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On the basis of model calculations experimental results on the angular dependence of the coercivity H, and the remanence 

coercivity H, of hard magnetic materials of the type SmCos, Sm,(Co, Fe, Cu, Zr),, and Nd,Fe,,B are discussed. In the 

model coherent rotation as well as incoherent magnetization jumps (e.g. 180°-Bloch walls) are included. The texture is 

described by an axial symmetric distribution of the easy axes with only one parameter. For Sm,(Co, Fe, Cu, Zr),, the model 

explains irreversible ( HR( O)-curves) as well as reversible ( HR( 13) - H,( 0)) magnetization processes in good agreement with 

the experiments, whereas stronger deviations exist for SmCo, and Nd,Fe,,B, especially in the H,(B)-curves. These deviations 

should be caused by other reversible magnetization processes. 

1. Introduction 

Anisotropic polycrystalline permanent magnets 
show a strong dependence of the remanent magne- 
tization JR and the coercive force H, on the angle 
8 between the direction of the applied field H and 
the texture axis t. By a detailed investigation of 
this angle dependence it is possible to get informa- 
tion on the mechanism of magnetization reversal 
in magnetic materials. 

At present the most important hard magnetic 
materials (with the highest values of the energy 

product) are SmCo,_, [1,2] (type A), Sm,(Co, Fe, 

Cu, Zr),,-, ]3,41 (type B), and Nd,Fe,,B ]5,61 
(type C). At room temperature they all show high 
values of the crystal anisotropy constant K, (K, 
> Js2/po, where J, is the saturation magnetiza- 
tion) and of the coercivity H, (H, > Js/po at 
8 = 0). 

To calculate the magnetization coercivity H, 
( = j H,) and the remanence coercivity H, the 
mechanism of the magnetization reversal of the 
single crystal has to be known. For the above 
mentioned materials coherent rotation [7,8] and 
incoherent wall shift processes [9,10] are assumed 
to be of importance. Following Kondorsky [ll] 
the angle dependence of H, of single crystals due 

to irreversible jumps of 180 “-Bloch walls (denoted 
in the following by K) can be described by 

H:(S) = H:(9) = H,o/cos 6, (1) 

where H,” denotes the coercive force for single 
crystals with fields parallel to the easy axis (with 
H,” c HA = 2K,/J, in general). The contribution 
of coherent rotation processes [7,8] (denoted by 
SW) can be calculated by minimizing the magnetic 
part of the free energy containing the anisotropy 
energy K, sin2q and the field energy HJ, cost 6 - 
rp). (For definition of the angles see fig. 1.) For 
single crystals the angular dependences of H, and 
H, due to coherent rotation processes are given by 

Hzw( 8) = H,(cos~/~~ + sin2/39)-3’2 (2) 

and 

i 

ffiW( 8) H,sWW = (H*,2) sin 28 if 6 > < T/4, (3) 

respectively. It should be noticed that due to 
H,” << HA these rotation jumps are of influence 
only at large angles (fig. 2). 

Other often discussed contributions to the mag- 
netization reversal like curling [12] in materials 
with shape anisotropy or considerations related to 
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Fig. 1. Definition of the used angles. t - texture axis, H - 
applied magnetic field, c - easy direction, J - magnetization 

of a given crystallite. 

elongated single domain particles [13] and AlNiCo 
[14] as well as the influence of interaction [15] are 
neglected in the model discussed in section 2. 

In the following the dependence of H, and HR 
on 0 is calculated for a polycrystalline textured 
magnet using a model containing K- and SW- 
processes and generalizing the calculations of H, 
and HR at ti = 0 [16,17]. Thereby H,(8) and 
HR(fl) follow from the numerical computation of 
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Fig. 2. Angular dependence of the critical fields Ha(B) (full 
lines) and H,(B) (dashed line) of a single crystal (with H,” = 
O.lH,). Fat lines denote the resulting curves. K - incoherent 

jumps, SW - coherent rotation. 

the angular dependent hysteresis loops of magne- 
tization and remanence [18]. Furthermore experi- 
mental results of samples of the types A, B and C 
are reported and discussed by comparison with 
the model calculations. Especially the maximum 
of H,(e), known from ferrites but not observed in 
MnAlC [19], as well as the dependence of H,(B) 
and HR(t9) on the angle between saturation and 
measuring fields are considered to give informa- 
tion on the reversible part of the magnetization 
reversal processes. 

2. Calculation of H,(8) and HR(tl) 

2.1. The model 

To calculate the angle dependence of H, and 
HR a model is used consisting of identical par- 
ticles with uniaxial anisotropy, where the distribu- 
tion of the easy axes is described by an axial 
symmetric texture function [20,21] 

f( fX) = (2n + 1) cos2”(Y (4) 

with only one texture parameter n. The single 
particles of the polycrystalline sample can change 
their magnetization direction by incoherent wall 
shifts (K) as well as coherent rotation (SW). 

The magnetization J of the sample follows by 
averaging the particle magnetizations on the tex- 
ture function (4). Thereby the components of J 

parallel and perpendicular to the applied field H, 
J,, and JL, resp., result from a numerical proce- 
dure described in ref. [18] in detail. In the same 
manner the remanent magnetization JR and its 
components JR,, and JR* are obtained by switch- 
ing off H before the averaging on f(a) is carried 
out, i.e. there are only irreversible changes of the 
magnetization left. As a result of this procedure 
one gets J, JR and their components as functions 
of the field strength H, the field direction 8, and 
the texture parameter n. 

The coercivity H, is given by the condition 
J,, = 0, starting from a well defined initial state 
(saturation with a field H, > HA in the direction 
0,) and applying a field HM in the direction 8,. 
Analogously HR is given by JR,, = 0. Hence H, 
and HR are functions of 8,, 0s and n. 
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2.2. Numerical results 

In agreement with the experimental situation 3 
different combinations of the saturation angle 8s 

and the measuring angle 19, are considered: 

(1) e,=e, e,=e+T, 

(2) e,=o, e,=e+T, 

(3) e,=e, e,=T. 
(5) 

Corresponding to these choices 3 different plots 
for H,(B) and Ha(e) are obtained. 

In the numerical calculations for simplicity only 
a fixed value of H,” has been chosen (H,” = O.lH, 
in agreement with ref. [18]). Contrary to this as- 
sumption in real systems usually a HP-distribu- 
tion exists. The influence of reasonable distribu- 
tions is discussed in ref. [22] and should be rather 
small. Likewise the dependence of HP on the field 
H,, which is of importance in some rare earth 
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Fig. 3. Numerical results of the used model for case (1) of (5) 

with the texture parameters n = 0, 1, 5 and 10. a) H,(B), b) 

Ha(a). 
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Fig. 4. Model results for H,(B) and HR(B) with n = 5 for all 

three combinations of the saturation and the measuring direc- 
tion, defined in (5). 

magnets, can be neglected since the initial state is 
assumed to be saturated completely. 

Fig. 3 presents the computed result for H,(8) 
and HR(B) for the combination (1) of eq. (5). At 
small values of the texture parameter n the coer- 
civity H, increases weakly with 8. A maximum is 
obtained only at higher values of n. On the other 
hand HR increases monotonously already at bad 
textures. In fig. 4 H,(e) and HR(0) are plotted for 
n = 5 and all three combinations of (5). It is 
significant that the values of H, and H, of the 
combination (1) are always the highest ones, 
whereas the results obtained in case (3) are always 
smaller than those of (2) except the H, values at 
very large angles. 

2.3. Analytical relations 

Within the considered model for case (1) of (5) 
the remanence coercivity HR can be calculated 
analytically for the easy and hard direction, i.e. 
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8 = 0 and 8 = 7r/2, respectively. In agreement with 
the experimental situation only the region 

h; = H,D/H, < o/4 (6) 

is considered here. (Analogous expressions are 
possible for higher values of H,” too [23].) From 

JR,, = 0 it follows 

HR(0) = 2n+@Hz (7) 

and 

(Hp(1 -“+e)-“’ 

< 
if n,n,, 

where 

(8) 

n,=ln 2/ln[((l/hE)2’3 - 1)-3 + I] - 1. (9) 

Comparing (7) and (8) a possibility is given for 
the experimental determination of the texture 

parameter n by measuring the quotient 

/qn) = HR(T/2) = 
HR (0) 

i 

(“+b _ q-“2 

+jFz+1 
c 

if 
< 

n> ng. 

- 3/2 

(IO) 

In fig. 5, P(n) is plotted in the interesting region 
0 <n < 15. 

3. Experiments 

In the hard magnetic materials mentioned above 
(Types A, B and C) the magnetization reversal is 

governed by quite different elementary processes 
which in general cannot be reduced to coherent 
rotation and incoherent wall jumps alone. But 
nevertheless a comparison of experimental magne- 
tization curves with the computed results pre- 
sented above should give some information on the 
range of validity of the model [18] as well as on 
additional processes which for a given material 
should be taken into account. 

3.1. Samples, saturation and measurement 

For the investigated mostly commercial (except 
the casting alloy) samples the magnetic parameters 
at room temperature are given in table 1. From 
these materials disks have been cut (diameter 4 
mm, thickness 1 mm) with the texture axis within 
the disk plane. The measurements were carried 
out in the open circuit using a vibrating sample 
magnetometer (VPM) [24] with varying angle 
e(A@ = kO.1”) and variable temperature (AT = 
f 1 K) and a maximum field p 0 H,, = 1 .l T. 

Most of the measurements were performed at 
higher temperatures T, to keep p,,H,(a/2) < 1.1 
T. The coercivity H, is reached if the signal 
vanishes. Then to measure the remanence coerciv- 
ity HR the field was stepwise increased and 
switched off until the remanent signal in the VPM 
goes to 0. For the saturation of the samples 
mounted in the VPM a “ thermomagnetic method” 
was used where with an applied maximum field 
H max the temperature was increased from T, to 
T,, (table 1) for a time of 3 s. For checking of 
the method the samples were saturated outside of 
the VPM in a pulsed field (cl0 H = 10 T, A6 = 
+ 2 o )_ The texture axis (0 = 0) was determined by 
the condition that the remanence JR is parallel to 
the applied field. 

Fig. 5. Calculated dependence of the quotient /3(n) on 
texture parameter n for different values of h:. 

the 



L. Jahn et al. / Coercive force of textured rare earth permanent magnets 339 

Table 1 

Magnetic parameters B,, H,(O) and (BH),, at room temperature, texture parameter n, saturation field H,,,, at T,,, measuring 

temperature T,, reduced coercivity h, at T,, and quotient P(n) 

Material BR BJW) (Wmax n T,, Hm, T, 

VI VI lo4 Wsm-3 (“C) P) 

&Kc,) B,,,(n) P,,,(n) 

(“C) 

(A) SmCo, 
sintered 0.9 z== 2 15 4.5 610 1.1 387 0.017 3.3 2.73 
(RECOMA 20) a 447 0.010 
sintered 0.7 z 2 11 0.7 610 1.1 402 0.015 1.67 1.41 

(KC 37) a 

(B) Sm(CoO.,sFcO.,, 
CU o.osZr0.02 ) 7.44 

sintered 1.1 1.0 24 12 600 1.1 520 0.07 3.24 4.27 
(TOHOKU-Met 23) a 505 0.08 
casting b 0.6 0.26 4 =O 20 2.8 20 0.04 1.05 1 
powder (isotr.) 0.3 0.37 1.5 0 20 2.8 20 0.04 1.0 1 
powder (anis.) 0.6 0.32 2.5 4 20 2.8 20 0.04 2.0 2.6 

(C) Nd,Fe,,B 
sintered 1.25 1.5 26.5 1.5 300 1.1 108 0.17 1.4 1.77 

(NERONIT 240) = 

a Trade name. 

b O,-content < 0.1 wt&, vacuum heat treated: 3 h at 1170°C, 15 h at 830°C, cooling: 15 h to 4OO“C. 

3.2. Determination of the texture and check on the 

saturation 

By generalization of the method described in 
refs. [20,21] the angular dependence of the rema- 
nence direction 

(11) 

was investigated. This has two advantages: (i) It is 
not necessary to determine the absolute value of 
the saturation magnetization and (ii) by checking 
the condition y(~/2) = n/2, fulfilled only for 
completely saturated materials [18], it is possible 
to control the saturation of the sample. Finally 
comparing the measured values of y(0) with theo- 
retical calculations [18,25] the texture parameter n 

can be determined. 

3.3. Experimental results 

Figs. 6-11 show the dependence of H, and HR 

on the angle 8 at different temperatures, consid-’ 
ering the three combinations of saturation and 
measuring directions described in (5). Further- 

Fig. 6. Measured values of H,,,( 0) and HR,I(B) (_case (1) of 
(5)) for SmCos (sintered magnet with n = 0.7 and h, = 0.015) 

and comparison with theoretical results (n = 1, h: = 0.1, fitted 
at 19 = 0). 
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more, for the combination (l), experimental values 
of y(0) are presented demonstrating that the 
saturation of the samples was approximately re- 
ached. 

As discussed above, in most cases the measure- 
ments were carried out at higher temperatures. 
Since the single particle coercivity h: is not known 
in general, for comparison of theoretical and ex- 
perimental curves the temperature dependent 
parameter 

was used. Of course, for bad textures h, differs 
from hz, but it gives the right order of magnitude. 
The parameters J,(T) and K,(T) have been taken 
from the literature [26-281. 

In the figs. 6, 8, 9 and 11 the theoretical curves 
of H, and H, was fitted to the experiments at 
8 = 0. 

3.3.1. SmCo, (A) 

Although the parameter h, is much smaller 
than the value 0.1 assumed for hz in the model 
calculations, the monotonous increasing of HR,1(6J) 
(fig. 6) is in correspondence with the Kondorsky 
assumption (1) for the description of the irreversi- 
ble wall shifts. Furthermore assuming the texture 
parameter to be n = 0.7 the monotonous increas- 
ing of H,,,(d) is in good agreement with the 
theoretically calculated curves, whereas the mea- 
sured value of the quotient P(n), however, is 
higher than that one following from (10). The 
large difference HR,1(8) - H,,,(B) cannot be 
explained within the considered model. 

For a sample with a higher degree of texture, 
the three measured H,( Q-curves for two tempera- 
tures T, are plotted in fig. 7. It is remarkable that 
for intermediate values of 6 one gets Hc,2(B) > 
H,,,( 6). That hints at additional reversible magne- 
tization processes. On the other hand, except at 
large angles, Hc,3(t9) shows the expected be- 
haviour. Finally it should be mentioned that at 
8 = 70 o HR,Z(8) (not plotted in the figure) is 
greater than HR,, (0) too. 

1 0.6, 

.’ 
*-’ ; 

0 ____.--- 

0' 301 
lj0’ o_ 

Fig. 7. Comparison of H,,,(e), H,,,(B) and H,,,(B) for 

SmCo,(n=4.5) at T,=387”C (h,(T,)=0.017) and T,,,= 

447 o C ( Hc( T,) = 0.010). Additionally y( 0) is plotted. 

3.3.2. Sm,(Co, Fe, Cu, Zr),, (B) 

The sintered magnets investigated at high tem- 
peratures as well as the cast and powder samples 
studied at room temperatures show the best 
qualitative agreement with the predictions of the 
considered model. For example the maximum of 
H,,,(8) was measured for well textured magnets 
(fig. B), although the absolute values are smaller 
than the calculated ones. This statement is valid 
for H,,,( 0) too. Of course, for the nearly isotropic 
cast sample with a high density and the less com- 
pact isotropic powder magnet, the H,,,- and HR.,- 
values do not show any angular dependence. 
However, for the case (2) of eq. (5) a dependence 
on 0 exists, in agreement with the theory. Fig. 9 
shows that in the lower and intermediate region of 
0 the monotonous decrease is in rather good 
agreement with the theoretical behaviour, whereas 
deviations occur at higher angles, especially for 

&,2(0 
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Fig. 8. Sintered Sm,(Co, Fe, Cu, Zr),,-magnet with n = 12 and 

?I, = 0.07, measured at T, = 520 o C. The theoretical curves are 

fitted at B = 0 (n = 10, hz = 0.1). 

01 . , 
0' 30’ 60’ 90. 

O- 

Fig. 9. Hc,s(0) and H&s(B) for an isotropic cast sample of 

Sm,(Co, Fe, Cu, Zr),, with 5, = 0.04. 

For the anisotropic samples the figs. 10a 
(powder magnet, investigated at room tempera- 
ture) and lob (sintered magnet at T, = 505OC) 
show that the magnetization processes can be well 
described within the given model. At all angles the 
relations H,,,( 0) > I&( 0) > H,,,(e) and HR,I( 8) 

01 
0' 30’ 60’ 

(Q 

Fig. 10. H,(B) and HR(B) for anisotropic samples of 
Sm,(Co, Fe, Cu, Zr),, for different combinations of saturation 

and measuring direction. a) powder magnet (n = 4, A, = 0.04, 

T, = 20 o C), b) sintered magnet (n = 12, A, = 0.08, T,, = 

505 o C). 
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> H, ,(13) > HQ3(8) are fulfilled. At 13 = 0 the 

difference between H, and H, is larger for the 
powder sample than for the sintered one. 

3.3.3. Nd,Fe,,B (C) 

Similar to SmCo, (fig. 6), fig. 11 shows a large 
difference between HR(0) and H,(O) hinting at 
relatively high contributions of reversible magneti- 
zation processes. The monotonous increasing of 
HR,I(~) corresponds to the small texture parame- 
ter n = 1.5. However, in contradiction to SmCo, 
for this material we find &.r < & = 1.77, follow- 
ing from (10). 

For all three H,(Qcurves there are remarkable 
differences between theoretical and experimental 
results. The H,,(B)-plot shows a strong decrease 
at large angles &th a very flat maximum. Further- 

more the high values of Hc,2(0) and the behaviour 
of Hc,3(~) are contrary to the theoretical predict- 

. Additionally, similar to SmCo,, a distinct ions 

30' 

t 
b 

60 

30’ 

1’ 

Fig. 11. Sintered Nd*Fe,,B-magnet (n =1.5, 3, = 0.17, T, = 

108’ C). H,( 0) and HR( 0) measured for all three cases of (5). 

The theoretical curve (n = 1, h: = 0.1) is fitted at 8 = 0. 

maximum of HR,Z(t3) exists for intermediate val- 
ues 0f 8. 

4. Discussion 

The comparison of the experimental data of 
section 3 with the theoretical results (section 2) 
shows, that the used simple model explains the 
qualitative behaviour of Sm,(Co, Fe, Cu, Zr),, 
(group B) rather well. Therefore it can be con- 
cluded that the volume-pinning and the nearly 
irreversible shift of the Bloch walls in these 

materials [29-311 can be described sufficiently by 

(1). 
On the other hand, distinct deviations from the 

model are obtained for materials of the groups A 
and C, in which the coercivity is so-called 
“ nucleation controlled”. Especially the strong de- 
crease of H,(8) at large angles and the observed 
order of the values of H,(8) and HR(t9) for differ- 
ent relations between saturation and measuring 
direction are not in agreement with the presented 
theory. Also a partial similarity to shape aniso- 
tropic materials [13,14] in the H,(B)-plots of the 
group C-materials is of interest. 

A possible explanation of the observed devia- 
tions of the materials A [2,29,32] and C [5,33,34] 
should be given by the assumption that the mag- 
netic hardness of these material is caused by the 
existence of distinct phases at the grain boundaries, 
investigated in SmCos [32] and Nd,Fe,,B [34]. 
Such local defect centers can produce a nonsym- 
metric contribution to (1) as observed in single 
crystals [35]. Furthermore additional reversible 
magnetization processes as, e.g., reversible wall 
shifts should be taken into account which are 
more likely to explain the large difference between 

HR(0) and H,(O) than the coherent rotation pro- 
cess. 

However, the irreversible wall shift processes 
described by (1) are responsible for the hysteresis 
in SmCo, and Nd,Fe,,B, too. This follows from 
the monotonous increase of HR,l(B) with 8 and 
the texture parameter n. That increase hints at the 
same (l/cos *)-law as known from measurements 
on single crystals of SmCo, [35,36] and Sr-ferrites 

]371. 
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