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A combined nonlinear and linear magneto-optical microscopy

V. K irilyuk, A. K irilyuk, a n d  T h . R a s in g a)

Research Institute for Materials, University of Nijmegen, Toernooiveld 1, 6525 ED Nijmegen, 
the Netherlands

(R ece iv ed  5 D e c e m b e r 1996; accep ted  fo r  p u b lica tio n  25 F eb ru ary  1997)

N ew  p o ssib ilitie s  fo r  m ag n e tic  d o m ain  s tud ies  a re d e m o n s tra ted  u sin g  a  co m b in a tio n  o f  n o n lin e ar 

m ag n e to -o p tica l m icro sco p y  an d  a  co n v en tio n a l lin e a r p o la riz in g  m icrosco pe . T he  u se  o f  a n  op tica l 

resp o n se  th a t is  g o v ern e d  b y  a  h ig h e r ran k  te n so r  o ffe rs sen sitiv ity  to ad d itio n a l co m b in a tio n s o f  

m ag n e tiza tio n  d irec tio n s  an d  o p tica l w av e  v e c to r  a n d  p o la riza tio n , w h ic h  is d em o n stra ted  in  

m ag ne tic  g a rn e t film s o f  d iffe re n t c ry sta llo g rap h ic  o rien ta tio ns . W e o b serv ed  a  n o n tr iv ia l m o d u la ted  

d o m ain  s tru ctu re  in  a  (210) film  an d  a  c le a r  d o m ain  co n trast  fo r  a  (111) film , w h ere  th e  lin ea r im age  

o nly  in d ica ted  s im ple  u p - d o w n  d o m ain s an d  no  d o m ain  co n tras t fo r  th ese  tw o  situa tion s, 

resp ective ly . ©  1997 American Institute of Physics. [S 00 0 3 -6 9 5 1 (9 7 )0 1 7 1 7 -8 ]

R ecen tly , m ag n e tiza tio n  in d u c ed  o p tica l sec o n d  h a r 

m o n ic  g en e ra tio n  (M S H G ) h as  b e e n  sh o w n  to  b e  a  v e ry  se n 

s itive  to o l to  p ro b e  m ag n e tic  su rfaces an d  in te rfa c es .1-3 T his 

n o n lin ea r o p tica l te ch n iq u e  has g re a t cap ab ilitie s  in  s tud y ing  

m ag n e tic  p ro p e rties  o f  an tife rro m ag n e ts ,4,5 s tra tified  m etal 

s tru ctu res  an d  b u r rie d  in te rfac es .6 B e cau se  th e  sy m m etry  

p ro p e rties  o f  th e  n o n lin ea r in te rac tio n s d iffe r essen tia lly  

fro m  th o se  in  lin ea r o p tics  i t  w o u ld  b e  in te re stin g  to  v isu a lize  

m ag n e tic  d o m a in  p a tte rn s  b y  n o n lin ea r m ag n e to -o p tic a l m i 

c roscop y , p a rticu la rly  fo r  s itu atio n s w h ere  th e  su rface / 

in te rface  m a g n e tiz a tio n  is (e x p ec ted  to  b e) d iffe ren t fro m  the 

bu lk .

In  th is letter, n o n lin ea r m ag n e to -o p tica l m icro sco p y  an d  

its  a p p lic a tio n  to  th e  v isu a liz a tio n  o f  d o m a in  s tru c tu res  in  

ep itax ia lly  g ro w n  m ag n e tic  g a rn e t film s is d em on stra ted . T he 

p ro p o sed  m eth o d  a llo w s im ag es to  b e  o b ta in ed  b o th  fro m  the 

SH  an d  lin e a r respo nse. T h is  co m b in a tio n  ap p ears  to b e  v ery  

p o w erfu l b e ca u se  th e  n o n lin ea r an d  lin e a r im ag es co n ta in  

c o m p lem en ta ry  m ag n e tic  in fo rm ation . A s a ll o u r ex p e ri 

m en ts  w ere  d on e  in  tra n sm iss io n  a t n o rm a l in c id en ce , on ly 

th e  m ag n e tiza tio n  co m p o n e n t p e rp e n d ic u la r to  th e  film  su r 

face co u ld  b e  d irec tly  v isu a liz e d  w ith  th e  fu n d am en ta l lig h t 

(v ia  th e  lin e a r m ag n e to -o p tic a l F arad ay  e ffect), w h ere as  in 

p lan e  co m p o n en ts  w ere  p ro b e d  b y  th e  seco n d harm o n ic . In  

th e  n o n lin e ar  m ic ro sco p e  th e  M S H G  resp o n se  w as im ag e d  

u s in g  th e  v e ry  sam e setup, a f te r  filte rin g  o u t th e  fu n d am en ta l 

light. T he  lin e a r p o la riza tio n  o f  th e  in co m in g  lig h t w as ro 

ta te d  b e tw e e n  0° a n d  180° w ith  resp e c t to  th e  sam ple  sy m 

m etry  p lan e  m . In  th is  w ay , su b d o m ain s th a t hav e d iffe ren t 

in -p la n e  co m p o n en ts , w ere  d is tin gu ish ed . T h e  o b serv ed  

M S H G  co n trast  w as co rre la ted  w ith  th e  in -p la n e  m a g n e tiza 

t io n  c o m p o n e n t u s in g  rec en t stu dies o f  M S H G  ro ta tio n a l 

an iso tro p y .7,8

T he  ex p erim en ta l se t-up  o f  o u r  n o n lin ea r m ag n e to 

o p tica l m ic ro sco p e  is sch em atica lly  p re se n te d  in  Fig. 1. A s a  

lig h t source w e  u se d  a  T i:sap p h ire  la se r o p e ra tin g  a t a  re p 

e titio n  ra te  o f  82 M H z w ith  a  p u lse  w id th  o f  a b o u t 100 fs  an d  

a t th e  w av e len g th  o f  7 7 5  nm . A  h a lf-w av e len g th  p la te  w as 

u sed  to  ro tate  th e  lin e a r p o la riz a tio n  o f  th e  in c o m in g  light. 

T he  lase r  b e a m  w as fo cu sed  o n  th e  sam ple  o nto  a  spo t o f  

a b o u t 70 ¡xm d iam eter. T he  averag e  p o w er  o f  th e  p u m p

a)E le c tr o n ic  m a i l :  th e o r a s @ s c i .k u n .n l

b e a m  o n  the  sam ple  w as 100 m W , resu ltin g  in  a  p ea k  p o w e r 

o f  n early  4 G W /cm 2. W e m ag n ified  th e  e x p o sed  a re a  b y  a  

X 40  (N .A .= 0 .6 5 )  o b jec tiv e  in  co m b in a tio n  w ith  a n  ac h ro 

m a tic  co n cav e  lens. A fte r ap p ro p ria te  filte rin g  th e  g en era ted  

seco n d  h arm o n ic  in ten sity  w as im ag ed  w ith  a  co o le d  ch arg e  

co u p led  d ev ice (C C D ) cam era . T he  su b tra c tio n  o f  th e  

g a u ssian -lik e  b a c k g ro u n d  w a s ap p lied  a fte rw ard s to  rem o ve  

th e  spo t-profile  in h o m o g en e ity  in  th e  im ag e  in tensity  due to 

th e  p u m p  b eam .

A s te s t s tru ctu res  fo r  o u r  n o n lin e a r m ag n e to -o p tica l m i 

c ro scop e , d ifferen tly  o rien te d  m ag n e tic  g a rn e t film s w ith  

th ick n e sse s  a ro u n d  10 ¡xm w ere  p rob ed . G arn e t film s a re 

in te re stin g  su b jec ts b e ca u se  o f  th e  fa c t th a t th e ir  s truc tu ra l, 

m ag n e tic  an d  m a g n e to -o p tica l p ro p ertie s  m ay  b e  w id e ly  v a r 

ie d  b y  ch an g in g  th e  film  co m p o sitio n  a n d  th e  co m p o sitio n  

a n d  o rien ta tio n  o f  the  sub stra te . M ag n e tic  g a rn e t film s w ere  

g ro w n  b y  a  liq u id  p h ase  ep itax ia l m eth od , o n  (210) an d  (111) 

g ad o lin iu m  g a lliu m  g a rn e t (G G G ) substra tes. T h ese su b 

strates a re ce n tro sy m m etric , n o n m ag n e tic  an d  tran sp aren t a t 

th e  fu n d am en ta l a n d  S H G  w ave len g th s . B e cau se  o f  a  g ro w th  

an iso tro p y  an d  a  la ttice  m ism atch  b e tw e e n  th e  su bstra te  an d  

th e  m ag n e tic  film , th e  in v e rs io n  sy m m etry  in  th e  th in  g arn e t 

film s is b ro k e n .9 T he  p o in t g ro u p  sym m etry  o f  th ese  m ag 

n e tic  film s resu lts  f ro m  th e  sub stra te  o rie n ta tio n  an d  is  3 m 

( C 3v) fo r  (111) an d  m ( C1h) in  th e  case o f  (2 1 0 ).10 In  th ese  

n o n cen tro sy m m etric  s truc tu res b o th  c ry sta llo g rap h ic  an d  

m ag n e tiza tio n -in d u ced  b u lk  co n trib u tio n s to  th e  n o n lin e ar  

p o la riz a tio n  a re a llo w ed .7 T h ere fo re  th ey  c a n  in te rfere  in  a  

m ag n e tize d  sam ple  o r  in  a  sam ple  w ith  a  sp o n tan eo u s m ag 

n e tic  (do m ain) s tru cture: I 2ffl«  lxcr±Xmagnl2, w h ere  ±  d e 

p en d s o n  th e  d ire c tio n  o f  M  an d  th u s ch an g es f ro m  d o m ain  

to  d om ain . I t  is th is  in te rfe ren ce  te rm  th a t w ill  b e  resp on sib le  

fo r  th e  m ag n e tic  contrast.

F IG . 1. S c h e m a tic  m ic r o s c o p y  se tu p .
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F IG . 2 . F a r a d a y  h y s te r e s is  lo o p s  f o r  (a ) (2 1 0 )  o r ie n te d  a n d  (b ) (1 1 1 ) o r i 

e n te d  f ilm s.

F arad ay  h yste resis  m easu rem en ts  (Fig. 2) sho w  th a t b o th  

film s h ave  a  rem an en ce  m agn e tiza tio n , b u t o n ly  in  th e  (111)- 

film  is th e  m a g n e tiz a tio n  ex ac tly  p e rp e n d ic u la r to th e  film  

surface. In  th e  (2 1 0 )-sam ple  th e  m a g n e tiz a tio n  is tilte d  a t a n  

an gle  o f  ab o u t 18° w ith  resp ec t to  th e  film  norm al. T h is  

v a lu e  w a s d er iv ed  fro m  the  d iffe ren ce  b e tw e e n  th e  sa tu ra tio n  

an d  th e  rem an en ce  m ag n e tiza tio n , ta k in g  in to  a cc o u n t th a t a t 

rem an en ce  th e  sam ple  is in  a  s in g le -d o m ain  state, w h ic h  is 

su p p o rted  b y  d irec t im ag ing .

T h e  d o m ain  p a tte rn  o f  th e  d em ag n e tize d  film s w as in i 

tia lly  te s ted  u sin g  o u r  se tu p  as  a  lin e a r F arad ay  m icro scope . 

F ig. 3(a) sho w s a  ty p ica l lab y rin th  ty p e  d o m a in  s truc tu re  fo r  

th e  (210) film  w h ere  th e  d ark /lig h t a reas  in d ica te  ‘‘u p ’’ an d  

‘‘d o w n ’’ dom ain s.

N ext, se co n d  h arm o n ic  im ag es o f  th is  v e ry  sam e d o m ain  

s tru ctu re  w e re  tak en , fo r  v a rio u s v a lu e s  o f  th e  in c o m in g  lin 

e a r p o la riz a tio n  w ith  re sp e c t to th e  c ry sta l sym m etry  p lan e  

m [F igs. 3 (b ) - ( f ) ] .  T h e SH  im ag es w ere  re co rd ed  w ith o u t 

an a ly sin g  th e  o u tg o in g  lig h t p o la riza tio n . R em ark ab le  

ch an g es in  th e  m ag n e tic  co n tras t an d  in  th e  SH  in tensity  fo r 

th e  (210) g arn e t film  w ere  th u s  fo und . A t 0° th e  S H G  d o 

m a in  p a tte rn  ap p ears  to  b e  ex ac tly  th e  sam e as  in  th e  lin ea r 

light. T o fo llo w  a ll su b seq u en t ch an ges ap p ea rin g  in  the 

m ag n e tic  s tru c tu re , th e  d o m ain  w alls  in  th is  im age  are 

m ark e d  w ith  d ash e d  lin es  [F ig. 3(b)]. R o ta tin g  th e  in co m in g  

lig h t p o la riz a tio n  b y  10°, a  su b d iv is io n  o f  th e  o r ig in a l d o 

m a in s  w as c learly  o b se rv e d  [Fig. 3 (c)]. T his  su b d iv is io n  is 

e v e n  m o re  sharp  a t la rg e r an g les  an d  a t 35° th e  SH  in tensity  

in  th e  su b d o m ain s I an d  III b e c o m e s eq u a l [Fig. 3(d)]. A t 

90° a n d  a t 145° th e  m ag n e tic  s tru ctu re  lo o k s v ery  s im ila r  to  

th e  cases  3(b) an d  3(d) resp ec tiv e ly , b u t th e  co n tra st ap p ears 

to  b e  sh ifted  b y  h a lf  a  d o m a in  w id th  [Figs. 3 (e),(f)]. T o an a l 

y se  th e  o b se rv e d  im ag es, o n e sh o u ld  re ca ll th a t in  th is  c o n 

f ig u ra tio n  o f  n o rm al in c id en ce  (an d  w ith o u t p o la riza tio n  

an a ly sis), M S H G  c a n  o nly  p ro b e  in -p lan e  m ag n e tiz a tio n  

co m p o n en ts , a s  fo llo w s fro m  th e  M S H G  se lec tio n  ru le s .8 

T h is  m ean s th a t d iffe re n t SH  in ten sitie s  co rresp o n d  to d if fe r 

e n t in -p lan e  m ag ne tiza tio n s . T h erefo re, f ro m  F ig . 3 w e  ca n  

co n c lu de  th a t fo u r  d o m ain  ty p e s  ap p e a r to  ex is t in  the  (21 0)- 

film  ( M / #  M / / #  M / / /#  M/v).
T o an a ly se  a ll re co rd ed  im ag es (tak en  in  s tep s o f  5 °) w e  

s ta rted  fro m  th e  ro ta tio n a l an iso tro p y  m ea su rem en ts  (see 

R ef. 7), i.e. fro m  the  d ep en d en c ies  o f  th e  SH  in tensity  o n  the 

a z im u th a l p o s itio n  o f  th e  sam ple  w ith  re sp e c t to  th e  in c o m 

in g  lig h t p o la riz a tio n  an d  fix ed  (in -p lane) m ag n etiza tio n . B y

F IG . 3 . (a ) L in e a r  a n d  ( b ) - ( f )  s e c o n d  h a r m o n ic  im a g e s  o f  th e  m a g n e tic  

d o m a in  s tru c tu r e  in  (2 1 0 )  o r ie n te d  film . I n p u t  p o la r iz a t io n  w a s :  (b ) 0 ° ;  (c ) 

1 0 ° ;  (d ) 3 5 ° ;  (e ) 9 0 ° ;  (f) 1 4 5 ° w i th  r e s p e c t  to  th e  s y m m e tr y  p la n e  m .

a  s tra ig h tfo rw ard  tran sfo rm atio n , w e  o b ta in  s im ila r  d e p e n 

d e n c ies  as a  fu n c tio n  o f  th e  in c o m in g  lig h t p o la riza tio n , w ith  

th e  in -p lan e  M  fix ed  in  th e  sam ple. It w as th e n  p o ssib le  to  

estim ate  th e  in -p lan e  m ag n e tiza tio n  in  ev ery  su bd om ain . In  

to tal, a n  ap p ro p ria te  m o d e l o f  th e  (210) d o m a in  s tru c tu re  w as 

d er iv ed  (F ig. 4) w ith  ev ery  ‘‘u p ’’ o r  ‘‘d o w n ’’ d o m ain  su b d i 

v id e d  in to  tw o  su b d o m ain s w ith  d if fe re n t in -p lan e  c o m p o 

nents. T h e in -p lan e  m a g n e tiza tio n s  o f  th e  n e ig h b o u r in g  d o 

m a in s  are n o t co llin e ar  an d  the  ab so lu te  va lue  o f  th e  in -p lan e 

m a g n e tiz a tio n  is th e  sam e in  ev ery  subdo m ain . W e sh o u ld  

n o te  th a t th e  o b serv ed  im age  ap p e are d  to ex is t th ro u g h  th e  

w h o le  film , as w a s ch eck ed  b y  ch an g in g  th e  fo c u sin g  d ep th , 

a n d  c a n  th u s n o t b e  re la ted  to  c lo su re  d o m ain s  a t the  surface.

F IG . 4. M a g n e t iz a t io n  d ire c t io n s  in  f o u r  d i f f e r e n t  d o m a in s  in  (2 1 0 )  f i lm , as  

d e r iv e d  f r o m  th e  im a g e s  o f  F ig . 3 . S y m m e try  p la n e  m  c o in c id e s  w i th  th e  

s id e - f a c e  p la n e .
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F IG . 5. L in e a r  (a ) a n d  s e c o n d  h a r m o n ic  (b ) im a g e s  o f  th e  m a g n e t ic  d o m a in  

s tru c tu r e  in  (1 1 1 )  o r ie n te d  f i lm  o b ta in e d  w i th  c r o s s e d  in p u t  a n d  o u tp u t  p o 

la r iz e r s .

T h us, a  n o n triv ia l m o d u la ted  d o m a in  s truc ture  is sh o w n  

to ex is t in  th e  (210) o r ien ted  g a rn e t film , w h ic h  b e co m es 

o nly  d is tin g u ish ab le  u sin g  co m b in ed  lin e a r an d  n o n lin e ar  

m ag n e to -o p tica l m icroscop y .

S im ila r m e asu rem en ts  o n  th e  (111) film  sh o w ed  no m a g 

n e tic  co n tra st w h ic h  m ean s th a t no  in -p lan e m ag n e tiz a tio n  

ex is ts  in  th e  (111) sam ple. A n  an a ly se r w as th e n  u se d  to  

s tudy  th e  M S H G  p o la riz a tio n  ro ta tion . T o a v o id  a n  in fluence 

o f th e  lin e a r p o la riz a tio n  ro ta tio n  e ffec t, a  ca re fu lly  c ro ssed  

p o la r iz e r/an a ly z er  co n fig u ra tio n  w as used. S u rp ris in g ly , the 

o u tc o m in g  SH  sig na l sh o w ed  a  s tro n g  co n tras t in  th is case 

[Fig. 5 (b)], th o u g h  th e  lin ea r p ic tu re  sh o w ed  no co n tra st b e 

tw e e n  th e  d o m ain s  a t a ll [Fig. 5 (a)]. H en ce , a  different Far
aday rotation value fo r  th e  SH  lig h t is fo u n d  in  the  d iffe ren t 

d om ains . In d eed , th e  re su ltin g  SH  p o la riz a tio n  is a  v e c to r  

su m  o f  c ry sta llo g rap h ic  an d  m ag n e tic  co n trib u tio n s, th e  la t 

te r  h av in g  d iffe ren t s ig n  fo r  th e  tw o  o p p o site  d om ain s. A s 

so o n  as  th e  p o la riza tio n  o f  th e  c ry sta llo g rap h ic  p a r t is n o t 

equ a l to  th a t o f  th e  fu n d a m en ta l lig h t (ex cep t fo r  c e r ta in  

h ig h -sy m m etry  d irec tio n s), th e  fina l SH  p o la riz a tio n  s tates 

are n o t sym m etric  w ith  resp e c t to  th e  in co m in g  lig h t p o la r 

iz a tio n  (see in se ts in  F ig . 5). T h is  co n fig u ra tio n  c learly  d e m 

o nstra tes  th e  d iffe ren ce  in  th e  m e ch an ism  resp o n sib le  fo r  the 

m ag n e to -o p tica l co n tra st in  th e  tw o  cases , an d  m ay b e  u sed  

to m ak e  a  co rre la tio n  b e tw e e n  th e  d o m ain  s tru ctu re a n d  c ry s 

ta llo g rap h ic  axes. T he  co n tras t d isa p p ears  w h e n  th e  in c o m 

in g  lig h t p o la riz a tio n  co in c id es  w ith  o n e o f  th e  sam p le  sy m 

m etry  p lan es.

In  co n c lu sio n , w e  h av e  d em o n s tra ted  a  n ew  ty p e  o f  n o n 

l in e a r m ag n e to -o p tic a l m ic ro sco p y  th at, in  co m b in a tio n  w ith  

s tan d ard  lin e a r m ic rosco py , y ie ld s  a  w e a lth  o f  ad d itio n a l an d  

co m p lem en ta ry  in fo rm atio n  a b o u t m ag n e tic  d o m a in  s tru c 

tu res . In  p a rticu la r, th e  h ig h er  ran k  te n so r an d  a  p o la r iz a tio n  

an a ly sis  o f  th e  in co m in g  fu n d a m en ta l an d /o r sec o n d  h a r 

m o n ic  lig h t g iv es  in fo rm atio n  a b o u t th e  m ag n e tic  s truc tu re 

th a t can n o t b e  o b ta in ed  in  a  sing le co n fig u ra tio n  w ith  lin ea r 

m ic ro sco py . It c a n  a lso  b e  sh o w n  th a t m ag n e tiz a tio n  g rad ie n t 

n e a r  d o m a in  w alls  ca n  g iv e rise  to  ad d itio n a l co n tra st8. T he 

sen sitiv ity  o f  M S H G  to  th e  b re a k in g  o f  c ry sta llo g rap h ic  in 

v e rs io n  sy m m etry  a lso  g iv es n ew  p o ssib ilitie s  fo r  th e  o b ser 

v a tio n  o f  in te rface  d o m a in  stru ctures. T h is, to g e th e r w ith  th e  

a lread y  d em o n stra ted  sen sitiv ity  fo r  an tife rro m ag n e tic  

d o m ain s5, m ak es th e  fu r th e r  d e v e lo p m en t o f  th e  n o n lin e ar  

m ag n e to -o p tic a l m ic ro sco p y  v e ry  p ro m isin g .
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