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Micromagnetic analysis using a finite-element technique confirms that intergrain magnetostatic 
and exchange interactions drastically affect the magnetization reversal mechanism in nucleation 
controlled permanent magnets. The investigation of the nucleation fields of magnetically coupled 
grains emphasizes the important role of nonmagnetic boundary phases and well-aligned grains 
for the enhancement of coercivity. The long-range magnetostatic interactions between the grains 
reduce the coercive field of ideally oriented particles. The exchange coupling of misoriented 
neighboring grains causes a strongly inhomogeneous magnetic state near the interface of the 
particles which favors the nuc.leation of reversed domains. Intergrain exchange interactions 
considerably reduce the coercive field, especially if the angle between the easy axes of adjacent 
grains is high. An algorithm for adaptive mesh refinement controls the discretization error 
throughout the calculation of the demagnetization curves. 

1. INTRODUCTION 

The coercivity of technical permanent magnets ap- 
proaches only 20%-40% of the theoretical nucleation 
fields derived from micromagnetic theory as developed by 
Brown’ and Stoner and Wohlfarth.2 The discrepancy be- 
tween the experimental and the theoretical values for the 
nucleation field is generally attributed to the microstruc- 
ture of permanent magnets.3 

Previous articles4*5 dealmg with the nucleation of re- 
versed domains show that magnetic inhomogeneities re- 
duce the c0ercivit.y of Nd2Fe14B magnets considerably. Re- 
cently intergrain int.eractions were found to be an 
additional factor reducing the nucleation field. Fukunaga 
and Inoue6 investigated intergrain exchange and magneto- 
static interactions in isotropic Nd,Fe,,B magnets. The ex- 
change interaction between the grains reduces the coercive 
field considerably if the grain size is sufficiently small 
(Q 50 nm) . Hernando, Navarro, and Gonzales7 presented 
a one-dimensional micromagnetic model for the investiga- 
tion of intergrain exchange coupling. The formation of a 
domain-wall-like magnetization distribution at the inter- 
faces of exchange coupled grains leads to a significant re- 
duction of the nucleation field. 

In this study the intemctions of two hard magnetic 
grains of hexagonal cross section have been numerically 
investigated using a finite-element technique. The surfaces 
of the grains have been assumed to be magnetically perfect 
without any inhomogeneities. The demagnetization curves 
of interacting grains wit.h various degrees of alignment 
have been calculated for Nd2Fer4B and SmCos magnets. 

Il. SIMULATION MODEL 

The minimization of the total Gibbs free energy with 
respect to the spontaneous magnetic polarization J, sub- 
ject to the constraint 1 J, I= J,, provides a stable equilib- 
rium state of a magnetic structure. The total magnetic free 
enthalpy & can be written in the form 

hdJs~r)l=.ff~~~~~ sin’p(r) +Kz sin4 p(r) 

+Af.V,pk) 12-b= J,W 

--(4)&(r) l J,(r) I, (1) 

where Kr, K2 are the anisotropy constants, A is the ex- 
change constant, p is the angle of the spontaneous mag- 
netic polarization J, with respect to the easy axis, and hext 
is the external field. The requirement that the first variation 
vanishes leads to the two-dimensional micromagnetic 
equation for uniaxial magnetic particles.8 The demagnetiz- 
ing field Hd, whose source is J, couples the micromagnetic 
equation with Poisson’s equation for the magnetic scalar 
potential. An iterative numerical algorithm determines the 
equilibrium states: Starting with the saturated state (i) the 
demagnetizing field of the distribution of the spontaneous 
magnetic polarization follows from the solution of Pois- 
son’s equation, (ii) using this demagnetizing field the mi- 
cromagnetic equation is solved to obtain a new polarization 
distribution. This algorithm is repeated until a self- 
consistent set of H, and J, vectors on the finite-element 
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FIG. 1. Particle configurations used for the simulations. The bold arrows 
indicate the direction of the demagnetizing field Hi in the critical regions 
where the absolute value of IId reaches its maximum. The absolute value 
of the demagnetizing field for zero applied field is given in units of JJcL@ 

mesh is obtained. The repeated calculation of the equilib- 
rium state for decreasing external field provides the demag- 
netization curve of the magnetic particles. 

In numerical micromagnetic calculations the inhomo- 
geneous equilibrium states of t.he spontaneous magnetic 
polarization J, and the demagnetizing field I-r, lead to sig- 
nificant discretization errors.’ Since the magnetization 
states vary during the calculation of the demagnetization 
curve, a refinement scheme has to adapt the finite-element 
mesh according to the requirements of the current magne- 
tization state. A refinement technique used in a general 
purpose electric or magnetic analysis code” has been ex- 
tended to micromagnetic applications. ’ ’ Convergence tests 
showed that the nucleation field can be calculated with a 
relative accuracy of about 5%. 

HI. PARTICLE CONFIGURATIONS 

The particle systems used for the simulation are shown 
in Fig. 1. The particles of 5  pm diameter have hexagonal 
cross sLy:fion. The isolated grain of case A provides refer- 
ence calculations. The ideally oriented particles of case B 
and the misaligned grains of case C are coupled by ex- 
change and magnetostatic interactions. The angle 13 be- 
tween the easy axes of neighboring grains denotes the de- 
gree of alignment. The external field points antiparallel to 
one easy axis. For the calculations the material parameters 
of the Nd,Fe,,B phase (-4=7.7X IO--” J/m, J,v=I.Sl T, 
Ii’, -4.3 x 10h J/m”, K2= 0.65 X 10h J/m”) and SmCos (A 
=12.0~10-‘” J/m, J,=1.06 T, KI=17.1X106 J/m”) at 
‘I’=300 K were taken from Hock’” and Kiitterer, Hilz- 
inger, and Kronmiiller,*” respectively. 

The finite-element calculations provide the demagne- 
tizing field at each point of the magnetic particles. As 
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FIG. 2. The demagnetization curves of the samples show the effect of 
intergrain interactions in Nd,Fe,,B and SrnCo? magnets. The spontane- 
ous magnetic polarization normalized by its saturation value is plotted as 
a function of reduced magnetic field h,,,/!2K,/J,). A: isolated grain; B: 
ideally oriented grains; C: interacting graius misaligned by 65”; and the 
dashed line shows noninteracting Stoner-Wohlfarth particles. 

shown in Fig. 1, large demagnetizing fields were found at 
the corners and at the interface of the particles. 

The demagnetization curses, given in Fig. 2, charac- 
terize the magnetic properties of the different configura- 
tions. The comparison of the numerically calculated de- 
magnetization curves reveals the effects that cause a 
reduction of th& coercive field. The dashed curve represents 
the demagnetization curve of two noninteracting misori- 
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FIG. 3. Formation ot’an inhomogeneous magnetic state near the interface 
of misorientad particles owing to intergrain exchange and magnetostatic 
interactions. The plots show the spin arrangements for zero field in 
the vicinity of the grain boundary. The edge length of the enlarged area 
is 25 nm. 
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FIG. 4. T h e  in f luence of m isa l i gnment  o n  in tergra in  in teract ions in  
N d L F e 1 4 B  a n d  S m C o S  magnets .  T h e  nuc leat ion  f ie ld of magnet ica l l y  cou-  
p led  g ra ins  no rma l i zed  by  the idea l  nuc leat ion  f ie ld 2::” =  2K, iJ,  is p lot-  
ted as  a  funct ion of the ang le  8  be tween  the easy  axes  of the ne ighbor ing  
gra ins.  T h e  d a s h e d  curve  represents  the theoret ica l  nuc leat ion  f ie ld for a n  
e l l ipso ida l  par t ic le misor ien ted  by  the ang le  0. 

en ted  gra ins,  ob ta ined  wi th convent iona l  S toner-  
Wohl fa r th  theory.  

( i) T h e  numer ica l ly  ca lcu la ted d e m a g n e tizat ion curves 
for the iso lated gra ins  (A)  h a v e  r&angu la r  s h a p e  as  ob -  
ta ined for e l l ipsoidal  part ic les. However ,  in  Nd,Fe, ,B m a g -  
nets  the d e m a g n e tizing f ield reduces  the coerc ive f ield con-  
s iderab ly  wi th respect  to the idea l  nuc lea t ion  f ield of 
H p ’= 2 K ,/.r,. 

(i i) A  s imi lar  behav io r  ho lds  for the ideal ly  o r ien ted  
part ic les (R)  . T h e  l ong - range  m a g n e tostatic interact ions 
be tween  the gra ins  cause  a  fur ther reduct ion  of the coer -  
c ive f ield wi th respect  to the coercivi ty of a n  iso lated gra in.  
S t rong d e m a g n e tizing f ields init iate m a g n e tizat ion reversa l  
at the inter face of the part ic les. O w i n g  to the remarkab ly  
smal le r  va lue  of the spon taneous  m a g n e tic polar izat ion,  
the effect of in ternal  stray f ields is less signi f icant in  S m C o s  
than  m  Nd2Fe, ,B  m a g n e ts. 

(i i i) T h e  d e m a g n e tizat ion curve  ob ta ined  for two n o n -  
interact ing S toner -Wohl far th  part ic les shows  a  s tep at the 
nuc lea t ion  f ield of the m isa l igned  gra in.  This  s tep van ishes  
if the m isa l igned  gra ins  a re  m a g n e tically coup led  (C). T h e  
ent i re  samp le  b e c o m e s  d e m a g n e t ized at a n  externa l  f ield 
that is cons iderab ly  smal le r  than  the nuc lea t ion  f ield of the 
m isa l igned  gra in.  In tergra in e x c h a n g e  coup l ing  p rov ides  a n  
addi t iona l  reduct ion  of the nuc lea t ion  field. T h e  fo l lowing 
sect ion descr ibes  the resul ts ob ta ined  for conf igurat ion C  in  
m o r e  detai l .  

IV . N U C L E A T IO N  A T  G R A IN B O U N D A R IE S  O F  
M IS A L IG N E D  G R A INS 

If misor ientcd gra ins  a re  not  separa ted  by  a  n o n m a g -  
net ic layer  phase ,  the to rque  p rov ided  by  the e x c h a n g e  

interact ion a n d  the d e m a g n e tizing f ield force the spon tane-  
ous  m a g n e tic po lar izat ion to rotate out  of its easy  axes  n e a r  
the inter face of the part ic les. T h e  m a g n e tizat ion pat tern of 
Fig. 3  shows  the st rongly i n h o m o g e n e o u s  m a g n e tic state at 
the b o u n d a r y  wi th in the two ne ighbo r i ng  gra ins.  In the 
very s a m e  reg ion  m a g n e tizat ion reversa l  is ini t iated. If the 
st rongly i n h o m o g e n e o u s  m a g n e tic state b e c o m e s  unstab le,  
the spon taneous  m a g n e tic po lar izat ion reverses its or ienta-  
t ion in  the ent i re  sample .  F igure  4  shows  the nuc lea t ion  
f ield of two misa l igned  gra ins  coup led  by  m a g n e tostatic 
a n d  e x c h a n g e  interact ions as  a  funct ion of the ang le  0  be -  
tween  the easy  axes.  In contrast  to convent iona l  S toner-  
Wohl fa r th  theory,  the nuc lea t ion  f leld of m a g n e tically cou-  
p led  gra ins  d o e s  not  s h o w  a  signi f icant inc rease for la rge  
misa l ignment  ( 45”< 8 < 9 0 ”). 

V . C O N C L U S IO N  

Numer ica l  m ic romagnet ic  calculat ions s h o w  that in-  
terpart ic le interact ion drast ical ly affects the coerc ive f ield 
of nuc lea t ion  cont ro l led pe rmanen t  m a g n e ts: 

T h e  l ong - range  m a g n e tostatic interact ions be tween  the 
gra ins  cons iderab ly  reduces  the coerc ive f ield of ideal ly  
o r ien ted  part ic les wi th respect  to the coercivi ty of a n  iso- 
la ted gra in;  the e x c h a n g e  coup l ing  of m isa l igned  gra ins  
causes  a  fur ther reduct ion  of the coerc ive f ield, a n d  low 
va lues  of coerc ive f ield ( - - ,30% - 4 0 %  of the idea l  nuc le -  
a t ion f ield I??’ =  2 K ,/J,) a re  found  if the ang le  be tween  
the easy  axes  of ad jacent  g ra ins  is h igh;  the numer ica l  s im- 
u la t ion of the m a g n e tizat ion reversa l  p rocess  in  Nd?Fe, ,B  
a n d  S m C o s  m a g n e ts conf i rms the nuc lea t ion  of reversed  
doma ins  at the inter face of ne ighbo r i ng  gra ins  coup led  by  
m a g n e tostatic a n d  e x c h a n g e  interact ions. 
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