 nm). 

2. Rotational processes for 850 K < T0 

< 940 K (15 nm < D < 30 nm). 

3. Domain wall bowing for T4 > 940 K 
(D > 30 nm). 

This interpretation is based on the so­
called random anisotropy effect which be­
comes effective if the grain sizes D are 
smaller than the exchange length 
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Figure 15. Coercive field, He, intitial susceptibility, z0 , Rayleigh constant, aR, and 
grain diameter D of Fe73 .5cu1Nb3 Si 13 .5B9 as a function of the annealing temperature TA. 
(annealing time 1 h) [16]. 
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(4) 

of the nanocrystalline Fe3Si grains. With 
the exchange constant A = 1 o-11 J /m, 
K1 = 8000 J/m3 , lK = 35 nm is obtained, 
i.e. lK is larger than the average grain 
size for Ta < 940 K. In this case the 
spontaneous magnetization cannot follow 
the change of the easy directions from 
one grain to the neighbouring grains. As 
shown previously the anisotropy constant 
than has to be replaced by an averaged, 
effective value [15] 

(5) 

As a consequence the domain wall width, 
<oB> = 1r (A I < K1 > )1/2, extends dras­
tically and for D = 12 nm changes from 
0.1 J,l.m to 2. 7 J.l.m. Therefore, in the 
nanocrystalline material the domain walls 
average over a large number of grains 
leading to extremely soft magnetic prop­
erties. In order to analyse the magnetiza­
tion processes we consider the product 
Xo He I Ms which according to fig. 16 
varies from 3·10-3 in the amorphous state 
to approximately 1 in the microcrystalline 
state. This result now may be analysed on 
the basis of micromagnetic theories for 
the different types of magnetization 
processes [ 17]: 

1. Domain wall displacements 

Xo He I Ms = (3·...J1t <oB> I 4L)· 

[ln (L I 2 <oB>)]112 = 8·10-3 

(average wall distance L = 350 J,l.m, 

<OB> = 2.7 J,l.m). 

2. Rotational processes 

f.Jo He = 0.64 <K1 > I Ms, 

Xo = f.Jo Mi I (3 <K1 >), 

Xo He I M 5 = 0.21 . 

3. Domain wall bowing 

He = 2 YB I (f.Jo M s D) , 

Xo = (2 f.Jo Mi I 3 YB)·(D 2 I L) 

Xo He I Ms = (4 I 3) (D I L) = 0.026, 

(YB = specific wall energy = 

4 ...JA<K1 > , 
D = 40 nm, L = 20 J,l.m). 

The experimental data used for this 
evaluation have been determined previ­
ously [16]. From a comparison of the nu­
merical results for Xo He I Ms with the 
experimental results of fig. 16 it becomes 
obvious that in the amorphous and nano­
crystalline state, D < 15 nm, domain 
wall displacements are active, whereas for 
D > 100 nm the rotational processes are 
dominant. This also is strongly supported 
by the drastic decrease of aR by more 
than six orders of magnitude. 

Figure 16. Analysis of magnetization 
processes by the quantity Xo He I M 5 as a 
function of TA and the grain size D [16]. 

S. GIANT MAGNETOSTRICTIVE 
TbDyFe ALLOYS 

Giant magnetostrictive alloys may be 
used for micromechanical applications as 
for the transformation of electrical sig­
nals into mechanical movements. Micro-
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Figure 17. Charge distribution of 4f-electrons in Tb and Dy and rigid rotation due to 
spin-orbit-coupling. 

valves or as elements in integrated elec­
tronic circuites in optoelectronics require 
such actuator-type devices. The alloying 
system Tb 1_xDYxFe2 has been found to be 
the most suitable system with magneto­
strictions up to A. - 2. 5 ·10-3 which is a 
factor of 100 larger than the magneto­
striction of TM metals [18]. The large 
magnetostrictions of the TbFe-based al­
loys are due to the deformation depend­
ence of the single ion anisotropy of the 
RE ions. The 4f-electrons of RE ions in 
general have a rather anisotropic, non­
spherical charge cloud as shown in fig. 17 
for Tb and Dy. The electrostatic inter­
action of these charge clouds with the 
crystal field of the neighbouring ions is 
responsible for the magnetocrystalline 
anisotropy energy and also for the 
magnetostriction. Due to the spin-orbit­
coupling the electric charge clouds rigid­
ly rotate under the action of an applied 
field in the crystal field of the sur­
rounding ions. In the case of the TbDyFe 
alloys the rotation of the charge cloud is 
connected with a deformation of the 
lattice corresponding to a magnetostric­
tion of the order of several 10-3. 

For the application of the giant mag­
netostriction it is necessary that the mag­
netic saturation is achieved below mag­
netic fiels of 0.1 T. This latter condition 
requires that the local anisotropy should 
be as small as possible. In the case of the 
composition (Tb0 .27 Dy 0 . 73 )0 .43 Fe0 .58 

both conditions, giant magnetostriction 
and low anisotropy, are excellently ful­
filled. For this composition the contribu­
tions of Tb and Dy to the anisotropy just 
compensate each other (oblate + prolate 
charge distribution, fig. 17). A further 
reduction of the coercive field is possible 
by producing amorphous films by the ne­
sputter technique [19]. Fig. 18 shows 
hysteresis loops of an amorphous film of 
thickness 3 Jlm with the magnetic field 
applied perpendicular and parallel to the 
film plane. The coercive fields are below 
0.01 T. 

-... -

-0.5 0 

JJ.rlimt [T] 

0.5 

Figure 18. Typical magnetization curves 
of an amorphous film (20 nm) of com­
position (Tb0 .27 Dy0 .73 )0 .33 Feo.67 [19]. 
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The corresponding magnetization curve 
of the magnetostriction as shown in 
fig. 19 clearly shows that 75 % of the 
saturation magnetostriction is obtained 
for a field of 0.1 T. Developing nano­
crystalline TbDyFe alloys it is expected 
to obtain even larger saturation magneto­
strictions with low effective anisotropies 
due to the random anisotropy effect. 
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Figure 19. Magnetostriction of an 
amorphous film of composition 
(Tbo.27DYo.73)0.33Feo.67 [19]. 
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