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The al!oy vvith the composition PrjfCoo.sFeo.-On has an easy-axis magneto-crystaIline anisotropy. The anisotropy is changed to 
the easy-plane by introducing nitrogen on interstitial sites. We proved the difference betvveen the anisotropy of the basic alloy and 
the nitrided composition directly by the magnetic measurements and by observing the domain structure by means of optical and 
magnetic force microscopy. The transition from one to another type of anisotropy can be explained by a simple model based on 
crystal structure and shape of the electronic cloud of the Pr ion. 

Key vvords: permanent magnet materials, magneto crstalline anisotropy, nitriding 

Intermetalna zlitina Pr2(Coo.5Feo.5)i7 ima osno magneto-kristalno anizotropijo. Z uvajanjem dušika na intersticijska mesta 
anizotropija preide v ravninsko. Razliko med tipoma anizotropij med obema spojinama dokažemo neposredno z magnetnimi 
meritvami in opazovanjem domenske strukture z mikroskopom na magnetno silo (MFM). Prehod iz ene anizotropije v drugo kot 
posledico spremenjene sestave lahko razložimo s preprostim modelom, ki temelji na kristalni strukturi in obliki elektronskega 
oblaka iona Pr. 
Ključne besede: trajno-magnetni materiali, magneto-kristalna anizotropija, nitriranje 

1 INTRODUCTION 

I t i s v v e l l k n o v v n t h a t R 2 T n , v v h e r e R s t a n d s f o r a r a r e 

e a r t h a n d T f o r a t r a n s i t i o n m e t a l , i n t e r m e t a l l i c s e x h i b i t 

i n t e r e s t i n g m a g n e t i c p r o p e r t i e s a n d r e p r e s e n t i m p o r t a n t 

p e r m a n e n t m a g n e t m a t e r i a l 1 . T o o b t a i n h i g h c o e r c i v i t y o f 

t h e m a g n e t i t i s n e c e s s a r y t h a t t h e m a t e r i a l h a s a n e a s y -

a x i s m a g n e t o - c r y s t a ! l i n e a n i s o t r o p y a n d t h a t t h e v a l u e o f 

t h e c o e f f i c i e n t K i , v v h i c h i s a m e a s u r e f o r t h e e n e r g y o f 

t h e m a g n e t o - c r y s t a l l i n e a n i s o t r o p y , i s a s h i g h a s p o s s i -

b l e 2 . T h e m a g n e t o - c r y s t a l l i n e a n i s o t r o p y o f t h e b a s i c 

c o m p o u n d c a n b e i n f l u e n c e d b y i n t r o d u c i n g n i t r o g e n o n 

i n t e r s t i t i a l s i t e s i n t h e c r y s t a l l a t t i c e 3 . T h e 

P r 2 ( C o o . 5 F e o . 5 ) n c o m p o u n d c r y s t a l l i z e s i n t h e r h o m b o h e -

d r a l T f ^ Z n n t y p e s t r u c t u r e a n d i t h a s e a s y - a x i s m a g n e t o -

c r y s t a l l i n e a n i s o t r o p y 4 - 5 . B u t t h e a n i s o t r o p y i s t o o v v e a k 

a n d t h e m a g n e t b a s e d o n t h i s m a t e r i a l d o e s n o t e x h i b i t 

d e s i r e d p r o p e r t i e s . I n o u r v v o r k v v e s t u d i e d t h e i n f l u e n c e 

o f n i t r o g e n i n t h e P r 2 ( C o a 5 F e o . 5 ) i 7 a l l o y . I n S m 2 F e i 7 i n t e r -

m e t a l l i c a l l o y t h e m a g n e t i c p r o p e r t i e s v v e r e s u c c e s s f u l l y 

i m p r o v e d b y i n t r o d u c i n g n i t r o g e n t o t h e i n t e r s t i t i a l s i t e s 

o f t h e c r y s t a l l a t t i c e 6 . 

2 EXPERIMENTAL 

T h e s a m p l e s v v e r e p r e p a r e d f r o m 9 9 . 9 % p u r e e l e -

m e n t s b y a r e m e l t i n g . E x c e s s o f P r v v a s a d d e d t o a n o m i -

n a l c o m p o s i t i o n t o o f f s e t P r e v a p o r a t i o n l o s s e s d u r i n g 

m e l t i n g . A f t e r t h e f o u r t h m e l t i n g t h e s a m p l e s v v e r e 

v v r a p p e d i n a T a f o i l a n d e n c a p s u l a t e d a f t e r e v a c u a t i o n i n 

q u a r t z t u b e s a n d t h e n a n n e a l e d a t 1 0 0 0 ° C f o r 2 4 h o u r s . 

B e f o r e a n d a f t e r t h e h e a t t r e a t m e n t t h e i r p h a s e p u r i t y 

v v a s d e t e r m i n e d b y J E O L J X A 8 4 0 S E M / E P M A e l e c t r o n 

p r o b e m i c r o a n a l y s i s . N i t r i d i n g , a s a g a s - s o l i d r e a c t i o n , 

v v a s p e r f o r m e d a t 4 5 0 ° C f o r 1 0 h o u r s i n a h i g h p u r i t y N 2 

1 b a r g a s a t m o s p h e r e . T h e n i t r i d i n g t e m p e r a t u r e v v a s p r e -

v i o u s l y d e t e r m i n e d b y u s i n g D T A / T G A f a c i l i t i e s 

( N e t z c h ) . T h e p a r e n t a l l o y a n d t h e n i t r i d e d p o v v d e r v v e r e 

c h a r a c t e r i z e d b y X R D . T h e m a g n e t i z a t i o n m e a s u r e m e n t s 

o n t h e p o v v d e r e d a n d a l i g n e d s a m p l e s v v e r e p r o v i d e d b y 

t h e m a g n e t o m e t e r - s u s c e p t o m e t e r ( M a n i c s ) b a s e d o n t h e 

F a r a d a y p r i n c i p l e . M a g n e t i c d o m a i n s v v e r e e x a m i n e d b y 

m a g n e t i c f o r c e m i c r o s c o p y ( M F M ) u s i n g a D i m e n s i o n 

3 0 0 0 s c a n n i n g p r o b e m i c r o s c o p e ( D i g i t a l I n s t r u m e n t s , 

I n c . ) , v v h i c h a l l o v v s s e p a r a t e a t o m i c f o r c e a n d m a g n e t i c 

f o r c e i m a g e s t o b e c o l l e c t e d i n t h e c o u r s e o f o n e s c a n . 

S u r f a c e t o p o g r a p h y v v a s o b t a i n e d u s i n g T a p p i n g M o d e 7 

A F M . H i g h r e s o l u t i o n M F M i m a g e v v a s o b t a i n e d b y u s -

i n g L i f t M o d e s o f t v v a r e 7 a n d t h e u l t r a - s o f t F e - S i 0 2 t i p . 

I m a g e s o f t h e d o m a i n p a t t e r n s v v e r e p r e v i o u s l y t a k e n b y 

K e r r m i c r o s c o p y u s i n g a N i k k o n O p t i p h o t X P - 2 p o l a r i z -

i n g l i g h t m i c r o s c o p e v v i t h a 1 5 0 W X e l a m p . 

3 RESULTS OF THE M E A S U R E M E N T S 

T h e m a g n e t i z a t i o n v e r s u s a p p l i e d field c u r v e s o f t h e 

P r 2 ( C o o . 5 F e o . 5 ) i 7 b o n d e d p o v v d e r m e a s u r e d p a r a l l e l a n d 

p e r p e n d i c u l a r t o t h e d i r e c t i o n o f t h e a l i g n m e n t a r e s h o v v n 



i n Figure 1. F r o m t h e s e c u r v e s i t i s e v i d e n t t h a t t h e a n -

i s o t r o p y f i e l d i s g r e a t e r t h e n 3 0 k A / c m v v h i c h i m p l i e s t h e 

e x i s t e n c e o f v v e a k e a s y - a x i s m a g n e t o - c r y s t a l l i n e a n i s o t -

r o p y . T h e d o m a i n p a t t e r n o f t h i s a l l o y , o b s e r v e d b y o p t i -

c a l m i c r o s c o p e i n a p o l a r i z e d l i g h t u s i n g t h e m a g n e t o -

o p t i c K e r r e f f e c t i s s h o v v n i n Figure 2. A s t a r s h a p e d o r 

" l a b y r i n t h " p a t t e r n i n t h e g r a i n s c u t p e r p e n d i c u l a r t o t h e 

c - a x i s a n d a b a n d e d o r " s t r i p " s t r u c t u r e v v i t h i n t h e g r a i n s 

c u t p a r a l l e l t o t h e c - a x i s a r e p r e s e n t . S u c h d o m a i n s t r u c -

t u r e a p p l i e s f o r m a t e r i a l s v v i t h e a s y - a x i s t y p e o f m a g -

n e t o - c r y s t a l l i n e a n i s o t r o p y v v h e r e t h e c r y s t a l l o g r a p h i c c -

a x i s d e f t n e s t h e e a s y d i r e c t i o n 8 . Figure 3 s h o v v s t h e s a m e 

a r e a o b s e r v e d b y t h e m a g n e t i c f o r c e m i c r o s c o p e ( M F M ) 

v v h i c h a p p e a r s t o b e i n a g o o d a g r e e m e n t v v i t h K e r r m i -

c r o s c o p y . B o t h m a g n e t i z a t i o n c u r v e s o f t h e n i t r i d e d 

p o v v d e r , m e a s u r e d p a r a l l e l a n d p e r p e n d i c u l a r t o t h e d i -

r e c t i o n o f t h e a l i g n m e n t a r e e s s e n t i a l l y t h e s a m e (Figure 
4 ) t h a t m e a n s t h a t t h e n i t r i d e d m a t e r i a l d o e s n o t h a v e a n 

e a s y - a x i s m a g n e t o - c r y s t a l l i n e a n i s o t r o p y . T h i s f a c t v v a s 

c o n f i r m e d a l s o b y o b s e r v a t i o n o f t h e d o m a i n s t r u c t u r e . 

Figure 5 s h o v v s t h e K e r r i m a g e o f a l a r g e ( - 1 0 0 p m ) p a r -

t i c l e . B e c a u s e o f t h e s l o v v n i t r o g e n b u l k d i f f u s i o n 9 j u s t a 

l a y e r o f v v i d t h - 5 p m v v a s n i t r o g e n a t e d . T h e c o r e a r e a 

r e p r e s e n t s t h e b a s i c P ^ C o o s F e o s ) ] ? m a t e r i a l . T h e s h e l l 

r e s o l u t i o n i s l o v v , a n d n o m a g n e t i c s t r u c t u r e v v a s o b -

s e r v e d i n t h e n i t r i d e d l a y e r . O n l y s t r i p d o m a i n s v v e r e 

f o u n d i n t h e c o r e r e g i o n . O n Figure 6 i s s h o v v n a M F M 

d e t a i l i m a g e o f t h e c o r e - s h e l l b o r d e r a r e a o f t h e s a m e 

p a r t i c l e v v i t h a s h a r p d e m a r c a t i o n b e t v v e e n t h e s t r i p d o -

m a i n p a t t e r n i n t h e c o r e a r e a a n d t h e l a b y r i n t h d o m a i n 

s t r u c t u r e i n t h e n i t r i d e d s h e l l v v i t h t h e s t a r d o m a i n v v i d t h 

o f - 1 - 1 . 2 p m v v h i c h i s s i g n i f i c a n t f o r e a s y - p l a n e m a g -

n e t o - c r y s t a l l i n e a n i s o t r o p y 1 0 . 

Figure 2: The domain pattern of the alloy Pr2(Coo.5Feo.s)i7 observed 
by optical microscope in a polarized light using magneto-optic Kerr 
effect. Star shaped or "labyrinth" pattern in grains cut perpendicular to 
the c-axis and a banded or "strip" structure vvithin grains cut parallel to 
the c-axis are present 
Slika 2: Domenska struktura zlitine Pr2(Coo.5Feo.5)i7, opazovana z 
optičnim mikroskopom v polarizirani svetlobi s pomočjo Kerrovega 
efekta. V zrnih, odrezanih pravokotno glede na os c, vidimo labirintno 
strukturo domen zvezdaste oblike. V zrnih, ki so odrezana vzporedno z 
osjo c pa so črtaste domene v obliki pasov 

4 THEORETICAL 

U n d e s i r e d t r a n s i t i o n f r o m t h e e a s y - a x i s t o t h e p l a n e 

m a g n e t o - c r y s t a l l i n e a n i s o t r o p y d u e t o t h e i n t r o d u c e d n i -

t r o g e n i n t h e č a s e o f P r 2 ( C o 0 . 5 F e 0 . 5 ) i 7 c o n t r a r y t o t h e č a s e 

o f S m i F e i ? 6 c a n b e e x p l a i n e d i n t h e f r a m e o f t h e s i m p l i -

f i e d c r y s t a l field t h e o r y " . W e a s s u m e t h a t t h e e n e r g y o f 

t h e m a g n e t o - c r y s t a l l i n e a n i s o t r o p y i s g i v e n b y t h e e l e c -

t r o s t a t i c i n t e r a c t i o n b e t v v e e n t h e 4 f c h a r g e d i s t r i b u t i o n o f 

t h e r a r e e a r t h a t o m a n d t h e n o n - 4 f c h a r g e s p r e s e n t i n t h e 

Figure 3: MFM image of the same area as in Figure 2 
Slika 3: MFM posnetek istega območja kot na sliki 2 

Figure 1: Magnetization versus applied field of the P^tCoo.sFeo.s)^ 
bonded povvder measured parallel (upper curve) and perpendicular 
(lovver curve) to the direction of the aligment. The anisotropy field is 
greater then 30 kA/cm 
Slika 1: Magnetizacija prašnega vzorca P^CoasFeosJn v odvisnosti 
od zunanjega magnetnega polja merjena vzporedno (zgornja krivulja), 
in pravokotno (spodnja krivulja), glede na smer predhodne 
namagnetenosti prahu 

25um 



Figure 4: Magnelization curves of nitrided powder measured parallel, 
and perpendicular, to the direction of the alignment are the same 
Slika 4: Krivulja magnetizacije nitriranega prahu, merjena pravokotno 
in vzporedno glede na smer predhodne namagnetenosti prahu 

I a t t i c e . T h e c h a n g e o f t h e c o e f f i c i e n t K i u p o n t h e i n t e r -

s t i t i a l m o d i f i c a t i o n i n t h e f i r s t a p p r o x i m a t i o n d e p e n d s : 

• o n t h e a n g l e 6 b e t w e e n t h e d i r e c t i o n s o f t h e n i t r o g e n 

a t o m a n d t h e m a g n e t i z a t i o n r e l a t i v e t o t h e p o s i t i o n o f 

t h e r a r e e a r t h a t o m : Figure 7 
• a n d t o t h e q u a d r a p o l e c o n t r i b u t i o n n 2 t o t h e 4 f c h a r g e 

d e n s i t y . 

O n e c a n s c h e m a t i c a l l y c o n c l u d e t h a t r a r e e a r t h a t o m s 

w i t h n 2 < 0 ( P r , N d , D y e t c . ) h a v e t h e o b l a t e s h a p e o f t h e 

4 f e l e c t r o n c l o u d w h i l e i n t h e č a s e o f S m w i t h n 2 > 0 i t 

c a n b e d e s c r i b e d a s a p r o l a t e . T o e s t i m a t e v v h e t h e r t h e K i 

i s i n c r e a s e d o r d e c r e a s e d a f t e r t h e n i t r i d i n g t h e r e i s a 

s i m p l e r u l e " : 

s g n ( A K , ) = s g n ( n 2 ) s g n ( 9 ) 

Figure 5: Kerr image of a large ( -100 pm) particle. Just a layer of 
width - 5 pm vvas nitrogenated. The core area represents the basic 
Pr2(Co().5Feo.5)i7 alloy 
Slika 5: Posnetek velikega ( - 100 pm) delca s pomočjo Kerrovega 
efekta. Nitrirana je samo zunanja plast debeline - 5 pm. Jedro 
predstavlja osnovna zlitina Pr2(Coo.5Feo.s)i7 

Figure 6: MFM detail image of the core-shell border of the same 
particle as in Figure 5. A sharp demarcation betvveen the strip domain 
pattern in the corearea and the labyrinth domain structure in the 
nitrided shell is shovvn 
Slika 6: MFM detajlni posnetek meje med nitriranim in nenitriranim 
območjem delca iz slike 5. Ostro se vidi razlika med črtastimi 
domenami v nenitriranem območju ter zvezdastimi domenami iz 
nitrirane plasti 

w h e r e s g n ( 0 = 0 ° ) = - 1 a n d s g n ( 6 = 9 0 ° ) = 1 . I t i m -

p l i e s t h a t i n t h e č a s e o f P r ( n 2 < 0 ) w e h a v e t o l o o k f o r 

i n t e r s t i t i a l s i t e s w i t h t h e a x i a l c o o r d i n a t i o n ( 0 = 0 ° ) 

v v h i c h i s n o t t h e č a s e f o r t h e s i t e 9 e i n T h 2 Z n 1 7 t y p e o f 

c r y s t a l s t r u c t u r e . I t h a s i n - p l a n e i n t e r s t i t i a l c o o r d i n a -

t i o n ( 6 = 9 0 ° ) v v h i c h i s f a v o r a b l e f o r t h e S m ( n 2 > 0 ) 

b a s e d m a t e r i a l s . 

earth 

Figure 7: Angle 6 betvveen the directions of the nitrogen atom and the 
magnetization relative to the position of rare earth atom 
Slika 7: Kot 6 med zveznico atoma dušika ter atoma redke zemlje in 
smerjo magnetizacije 



5 CONCLUSION 

I t w a s s h o w n t h a t b e s i d e s t h e m a g n e t o - o p t i c K e r r e f -

f e c t M F M c a n b e u s e d a s a n i m p o r t a n t t e c h n i q u e f o r 

r a p i d a n d s i m p l e c h a r a c t e r i z a t i o n o f t h e m a g n e t i c s t r u c -

t u r e o f n e v v m a g n e t i c m a t e r i a l s . W h e n t h e m a g n e t i c 

s t r u c t u r e i s t o o f i n e f o r o p t i c a l m i c r o s c o p y , M F M c a n 

s e r v e a s a v e r y c o n v e n i e n t m e t h o d i n o b s e r v i n g a n d c h a r -

a c t e r i z i n g t h e m a g n e t i c s t r u c t u r e o f d i f f e r e n t a n d u n -

k n o v v n m a g n e t i c m a t e r i a l s . A f t e r t h e s u c c e s s f u l i n t e r s t i -

t i a l m o d i f i c a t i o n o f t h e S m 2 F e n 3 6 a n d s o m e o t h e r 

i n t e r m e t a l l i c s 3 i t w a s h o p e d t h a t t h e s a m e p r o c e d u r e 

c o u l d b e a p p l i e d a l s o t o t h e P r 2 ( C o o . 5 F e o . 5 ) n a l l o y . I n -

s t e a d o f t h e i n c r e a s i n g o f m a g n e t o - c r y s t a l l i n e a n i s o t r o p y 

e v e n a t r a n s i t i o n f r o m t h e e a s y - a x i s t o t h e u n d e s i r e d 

e a s y - p l a n e t y p e w a s o b s e r v e d . T h e r e f o r e t h e n i t r i d e d a l -

l o y P r 2 ( C o 0 . 5 F e 0 . 5 ) i 7 c a n n o t b e u s e d a s a p e r m a n e n t m a g -

n e t m a t e r i a l . N e v e r t h e l e s s i t h a s v e r y i n t e r e s t i n g p r o p e r -

t i e s f r o m w h i c h w e c a n l e a r n m u c h o n d o m a i n s t r u c t u r e 

a n d t h e e f f e c t s o f n i t r i d i n g . F i n a l l y t h e e x p e r i m e n t a l r e -

s u l t s o b t a i n e d o n t h e i n v e s t i g a t e d a l l o y a g r e e w i t h t h e 

p r e d i c t i o n s o f a m o d e l b a s e d o n a c r y s t a l field t h e o r y " . 
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