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DOMAIN WALL DYNAMICS I N  ORTHORHOMBIC GARNETS 

D, Krumbholz, J. Heidmann and J. Engemann 

University o f  WuppertaZ, Dept . o f  EZectricaZ Engineering, 5600 P;uppertaZ I ,  
F.R. G .  

Resume - Comme premiere i n v e s t i  a t i o n  sur l ' a p p l i c a t i o n  de l a  mimoire A l i g n e s  
moth sur l e  grenat orthorhomzique, comme propose par Konishi,  on a f a i t  des 
s imu la t ions  r8solues en temps du mouvement de l a  p a r o i  e t  des experiences 
dynamiques. Comme r e s u l t a t  p r i n c i p a l ,  l a  n ~ t c l e a t i o n  des l i g n e s  de Bloch h o r i -  
zonta les a & t i  C t a b l i e  pay l a  premiere f o i s  comme l ' e f f e t  qu l  l i m i t e  l a  
v i tesse.  Pu is  on a exam~n8 l a  dCpendance de l a  v i tesse  maximale, par l a  
nuc lea t ion  des l i g n e s  de Bloch hor i zon ta les  , sur 1'6 aisseur du f i l m  e t  sur  l a  
d i r e c t i o n  du mouvement r e l a t l f  de l a  paror par rappor! .3 1-axe moyen. 

Abstract  - As a p re l im inary  i n v e s t i g a t i o n  f o r  apply ing t h e  Bloch l i n e  memory 
concept, as proposed.by Konishi, t o  orthorhombic garnets, t ime resolved simula- 
t i o n s  of wa l l  motion and. dynamic experiments were c a r r i e d  out. As a main 
r e s u l t ,  ho r i zon ta l .B loch  l l n e  nucleation was f o r  the f i r s t  t ime c l e a r l y  estab- 
1 ished- as the  ve loc l  t y  1 i m i  t l n g  e f f e c t .  Conseq~~ent l  y t h e  de endence of maxlmum 
ve loc i t y .  due t o  h o r i z o n t a l  Hloch l i n e  nucleat ion, on f i l m  t l i c k n e s s  as we l l  as 
on the  d i r e c t i o n  of wall movement r e l a t i v e  t o  t h e  medium a x i s  was examined. 

Extensive i n v e s t i g a t i o n  of arnet  f i l m s  having orthorhombic anisot ropy proves t h e  
f e n ~ r a l  existence of two basic  % omarn . s t ruc tu res  i n  mate r ia l s  of t h i s  class. Charac- 
e r l s t l c  f o r  the  most elementary t o  o l o a i c a l  s t a t e  i s  t h e  uniform o r i e n t a t i o n  o f  the  

c e n t r a l  wa l l  magnetizat ion (Fig. 1 1 ) .  -which para1 l e l s  the medium ax is  of an isot rop 
(m.a.1. The second.basic s t a t e  e x h i b i t s  Bloch l i n e  s t ructures,  whereby t h e  centray 
wa l l  magnetizat ion i s  governed by the  s t r a y  f i e l d  (Fig.1a.c). r e s u l t i n g  i n  a v a r i e t y  
of wa l l s ta tes  most. of which are metastable. The degree t o  which magnetostat ic energy 
i s  mi.nimized .determines t h e  p a r t i c u l a r  Hloch 1 i n e  s t ruc tu re .  The segmentation of 
s t r a y  f i e l d  o r len ted  areas i n  s~ tch  domalns can occur d i v e r s i l y  owin t o  s t a t i c  s tab le  
hor i zon ta l  and v e r t i c a l  Hlach l i n e  segments (HBL and VEL respect ive?y) .  These Bloch 
l i n e  s t ructures,  c h a r a c t e r i s t i c  f o r  orthorhombic mater ia ls ,  w i l l  be desisnated by t h e  
f o l l o w i n  notat ion:  <S nVBL/mH%L)+*- where S indicates the net  number of windings n 
the  quan f i t y  of YBL-sebments, and m'the q u a n t l t y  of HBL-se ments. So f a r  the re  1s.n. 
experi  mentpl evidence o f  t h e  stab1 e ex is tence of B l  och o in fs .  Given a comprehensive 
understanding of wa l l  s t a t e  c h a r a c t e r i s t i c s  i n  orthorLombic garnets ./l, Z/, i n f e r -  . 
ences can be drawn about the  mechanisms overning observed dynamic conversions. One 
necessary cond i t i on  f o r  t h e  extension a? Konish i 's  Ploch L ine  Memory (BLM concept 
/3/  t o  arthnrhnmbic garnets, the  nuc leat ion of h o r i z u n t a l  Eloch l i n e s ,  was demon- 
s t r a t e d  experimental1 y and i n  t ime resolved computer slmulat lons. I n  order t o  achieve 
an improved q u a n t i t a t i v e  comprehension o f  t h e  dynamic Hloch l i n e  phenomena t ime re-  
solved comp,uter s imulat ions o f  the  motion o f  a s t r a i g h t  domain wa l l  w i t h  Hnd without 
HHL were conducted. 

I1 - THEORY 

As was already shown when l i m i t e d  t o  a steady s t a t e  appraximation /4/ t h e  observed 
wa l l  s t ruc tu res  a re  a r t  o f  t h e  quan t i t y  of s o l u t i o n s  of ~ lonczewski 's 'equat ions of 
motion when extended gy t h e  orthorhombjc anisot ropy /5/. I n  a d d i t i o n  extended equa- 
t i o n s  o f  motion were der ived by employrng Slonczewski's treatment ac;ompanied by the  
increased extension of t h e  model used. Other extented vers ions &re  i ven  by Hubert 
/6,7/. The coord inate system employed here i s  def ined i n  /4/. as we?l as the  nota- 
t i o n  used. Complementations t o  the  n o t a t i o n  are as fo l lows:  wa l l  w idth A, =.\/(A/K,), 
wa l l  p o s i t i o n  q normalized t o  A, , z-coordinate normalized t o  f i l m  thickness h, 
G i l b e r t  damping arameter a , gyromagnetic r a t i o  y and t h e  pulse f i e l d  h nor- 
malized on 4 r Ms. ?he examined extensions o f  the model make use o f  t h e  descrip&on o f  
an i s o l a t e d  planar wa l l  under in f luence  o f  an inp lane f ~ e l d  o u t l i n e d  I n  / I / .  This 
model has been proved r i g h t  when appl red as d e s c r i p t i o n  o f  a l l  t h e  wal ls ta tes '  
p r o  e r t i e s  observed /1,4,8/. Turnin over t o  a f i n i t e  he ight  f i l m  t h e  e f f e c t i v e  
Lnpyane f i e l d  i s  composed o f  an enfernal  p o r t i o n  h. and the  c o n t r i 6 u t i o n  of the  
domain wa l l  s t r a y  f i e l d  h, according t o  Hubert /6/. IP 

Def in ing an e f f e c t i v e  inp lane  f l e l d  
(1) 

h;,:hiPcos(cp-cph) hn(z1 COS(Q-~,) 
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and an effective quality factor 

the magnetization tilt ( 2 )  can be expressed 

under the assumption 'P = P, = const. 
This leads to the wall energy density 

and the domain wall width 

Equations of motion proposed by Slonczewski /5/ were modified by introducin the 
magnetization tilt in order to simply consider the influence of an inplane fie18 /I/. 
Follewing Sionczewsl:i's treatm~nt and incorporatin eqs. (1) to (5) the subsequent 
F'ar.f_lal Dif ferent~al Equations (PDEs! are derive8 nnder the assumpt~ons that the 
derivatives of 8m(z) and h,lz) are small (dots denote time derivatives). 

where 

G(t) = h,P(t) - h, sgn 4 
Pft) represents the experimental pulse shape, h, the coercive field, and 

Boundary conditions are as follows: 

The time dependent solution for the equations of motion is reached by the explicit- 
ly finite difference pracedure as given by Duford-Frankel /9/. Konishi's modlflcation 
/10/ leads to a significant increase in computational stability. The rellablllty and 
plausibility of the solutions obtained is controlled by varying the partition of the 
time and space intervals respective1 y through comparison to steady state results. 

I11 - EXPERIMENTAL AND NUMERICAL METHODS 
The bubble rocking experiment /11/ was ~ ~ s e d  to examine dynamic transitions between 

wall states with and without Rloch line structures. Ex erimental results presented 
here refer to sample 081#1. with composition ( Y  Gd)a (Fe Ga Mn)5 012 and following 
material parameters: h=4.3 pm, Q1 = l o .  6 C12=-8.23, 47rMs=164.46 G A=1.9 10-7 erg/cm, 
a=O.O127d, 7 =1.8h59 - 107 (s 0s)-1 . ~ocal HBL-nutleation could be dempnstrated at a 
(O,O/O!-stri e head (Fig.ld) by dynamic elon ation of the stripe domaln or a local 
inplane f ie!d acting on the stripe domain hea%. The rocking ex eriment ields the 
specif ic pulse time t where a dynamic state transition 1s ogserved all a fixed 



Bloch line 

Fi:i 1 Experimentally observed dynamic 1 2 3 4 5 6  
wa conversions t 

pt: HBL-punchthrough, nc: HBL-nucleation Hp .ax /Oe 

Pulse timet = t  for HBL- 
b 3 r o u g h  "erms drrve fP:ld 

bubble rockina exoeriment 
I computer simufatibna 

5 Typical time resolved Bloch line 
h i o n s  (sample OBt) 
a . )  Qz=-8.23 time step:. 2.27 ns, nuc- 
leation afte: 28.4 ns, <qrnnw>=335.3 m / 5  

2 Pulse time t, = tnc for HBL- 
nuc ea Ion versus drive fleld Hp,mrw F+. 
+ bubble rocking experiment 4- data from computer simulations 

4 Schematic dynamic stabilit 
F*~l id 1 ines represent trans1axio;:f 
bubble motion a1 ong different ways q. 
I. HBL- unchthrou h 11. HBL-nucleation 
111. way1 oacilla?i~n 

b.) 02 = 0 time step: 2.56 ns, 
<qmmx>=115.54 m/s 
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a m p l i t u d e  H p m a x .  S u b s e q u e n t 1  t h e  r e s u l t a n t  s t a te  c a n  b e  d i s c r i m i n a t e d  t a k i n g  advan-  
t a g e  o f  t h e  h e l l  known p r o p e r r i e s  o f  wall s t a t e s  i n  o r t h o r h o m b i c  a r n e t s  / I / .  E x p e r i -  
m e n t a l  v e r i f  i c a t i o n s  of  c o n v e r s i o n s  by HBL-nctcleat ion are: (0, o?o)*---> (9, ?/! )+,- 
o r  ( 0 , 0 / 0 ) + * -  --> ( 0 . 4 / 2 )  o r  ( 0 . 2 / 1 )  +'- --3 ( 0 , 4 / 2 )  ( F i g . 1 ) .  N u c l e a t i o n  i n i t i a t e s  
a b o v e  a t h r e s h o l d  of  t h e  d r i v e , f i e l d  Hprnax = Ho f r o m  w h i c h  p o i n t  o n  t h e  r e c i p r o c a l  
p u l s e  t i m e  tp-1 =t d e p e n d s  l i n e a r 1  on  H  p,max f o r  Hp,,., > Ho ( F i g . 2 ) .  Two c o n v e r -  
s i o n s  c a n  b e  a t t r i b u t e d  t o  HRL- u n c h r h r o u g h  ( 0 , 4 / 2 )  --;. (0 ,2/1)+1-  a n d  ( 0 , 4 / 2 )  --> 
( 0  0 / 0 ) + , -  ( F i g . 1 )  and  a simifar l i n e a r  r L l a t i o n  c a n  b e  f o u n d  b e t w e e n  H p,max a?d 
t h k  p u l s e  time t p  = t p t  ( F i g . 5 ) .  As a n  a p p r o p r i a t e  p r o c e d ~ r r e  t o  e x p e r i m e n t s  i n  
com u t e r  s i m u l a t i o n  a  moment o f  wall c o n v e r s i o n  is a p p r o a c h e d  by s u c c e s s i v e  p u l s e  
w i d t h  i n c r e a s e s  w i t h  a n  i n c r e m e n t  A t  = 1  n s .  Time d e v e l o p m e n t  o f  w a l l  momentum ( 9  > 
k y ? r a y d  o v e r  f i l m  t h i c k n e s s )  s e r v e s  a s  c r i t e r i o n  f o r  p u l s e  w i d t h  i n c r e m e n t a t i o n  

o m p u t e r  s i m u l a t i o n s  f i r s t l y  f  occrs o n  a Nee1 w a l l  a n d  s e c o n d l y  o n  a Nee1 w a l l  
w i t h  HRL b o t h  moving p a r a l l e l  t o  m.a. s i m i l a r  t o  t h e  wall s t a t e s  ( 0 , 0 / 0 )  a n d  
(0 ,2 /1 )+ . -  o r  ( 0 , 4 1 2 )  r e s p e c t i v e 1  y. 

XV - RESULTS AND DISCUSSION 

E x p e r i m e n t a l  r e s u l t s  c o n c e r n i n g  HHL-nuc lea t ion  s u p p l e m e n t e d  w i t h  HHL-punchthrough 
d a t a  l e a d  t o  a d y n a m l c  s t a b i l i t y  map ( F i g . 4 )  f o r  s t r a y  f i e l d  o r i e n t e d  d o m a i n s  and 
t h o s e  without R l o c h  l i n e  s t r u c t u r e s .  As ma in  r e s u l t s  c a n  b e  s t a t e d  t h a t  bevond  t h e  
r a n g e  o f  HBL s t a b i l i t y  t h e r e  are new s t a t i c a l l y  a n d  d y n a m i c a l l y  s t a b l e , w a l f  states 
w h e r e a s  B l o c h  l i n e  i n s t a b ~ l i t y  l e a d s  t o  n o n l i n e a r  w a l l ~ m o t l o n  i n  f i l m s  w i t h  n e g l i  1 
b l e  i n p l a n e  a n i s o t r o p y  /12 / .  T h e  l i n e s  i n  F i  4  s p e c i f y  t r a n s l a t i o n a l . m o t i o n  o? a 
b u b b l e  a l o n g  a f i x e d  d i s t a n c e  q ,  1.e. a p r o p o r ? i o n a l  relationship t o  domaln  v e l o c i t y .  
d e m o n s t r a t i n g  p o s s r b l e  i n d u c e d  s ta te  c o n v e r s j o n s .  S t a r t i n g  f r o m  ( ? , 4 / 2 )  ( q = q l )  
p u n c h t h r o u g h  t a k e s  p l a c e  a t  t h e  f i r s t  stability b o u n d a r  r e s u l t i n g  i n  t h e  s ta te  
(0 0/0)+1-  . F u r t h e r  i n c r e a s e  i n  u l s e  a m p l i t u d e  k e e p i n  {he t r a n s l a t i o n a l  d i s t a n c e  
q=62  c o n s t a n t  (0 0/0)+'' r e m a i n s  s fab !e  u n t i l  t h e  n u c l e a a i o n  b o u n d a r  is a p p r o a c h e d .  
A t  t h e  o t h e r  s :de  o f  t h ~ s  b o r d e r  (F19 .4 ,  r e g l o n  11 ,  q = q J )  ( 0 , 4 / 2 7  is  f o u n d  t o  b e  
s t a h l o  anal  n.  - - -. - - - 
F ' ~ t n c h t h i z ; i ~ -  a r i s o n  o f  e x p e r i m e n t a l  d a t a  w i t h  c o m p u t e r  s i m u l a t i o n s  e x h i b i t  a n  
ECECrTenf agr;ekE:t-wi t h i n  t h e  s y s t e m a t i c a l  u n c e r t a i n t i e s  o f  s i m u l a t i o n  and  e x p e r i -  
men t  ( F i g .  3 ) .  T h e  a g r e e m e n t  also i n c l u d e s  t h e  t h r e s h o l d  v a l u e  Ho f o r  p u n c h t h r o u g h  
n n q ~ t .  - . . - - - - 
N u c l e a t i o n  - I n  c o n t r a s t  t h e  t h r e s h o l d  f o r  HRL-nuc lea t ion  is s i g n i f i c a n t l y  l o w e r  t h a n  
t 6 i i f - y T e r a e d  b y  s i m u l a t i o n s  ( F i  . 2 )  a l t h o u g h  q u a n t i t a t i v e  a g r e e m e n t  is o b t a i n e d .  S o  
f a r  s i m u l a t i o n  o r e d i c t s  a n  ex!!ended d v n a m i c  s t a b i l i t v  r a n o e  o f  a NCel w a l l .  core- 
s o n d i n g  t o  s t e a d y  s t a t e  a p p r o x i m a t i o n  741, compared ta  a n  R B ~ - w a l l  s t r u c t u r e ' w h e r e a s  
tRe t h r e s h o l d  v a l u e s  f o r  dynamic  i n s t a b i l i t y  o f  (O fi /O)+l- a n d ( ( )  9 /21  d o m a i n s  are 
r o u g h l y  i d e n t i c a l  ( F i g ' s  2 and  3). The  r e a s o n  f o r  b b s e r v e d  H B L - n k l e a t i o n  a t  m i n o r  
v a l u e s  o f  H  p,rnax e r i m e n t  h a s  n o t  b e e n  c o n c e i v e d  u p  t i l l  now. 
S i m u l a t i o n s  of  t h i n ~ F 2 P  w a l l  y i e l d  h i g h e r  maximum v e l o c i t i e s  vc r  " W  c h a r a c t e r i z e d  
by HBL-nuc lea t ion ,  f o r  movements  p e r p e n d i c u l a r  t o  m.a. a s  p r e d i k t e d  A y  t h e  t h e o r y  o f  
SchlBmann /I:/, w h e r e  t h e  e x p e r i m e n t  s h o w s  c o n t r a d i c t o r y  r e s u l t s .  P o s s i b l e  r e a s o n s  
f o r  t h e  q u a n t i t a t i v e  d i s c r e p a n c i e s  c o n c e r n i n g  H B L ~ n u c l e a t i o n  mj h t  b e  r e f e r r e d  t o  t h e  
f a c t  t h a t  B l o c h  l i n e  r r ~ r c l e a t i o n  is ~ n i t i a l ~ z e d  r i g h t  a t  t h e  f l ? m  s u r f a c e  i n  o r t h o -  
r h o m b i c  g a r n e t s  (F ig . ; a . ) ,  b u t  more u n d e r n e a t h  t h e  s u r f a c e  f o r  f i l m s  w i t h o u t  i n p l a n e  
a n i s o t r o p y  ( F i  
T h e  computed  f~ :b , iAickness  d e p e n d e n c e  of  vcr  n w  e x h i b i t s  a r e m a r k a b l e  d e c r e a s e  ' w i t h  
i n c r e a s i n g  ( h /  A,) ra t io ,  t h u s  c o n t r a d i c t i n g ' ,  t h e  e ! :pe r imen ta l  r e s u l t s  o f  B r e e d  / I?/ .  
Own r e 1  i m i n a r y  e x p e r i m e n t s  s u p p o r t  o u r  n u n ~ e r l c a l  r e s u l t s .  The  a v e r a  e w a l l  m_abll i t y  
of  t h e  Nee1 w a l l  a g r e e s  q u i t e  w e l l  w i t h  t h e  e x p e r i m e n t a l  v a l u e  f o r  70 0/0)+* bub- 
b l e s .  A  l a r g e  o v e r s h o o t  of a p p r o x .  1 0 0  % is o b s e r v e d  i n  t h e  HBL-s t ruc tu ;e  s i m u l a t i o n ,  
l e a d i n g  t o  a much h i q h e r  a v e r a g e  m o b i l i t y  compared  t o  e x p e r i m e n t a l  d a t a  f o r  t h e  
w a l l s t a t e  ( 0 , 4 / 2 ) .  
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