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©  2 0 2 2  T h e  A u t h o r ( s ).  P u bli s h e d  b y
e s e s u b stit uti o n  of f errit e
n a n o p arti cl e s  o n  p arti cl e  gr ai n str u ct ur e †

Zi c h u n Y a n, a A ni s h  C h al u v a di, a b S ar a Fit z G er al d, c S ar a h S p e n c e, a

C hri st o p h er  Bl e y er, a Ji a z h o u  Z h u, ‡ b T h o m a s  M.  Cr a wf or d, c R a c h el  B.  G et m a n, b

J o h n  W att, d D al e L.  H u b er e a n d  O.  T h o m p s o n  M e ff or d * a

T o i n v e sti g at e t h e i n fl u e n c e  of  m a n g a n e s e s u b stit uti o n  o n t h e s at ur ati o n  m a g n eti z ati o n  of  m a n g a n e s e

f errit e n a n o p arti cl e s, s a m pl e s  wit h v ari o u s c o m p o siti o n s ( M nx F e 3 x O 4 , x ¼ 0,  0. 2 5,  0. 5,  0. 7 5, a n d 1)  w er e

s y nt h e si z e d a n d c h ar a ct eri z e d. T h e s at ur ati o n  m a g n eti z ati o n  of s u c h  m at eri al s  w a s b ot h c al c ul at e d u si n g

d e n sit y f u n cti o n al t h e or y a n d  m e a s ur e d vi a vi br ati n g s a m pl e  m a g n et o m etr y.  A di s cr e p a n c y  w a s f o u n d;

t h e c o m p ut ati o n al d at a d e m o n str at e d a p o siti v e c orr el ati o n b et w e e n  m a n g a n e s e c o nt e nt a n d s at ur ati o n

m a g n eti z ati o n,  w hil e t h e e x p eri m e nt al d at a e x hi bit e d a n i n v er s e c orr el ati o n. X -r a y di ff r a cti o n ( X R D) a n d

m a g n et o m etr y r e s ult s i n di c at e d t h at t h e cr y st allit e di a m et er a n d t h e  m a g n eti c di a m et er d e cr e a s e  w h e n

a d di n g  m or e  m a n g a n e s e,  w hi c h c o ul d e x pl ai n t h e l o s s  of  m a g n eti z ati o n  of t h e p arti cl e s. F or 2 0 n m

n a n o p arti cl e s,  wit h i n cr e a si n g  m a n g a n e s e s u b stit uti o n l e v el, t h e cr y st allit e si z e d e cr e a s e s fr o m 1 0. 9  n m

t o  6. 3 n m a n d t h e  m a g n eti c di a m et er d e cr e a s e s fr o m 1 5. 1 n m t o 3. 5 n m. F urt h er hi g h r e s ol uti o n

tr a n s mi s si o n el e ctr o n  mi cr o s c o p y ( H R T E M) a n al y si s c o nfi r m e d t h e  m a n g a n e s e s u b stit uti o n i n d u c e d

d ef e ct s i n t h e cr y st al l atti c e,  w hi c h e n c o ur a g e s u s t o fi n d  w a y s  of eli mi n ati n g cr y st alli n e d ef e ct s t o  m a k e

m or e r eli a bl e f errit e n a n o p arti cl e s.
I ntr o d u cti o n

M et al s u b stit ut e d f errit e  n a n o p arti cl e s ( M e x F e 3 x O 4 , M e ¼ M n,

C o,  Ni, a n d Z n, et c. )  h a v e b e e n utili z e d i n a v ari et y of bi o m e di c al

a p pli c ati o n s, i n cl u di n g  m a g n eti c  h y p ert h er mi a, 1, 2 d r u g

d eli v er y, 3 – 6 a n d  m a g n eti c r e s o n a n c e i m a gi n g ( M RI) c o ntr a st

a g e nt s. 7 – 1 0 M e x F e 3 x O 4 f errit e  h a s a s pi n el str u ct ur e ( A B2 O 4 ) t h at

c a n b e  d e s cri b e d a s a f a c e- c e nt er e d c u bi c arr a n g e m e nt of

o x y g e n at o m s  w h er e s u b stit ut e  m et al s a n d ir o n l o c at e i n t h e

t etr a h e dr al ( A sit e) a n d o ct a h e dr al ( B sit e) sit e s. S at ur ati o n

m a g n eti z ati o n i s o n e of t h e  m o st i m p ort a nt c h ar a ct eri sti c

pr o p erti e s of  m a g n eti c  m at eri al s. It r e pr e s e nt s “ h o w  m a g n eti c ”

t h e  m at eri al c a n b e  m a g n eti z e d t o b e c o m e a n d i s dir e ctl y

pr o p orti o n al t o t h e s u m of t h e  m a g n eti c  m o m e nt s of t h e  m et al
eri n g,  Cl e m s o n  U ni v er sit y,  Cl e m s o n, S C

gi n e eri n g,  Cl e m s o n  U ni v er sit y,  Cl e m s o n,

St at e  C e nt er f or E x p eri m e nt al  N a n o s c al e

m bi a, S o ut h  C ar oli n a 2 9 2 0 8,  U S A

Al a m o s  N ati o n al L a b or at or y, L o s Al a m o s,

di a  N ati o n al L a b or at ori e s, Al b u q u er q u e,

m ati o n ( E SI) a v ail a bl e. S e e

i c al  D e v el o p m e nt  C o., Lt d,  C h a n g s h u,

 t h e  R o y al  S o ci e t y  of  C h e mi s t r y
c ati o n s. 1 1 A s t h e  m a g n eti c  m o m e nt s i n  A sit e s a n d  B sit e s ar e

a nti p ar all el, t h e t ot al  m a g n eti c  m o m e nt of t h e f errit e i s

d e p e n d e nt o n t h e c h oi c e of t h e  m et al c ati o n s a n d t h e di stri-

b uti o n of c ati o n s b et w e e n  A a n d  B sit e s. 1 2 T h er ef or e, s u c h

a str u ct ur e o ff er s a gr e at o p p ort u nit y t o t u n e t h e s at ur ati o n

m a g n eti z ati o n of  m et al s u b stit ut e d f errit e s b y c h a n gi n g t h e

c o m p o siti o n vi a c h e mi c al  m a ni p ul ati o n s.

A m o n g di ff er e nt tr a n siti o n  m et al f errit e s,  m a n g a n e s e

s u b stit ut e d f errit e  n a n o p arti cl e s  h a v e b e e n u s e d f or  m a g n eti c

h e ati n g 1 3 – 1 6 a n d e xt e n si v el y st u di e d a s c a n di d at e s f or  T 2 M RI

c o ntr a st a g e nt s d u e t o t h eir  hi g h s at ur ati o n  m a g n eti z ati o n s. 1 7 – 2 3

T o i n v e sti g at e t h e i n  u e n c e of t h e c o m p o siti o n o n t h e pr o p er-

ti e s of  m a n g a n e s e s u b stit ut e d f errit e  n a n o p arti cl e s, s e v er al

v ari ati o n s of t h e str u ct ur e s  h a v e b e e n s y nt h e si z e d a n d c h ar a c-

t eri z e d.2 4 – 2 9 F or e x a m pl e,  Y a n g et al. r e p ort e d t h at t h e c o m p o-

siti o n of  M n 0. 4 3 F e 2. 5 7 O 4 o ff er s t h e  hi g h e st s at ur ati o n

m a g n eti z ati o n ( M s ¼ 8 9. 5 e m u g 1 ) a n d o pti m al  T2 c o ntr a st

a bilit y of  n o n st oi c hi o m etri c  m a n g a n e s e f errit e  n a n o p arti cl e s b y

t e sti n g c o m p o siti o n s fr o m  M n0 t o  M n1. 0 6 .
2 4 I n st e a d of  h a vi n g

a  m a xi m u m s at ur ati o n  m a g n eti z ati o n, t h e st u d y fr o m Li et al.

s h o w e d t h at f or  M n x F e 3 x O 4 (x ¼ 0. 1 1, 0. 1 8, 0. 2 9, 0. 4 4, a n d

0. 4 9), t h e s at ur ati o n  m a g n eti z ati o n  mi ni mi z e s at t h e c o m p o si-

ti o n of x ¼ 0. 2 9 ( M s ¼ 5 9. 3 e m u g 1 ).2 9 A n ot h er  w or k s h o w e d

t h at  w h e n i n cr e a s e t h e  m a n g a n e s e c o nt e nt fr o m x ¼ 0. 1 3 t o x ¼

0. 3 6 t h e s at ur ati o n  m a g n eti z ati o n d e cr e a s e d fr o m 8 1 t o 7 2 e m u

g 1 .2 7 Alt h o u g h t h e  m a n g a n e s e f errit e  n a n o p arti cl e s i n t h e t hr e e

e x a m pl e s  m e nti o n e d a b o v e  w er e s y nt h e si z e d b y si mil ar t h er m al
N a n o s c al e  A d v.
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Vi e w A rti cl e O nli n e
d e c o m p o siti o n  m et h o d s, t h er e i s  n o c o n si st e nt r el ati o n s hi p

b et w e e n t h e c o m p o siti o n a n d t h e s at ur ati o n  m a g n eti z ati o n of

t h e  m a n g a n e s e f errit e  n a n o p arti cl e s.  T h er ef or e, i n t hi s st u d y,

w e  wi s h t o b ett er u n d er st a n d  h o w t h e c o m p o siti o n of  m a n g a-

n e s e f errit e i n  u e n c e s it s s at ur ati o n  m a g n eti z ati o n a n d att e m pt

t o e x pl ai n t h e di s c or d a n c e  wit h a n al y si s of t h e  n a n o str u ct ur e s

i n t h e  n a n o p arti cl e s.

H er ei n,  m a n g a n e s e f errit e  n a n o p arti cl e s  wit h pr e ci s el y

c o ntr oll e d si z e a n d c o m p o siti o n  w er e s y nt h e si z e d vi a t h er m al

d e c o m p o siti o n  m et h o d a n d  m a g n eti c pr o p erti e s  w er e

m e a s ur e d a  er w ar d s.  D e n sit y f u n cti o n al t h e or y ( D F T)  w a s u s e d

t o c al c ul at e t h e s at ur ati o n  m a g n eti z ati o n s of  m a n g a n e s e

f errit e s  wit h t h e  M n c ati o n s arr a n g e d i n diff er e nt i nt er stiti al

sit e s  wit hi n t h e b ul k cr y st al str u ct ur e a n d t h e r e s ult s  w er e

c o m p ar e d  wit h t h e e x p eri m e nt al r e s ult s.

E x p eri m e nt al
M at eri al s f or p arti cl e s y nt h e si s

Ir o n(III) a c et yl a c et o n at e,  m a n g a n e s e(II) a c et yl a c et o n at e, st yr e n e

($ 9 9 %), a n d di vi n yl b e n z e n e (t e c h. 8 0 %)  w er e p ur c h a s e d fr o m

Si g m a  Al dri c h; ol ei c a ci d ( 9 0 %)  w a s p ur c h a s e d fr o m Fi s h er

S ci e nti  c; 1- o ct a d e c e n e ( 9 0 %), d o c o s a n e ( 9 0 %)  w er e p ur c h a s e d

fr o m  A cr o s  Or g a ni c s.  Et h a n ol,  h e x a n e, a c et o n e, a n d  nitri c a ci d

w er e p ur c h a s e d fr o m  B D H.  All r e a g e nt s  w er e u s e d  wit h o ut a n y

f urt h er p uri c ati o n.

S y nt h e si s of  m a n g a n e s e f errit e  n a n o p arti cl e s u si n g

a c et yl a c et o n at e s

T h e s y nt h eti c pr o c e d ur e  w a s a d o pt e d fr o m a r e p ort e d  m et h o d

wit h a dj u st m e nt. 3 0 B ri e  y, t o s y nt h e si z e  m a n g a n e s e f errit e

n a n o p arti cl e s ( A c a c s a m pl e, t ar g et e d 1 0  n m), ir o n a c et yl a c et o-

n at e a n d  m a n g a n e s e a c et yl a c et o n at e ( 3  m m ol i n t ot al)  w er e

mi x e d i n 3  m L ol ei c a ci d a n d 5  m L 1- o ct a d e c e n e.  T h e  mi xt ur e

w a s  m e c h a ni c all y stirr e d a n d r e  u x e d at 3 2 5 C u n d er c o n st a nt

 o w ( 0. 2 L  m 1 ) of  nitr o g e n f or 2  h o ur s b ef or e c o oli n g d o w n t o

r o o m t e m p er at ur e.  T h e c o m p o siti o n of t h e  n a n o p arti cl e s  w a s

c h a n g e d b y c h a n gi n g t h e r ati o b et w e e n ir o n a n d  m a n g a n e s e

pr e c ur s or s  w hil e k e e pi n g t h e t ot al  m ol arit y c o n st a nt t o e n s ur e

si mil ar  n al si z e s.  T h e c o m p o siti o n s f or e a c h b at c h  w er e ai m e d

at  M n x F e 3 x O 4 (x ¼ 0, 0. 2 5, 0. 5, 0. 7 5, a n d 1) a n d  w er e t h u s

n a m e d  M n x – A c a c ( x ¼ 0, 0. 2 5, 0. 5, 0. 7 5, a n d 1).

S y nt h e si s of  m a n g a n e s e f errit e  n a n o p arti cl e s u si n g ol e at e s

T h e s y nt h eti c  m et h o d of c h oi c e  m a y si g ni  c a ntl y c h a n g e t h e

pr o p ert y of t h e  m at eri al. It  w a s s h o w n ir o n o xi d e  n a n o p arti cl e s

c a n b e s y nt h e si z e d  wit h di ff er e nt pr e c ur s or s a n d t h e pr o p erti e s

of t h e r e s ulti n g pr o d u ct s c a n b e si g ni  c a ntl y di ff er e nt. 3 1

T h er ef or e, i n t hi s st u d y,  w e c h o s e ol e at e pr e c ur s or s t o s y nt h e-

si z e 1 0  n m  m a n g a n e s e f errit e  n a n o p arti cl e s b e si d e s u si n g a c e-

t yl a c et o n at e pr e c ur s or s.

T h e s y nt h eti c pr o c e d ur e  w a s a d o pt e d fr o m a pr e vi o u s st u d y

wit h c h a n g e s. 2 4, 3 2 B ri e  y, ir o n( III) ol e at e ( or  m a n g a n e s e(II)

ol e at e)  w er e  m a d e b y r e a cti n g 4 0  m m ol f erri c c hl ori d e ( or

m a n g a n e s e( II) c hl ori d e) s alt s  wit h 1 2 0  m m ol s o di u m ol e at e

( 8 0  m m ol f or  m a n g a n e s e ol e at e) i n a r e u xi n g s ol v e nt  mi xt ur e
N a n o s c al e  A d v.
of  h e x a n e ( 1 4 0  m L), et h a n ol ( 8 0  m L), a n d  w at er ( 6 0  m L) f or 4

h o ur s.  T h e  m et al ol e at e s  w er e o bt ai n e d b y e v a p or ati n g  h e x a n e

fr o m t h e u p p er l a y er a n d pr e ci pit at e d b y  w a s hi n g  wit h a c et o n e.

T h e  n al  w a x y s oli d  w a s dri e d i n a v a c u u m o v e n o v er ni g ht at

r o o m t e m p er at ur e b ef or e u s e.  T o s y nt h e si z e 1 0  n m  m a n g a n e s e

f errit e  n a n o p arti cl e s, ir o n(III) ol e at e a n d  m a n g a n e s e(II) ol e at e

( 3  m m ol i n t ot al)  w er e  mi x e d i n 3  m L ol ei c a ci d a n d 1 5  m L 1-

o ct a d e c e n e.  T h e  mi xt ur e  w a s r e  u x e d a n d  m e c h a ni c all y stirr e d

u n d er  nitr o g e n at 3 6 5 C f or 1. 5  h o ur s.  T hi s s eri e s i s  n a m e d

M n x – ol e at e- 1 ( x ¼ 0, 0. 2 5, 0. 5, 0. 7 5, a n d 1).

T h e si z e of  n a n o p arti cl e s pl a y s a criti c al r ol e i n a ff e cti n g t h e

m a g n eti c pr o p erti e s of t h e f errit e  n a n o p arti cl e s. 3 3, 3 4 T h er ef or e,

l ar g er p arti cl e s  w er e s y nt h e si z e d  wit h t h e s a m e ol e at e pr e c ur-

s or s.  T o s y nt h e si z e 2 0  n m  m a n g a n e s e f errit e p arti cl e s, 9  m m ol

m et al ol e at e s, 9  m L ol ei c a ci d, a n d 9  m L 1- o ct a d e c e n e  w er e

u s e d, a n d t hi s s eri e s i s  n a m e d  M n x – ol e at e- 2 ( x ¼ 0, 0. 2 5, 0. 5,

0. 7 5, a n d 1).  A  er t h e r e a cti o n, t h e pr o d u ct  w a s  w a s h e d b y

mi xi n g t h e pr o d u ct  wit h 6 0  m L et h a n ol a n d c e ntrif u g e d at

1 0 0 0 0 r p m f or 3  mi n t o pr e ci pit at e t h e p arti cl e s.  T h e  w a s hi n g

pr o c e s s  w a s r e p e at e d u ntil t h e s u p er n at a nt b e c a m e cl e ar.

Tr a n s mi s si o n el e ctr o n  mi cr o s c o p y ( T E M) a n al y si s

El e ctr o n  mi cr o s c o p y  w a s c o n d u ct e d at t h e  A M R L  E M f a cilit y,

Cl e m s o n  U ni v er sit y, a n d t h e  C e nt er f or I nt e gr at e d  N a n ot e c h-

n ol o gi e s, S a n di a  N ati o n al L a b or at ori e s.  T E M i m a g e s f or si z e

a n al y si s  w er e t a k e n u si n g  Hit a c hi  H 7 8 3 0 at 1 2 0 k V  wit h 2 0 0

m e s h c ar b o n- c o at e d c o p p er gri d s.  Hi g h-r e s ol uti o n tr a n s-

mi s si o n el e ctr o n  mi cr o s c o p y ( H R T E M) i m a g e s  w er e t a k e n o n a n

F EI  Tit a n  E T E M 8 0- 3 0 0 ( F EI,  Hill s b or o,  Or e g o n)  wit h I m a g e  C s

c orr e ct or, o p er ati n g at 3 0 0 k V.  E n er g y di s p er si v e  X-r a y s p e c-

tr o s c o p y ( E D S)  m a p pi n g  w a s d o n e u si n g  Hit a c hi S U 9 0 0 0 u n d er

6 0 k V.  T h e i m a g e s  w er e f urt h er a n al y z e d t hr o u g h I m a g e J ( NI H,

o p e n s o ur c e). Si z e di stri b uti o n  w a s o bt ai n e d b y r a n d o ml y

s el e cti n g  m or e t h a n 3 0 0 di sti n ct p arti cl e s fr o m i m a g e s  wit h

a  m a g ni  c ati o n of 1 0 0 k.

Vi br ati n g s a m pl e  m a g n et o m etr y ( V S M)

V S M  w a s d o n e u si n g a p h y si c al pr o p ert y  m e a s ur e m e nt s y st e m

( P P M S,  Q u a nt u m  D e si g n, I n c.)  T h e s a m pl e s  w er e pr e p ar e d b y

 xi n g t h e p arti cl e s i n t h e  m atri x of p ol y st yr e n e- di vi n yl b e n-

z e n e. 3 5, 3 6 T h e  m o n o m er  mi xt ur e  w a s c ur e d at 9 0 C  wit h a z o-

bi si s o b ut yr o nitril e ( AI B N) a s i niti at or a n d t h e  hi g h t e m p er at ur e

a n d c o n v e cti o n  will k e e p t h e p arti cl e s e v e nl y di stri b ut e d.

M a g n eti z ati o n c ur v e  w a s  m e a s ur e d  wit h a  m a xi m u m  el d of

2 0 0 0 0  O e ( 1 5 9 5. 4 k A  m 1 ) at 5  K a n d 3 0 0  K, r e s p e cti v el y.

I n d u cti v el y c o u pl e d pl a s m a o pti c e mi s si o n s p e ctr o s c o p y (I C P-

O E S)  w a s u s e d t o d et er mi n e t h e  m a s s of  m et al el e m e nt s i n

e a c h s a m pl e  wit h s a m pl e di g e sti o n.  T h e  m a s s of p arti cl e s  w a s

t h e n c al c ul at e d b y a s s u mi n g t h e p arti cl e s  h a v e a  M n x F e 3 x O 4

str u ct ur e.  T h e  m a s s of p arti cl e s  w a s f urt h er u s e d f or c o n v erti n g

m e a s ur e d  m a g n eti c  m o m e nt ( e m u) t o  m a g n eti z ati o n ( e m u g 1 ,

A m 2 k g 1 ).  T h e  m e a s ur e d  m a g n eti z ati o n v er s u s  el d c ur v e s

w er e  tt e d t o t h e L a n g e vi n f u n cti o n  w ei g ht e d u si n g a l o g-

n or m al si z e s u g g e st e d b y  C h a ntr ell et al. 3 7 T hi s  m et h o d i s al s o

d e s cri b e d i n pr e vi o u s st u di e s. 3 8 – 4 0 I n t hi s st u d y, t h e  tti n g  w a s

d o n e u si n g S P  t, a  M A T L A B b a s e d pr o gr a m t h at  w a s d e v el o p e d
©  2 0 2 2  T h e  A u t h o r ( s ).  P u bli s h e d  b y t h e  R o y al  S o ci e t y  of  C h e mi s t r y
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T a bl e 1 T h e v al u e  of x i n a  M nx F e 3 x O 4 c o m p o siti o n c al c ul at e d fr o m

I C P - O E S d at a ( E D S d at a)

M n 0 M n 0. 2 5 M n 0. 5 M n 0. 7 5 M n 1

A c a c 0. 0 0 ( 0. 0 0) 0. 2 4 ( 0. 2 3) 0. 4 2 ( 0. 4 7) 0. 7 0 ( 0. 6 8) 1. 0 0 ( 0. 9 9)

Ol e at e- 1 0. 0 7 0. 1 8 0. 3 2 0. 4 7 0. 6 4

Ol e at e- 2 0. 0 1 0. 2 0 0. 3 5 0. 6 9 0. 7 8

T a bl e 2 S at ur ati o n  m a g n eti z ati o n ( V S M) at 3 0 0  K  of p arti cl e s  of
di ff er e nt b at c h e s ( A  m 2 k g 1 )

M n 0 M n 0. 2 5 M n 0. 5 M n 0. 7 5 M n 1

A c a c 4 5. 5 9 4 2. 6 1 2 2. 6 7 1 9. 8 7 1 2. 4 5

Ol e at e- 1 5 6. 6 9 5 6. 4 0 4 3. 3 4 3 2. 4 0 2 3. 4 5

Ol e at e- 2 7 2. 8 9 6 2. 8 4 4 4. 9 9 2 7. 3 7 2 5. 4 2

P a p e r N a n o s c al e  A d v a n c e s
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Vi e w A rti cl e O nli n e
b y  G M S al a di n o. 4 1, 4 2 T h e t e m p er at ur e  w a s s et t o 3 0 0  K a n d t h e

b ul k s at ur ati o n  m a g n eti z ati o n  w a s s et t o 4 4 6 k A  m 1 .4 3 It

s h o ul d b e  n ot e d t h at t hi s  m o d el a s s u m e s  n o n-i nt er a cti n g

p arti cl e s.

I n d u cti v el y c o u pl e d pl a s m a o pti c e mi s si o n s p e ctr o s c o p y (I C P-

O E S)

S a m pl e s  w er e pl a c e d i nt o 2 0  m L s ci ntill ati o n vi al s a n d i n c u-

b at e d at 5 0 0 C o v er ni g ht u n d er a m bi e nt air.  T h e r e s ulti n g

s oli d s  w er e t h e n di s s ol v e d  wit h 7 0 %  nitri c a ci d ( 1  m L) at 1 0 0 C

a n d k e pt  h e ati n g u ntil c o m pl et el y dr y.  T h e n 1 0  m L 2 %  nitri c

a ci d  w a s a d d e d i nt o e a c h vi al a n d v ort e x e d f or 3  mi n t o e n s ur e

s ol v ati o n.  T h e s a m pl e s ol uti o n s  w er e  lt er e d t hr o u g h 0. 2 m m

s yri n g e  lt er s b ef or e  m e a s ur e m e nt. St a n d ar d s ol uti o n s

( 1 0 0 p p m, 5 0 p p m, 1 0 p p m, 5 p p m, 1 p p m, a n d 0. 5 p p m) c o n-

t ai ni n g ir o n a n d  m a n g a n e s e  w er e pr e p ar e d b y dil uti n g a st a n-

d ar d p ur c h a s e d fr o m  V W R.  T h e  m e a s ur e m e nt  w a s c o n d u ct e d

wit h a  T h er m o S ci e nti  c i C A P 7 2 0 0 I C P- O E S i n r a di al  m o d e

u si n g t h e st a n d ar d i n str u m e nt o p er ati n g c o n diti o n s.  O pti c al

e mi s si o n  w a s  m o nit or e d at t h e  w a v el e n gt h s of 2 5 9. 9 4 0  n m ( F e)

a n d 2 5 7. 6 1 0  n m ( M n).

X-r a y di ff r a cti o n ( X R D)

P o w d er  X-r a y di ff r a cti o n  w a s p erf or m e d  wit h a  Ri g a k u  Ulti m a

di ff r a ct o m et er.  T h e p arti cl e s  w er e di s p er s e d i n n - h e x a n e

( a p pr o xi m at el y 5 0  m g  m L 1 ) a n d t h e n  dr o p p e d o n a gl a s s

s u b str at e.  T h e p arti cl e s  w er e t h e n d e p o sit e d b y t h e e v a p or ati o n

of t h e s ol v e nt.  All s a m pl e s  w er e s c a n n e d  wit h 0. 5 mi n 1 fr o m

2 5 t o 6 5 wit h a c o p p er  K a X-r a y ( l ¼ 1. 5 4 Å).  T h e r e s ult s  w er e

a n al y z e d u si n g P A N al yti c al  X' P ert  Hi g h S c or e Pl u s.  T h e p e a k

br o a d e ni n g c a u s e d b y t h e si z e e ff e ct  w er e r o u g hl y e sti m at e d

u si n g S c h err er' s e q u ati o n.  M or e e x pl a n ati o n  will b e f o u n d i n

t h e r e s ult s a n d di s c u s si o n s e cti o n.

D F T c al c ul ati o n s

Si m ul at e d str u ct ur e s  w er e b a s e d o n t h e b ul k str u ct ur e of F e 3 O 4

( m a g n etit e).  W e s p e ci c all y e m pl o y e d a s u p er c ell  wit h a n i niti al

st oi c hi o m etr y of F e 2 4 O 3 2 .  A t ot al of  u p t o ei g ht  M n i o n s  w er e

s u b stit ut e d f or F e i n t h e F e 2 4 O 3 2 str u ct ur e t o o bt ai n c o m p o si-

ti o n s of  M n2 F e 2 2 O 3 2 , M n4 F e 2 0 O 3 2 , M n6 F e 1 8 O 3 2 , M n8 F e 1 6 O 3 2 f or

b ot h i n v er s e a n d  n or m al s pi n el str u ct ur e s ( s e e Fi g. S 3 † ).

M a g n eti c  m o m e nt s  w er e c al c ul at e d  wit h t h e  V A S P ( Vi e n n a A b

i niti o Si m ul ati o n P a c k a g e) s o  w ar e. 4 4 – 4 7 El e ctr o n e x c h a n g e a n d

c orr el ati o n  w er e tr e at e d u si n g t h e P er d e w – B ur k e – Er n z er h of

( P B E)4 8 f u n cti o n al  wit h t h e e n er gi e s of c or e el e ctr o n s b ei n g

si m ul at e d u si n g t h e pr oj e ct or a u g m e nt e d  w a v e ( P A W) p s e u d o-

p ot e nti al s 4 9, 5 0 t o a c ut- off e n er g y of 5 2 0 e V.  All c al c ul ati o n s

i n cl u d e d s pi n- p ol ari z ati o n.  T h e  D F T +  U f or m ali s m5 1 – 5 4 w a s

utili z e d t o c a pt ur e t h e str o n g c o ul o m bi c r e p ul si o n f or 3 d el e c-

tr o n s o n t h e  M n a n d F e at o m s a n d t o f urt h er pr e v e nt t h e

d el o c ali z ati o n of el e ctr o n s i n t h e s e s e mi c o n d u cti n g  m at eri al s.

El e ctr o ni c str u ct ur e s  w er e c o n v er g e d s elf- c o n si st e ntl y u ntil t h e

di ff er e n c e i n el e ctr o ni c e n er gi e s b et w e e n s u b s e q u e nt st e p s f ell

b el o w 1 0 5 e V.  U nit c ell g e o m etri e s  w er e c o n v er g e d it er ati v el y

u ntil t h e di ff er e n c e i n e n er g y b et w e e n s u b s e q u e nt st e p s f ell

b el o w 1 0 4 e V. F ull  d et ail s a b o ut  m o d el d e v el o p m e nt,  D F T
©  2 0 2 2  T h e  A u t h o r ( s ).  P u bli s h e d  b y t h e  R o y al  S o ci e t y  of  C h e mi s t r y
c al c ul ati o n s, a n d c o n v er si o n of t h e c al c ul at e d  m a g n eti c

m o m e nt t o s at ur ati o n  m a g n eti z ati o n ar e pr o vi d e d i n t h e  E SI. †
R e s ult s a n d  di s c u s si o n
E x p eri m e nt al p arti cl e si z e a n d c o m p o siti o n a n al y si s

T o st u d y t h e i n  u e n c e of  m a n g a n e s e c o nt e nt o n t h e  m a g n eti c

pr o p erti e s of  m a n g a n e s e s u b stit ut e d f errit e  n a n o p arti cl e s,  w e

n e e d t o  h a v e g o o d c o ntr ol of p arti cl e si z e a n d  m or p h ol o g y si n c e

t h e s e f a ct or s al s o i n u e n c e t h e  m a g n eti c pr o p erti e s of f errit e

n a n o p arti cl e s.  T h e si z e s of t h e p arti cl e s  w er e d et er mi n e d b y

T E M.  T h e r e s ult s ar e s h o w n i n  T a bl e 3 a n d pl ott e d i n Fi g. 1

(ri g ht).  Alt h o u g h t h e c o m p o siti o n of e a c h b at c h v ari e d, f or e a c h

s eri e s of s a m pl e s, t h e p arti cl e di a m et er s st a y e d r el ati v el y cl o s e

t o t h e t ar g et. It s e e m s t h at c h a n gi n g t h e r ati o b et w e e n t h e ir o n

pr e c ur s or a n d  m a n g a n e s e pr e c ur s or di d  n ot pl a y a si g ni  c a nt

r ol e i n c h a n gi n g t h e o v er all p arti cl e si z e s. It i s i m p ort a nt t o

e x cl u d e t h e si z e e ff e ct o n t h e  m a g n eti c pr o p erti e s t o  n d t h e

r el ati o n s hi p b et w e e n t h e  m a g n eti c pr o p erti e s a n d t h e c o m p o-

siti o n s of t h e p arti cl e s, t h u s, t h e s y nt h eti c  m et h o d s pr o vi d e d

g o o d  m at eri al s f or f urt h er  m e a s ur e m e nt s.

T h e c o m p o siti o n of t h e  n a n o p arti cl e s a m pl e s  w a s  m e a s ur e d

wit h  E D S a n d I C P- O E S.  T h e t w o  m e a s ur e m e nt s  h a v e t h eir o w n

m erit s.  W e u s e d  E D S  m a p pi n g t o a n al y z e t h e el e m e nt al di stri-

b uti o n i n t h e p arti cl e s, a s s h o w n i n Fi g. 2.  B a s e d o n t h e

m a p pi n g, it a p p e ar s t h at b ot h ir o n a n d  m a n g a n e s e ar e e v e nl y

di stri b ut e d i n all t h e p arti cl e s of  M n 0. 7 5 – A c a c. I C P- O E S

m e a s ur e s t h e o v er all  m a s s of  m et al el e m e nt s i n t h e di g e st e d

s a m pl e,  w hil e  E D S gi v e s t h e r el ati v e a m o u nt of e a c h el e m e nt at

a  mi cr o s c o pi c l e v el.  T hi s  m e a n s t h at b ot h I C P- O E S a n d  E D S c a n

b e u s e d f or c al c ul ati n g t h e c o m p o siti o n of t h e p arti cl e s a m pl e s

if  w e a s s u m e a  M nx F e 3 x O 4 f or m ul a.  T a ki n g t h e  A c a c s eri e s a s

a n e x a m pl e, a s s h o w n i n  T a bl e 1 a n d Fi g. 3, b ot h I C P- O E S a n d

E D S d at a ar e cl o s e t o t h e t ar g et e d c o m p o siti o n  wit h di ff er e n c e s

wit hi n a c c e pt a bl e err or.  T h er ef or e, l at er o n, f or t h e t w o ol e at e

s eri e s,  w e u s e d I C P- O E S a s a st a n d ar d  m et h o d t o a n al y z e t h e

c o m p o siti o n of e a c h s a m pl e, a n d t h e r e s ult s ar e s h o w n i n  T a bl e

1.  T h e  m a n g a n e s e c o nt e nt i n t h e ol e at e- 1 a n d ol e at e- 2 s eri e s

w a s l o w er t h a n t h e t ar g et e d l e v el,  w hi c h  w a s al s o o b s er v e d
N a n o s c al e  A d v.
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T a bl e 3 P arti cl e  di a m et er s  m e a s ur e d b y T E M i n c o m p ari s o n  wit h cr y st allit e di a m et er s a n d l atti c e p ar a m et er s  m e a s ur e d b y X R D, a n d  m a g n eti c
di a m et er s

T E M  m e a n di a m et er
( n m)

X R D cr y st allit e
di a m et er ( n m) ( 3 1 1)

M a g n eti c di a m et er
( n m)

L atti c e p ar a m et er
(Å) ( 3 1 1)

A c a c M n 0 1 1. 0 3. 1 3. 5 7. 3 0. 3 8. 3

M n 0. 2 5 7. 7 2. 1 3. 9 5. 8 0. 1 8. 4
M n 0. 5 7. 4 1. 5 3. 1 4. 6 0. 2 8. 5

M n 0. 7 5 8. 3 2. 5 3. 5 4. 2 0. 8 8. 4

M n 1 7. 6 2. 1 2. 7  N/ A 8. 6

Ol e at e- 1  M n 0 9. 5 0. 7 4. 9 8. 1 0. 2 8. 3
M n 0. 2 5 1 0. 1 0. 7 4. 6 7. 8 0. 3 8. 4

M n 0. 5 9. 4 0. 8 3. 9 6. 4 0. 5 8. 4

M n 0. 7 5 9. 9 0. 7 3. 7 4. 7 0. 9 8. 5
M n 1 9. 8 0. 8 4. 1  N/ A 8. 4

Ol e at e- 2  M n 0 2 0. 5 1. 3 1 0. 9 1 5. 1 0. 6 8. 3

M n 0. 2 5 2 1. 0 1. 4 9. 4 1 1. 0 1. 3 8. 4

M n 0. 5 1 7. 8 1. 1 7. 6 3. 5 0. 2 8. 4
M n 0. 7 5 2 3. 8 2. 8 6. 8  N/ A 8. 5

M n 1 2 0. 3 1. 6 6. 3  N/ A 8. 5

N a n o s c al e  A d v a n c e s P a p e r
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Vi e w A rti cl e O nli n e
pr e vi o u sl y b y ot h er a ut h or s. 2 7 – 2 9 G ar c ı́a- S ori a n o et al. pr o vi d e d

a  ni c e c o m p ari s o n t o ot h er a ut h or s d e m o n str ati n g t hi s

p h e n o m e n a 2 8 a s  w ell a s L a s h er a s et al. u si n g  X-r a y a b s or pti o n

n e ar e d g e str u ct ur e ( X A N E S) t o d et er mi n e t h e o xi d ati v e st at e of

t h e  M n a n d F e i o n s.2 7 T h e  m e a s ur e m e nt of I C P- O E S o n t h e  V S M

s a m pl e i s criti c al t o t h e a n al y si s of t h e  V S M d at a b e c a u s e t h e

m e a s ur e d  m a g n eti c  m o m e nt i s pr o p orti o n al t o t h e t ot al q u a n-

tit y of t h e  m a g n eti c p arti cl e s i n e a c h  m e a s ur e d s a m pl e.  Wit h

I C P- O E S, t h e t ot al  m a s s of ir o n,  m a n g a n e s e, a n d f errit e p arti-

cl e s, c a n b e c al c ul at e d, a n d t h e  m a s s of p arti cl e s  w a s t h e n u s e d

t o  n or m ali z e t h e  m a g n eti c  m o m e nt.

M a g n eti c  m e a s ur e m e nt

T h e  m a g n eti c  m o m e nt v al u e  m e a s ur e d b y  V S M i s pr o p orti o n al

t o t h e t ot al  m a s s of  m a g n eti c p arti cl e s.  T o k n o w t h e a c c ur at e

m a s s of p arti cl e s i n e a c h s a m pl e, t h e  V S M s a m pl e s ar e di g e st e d

a n d  m e a s ur e d b y I C P- O E S.  T h e  m a g n eti z ati o n c ur v e s ar e
Fi g. 1 T E M i m a g e a n d si z e di stri b uti o n hi st o gr a m  of  M n 0 – ol e at e - 2 (l eft); 

d e vi ati o n fr o m t h e  m e a n.

N a n o s c al e  A d v.
m e a s ur e d  wit h a  m a xi m u m  el d of ar o u n d 1 6 0 0 k A  m 1 . A n

e x a m pl e of t h e  m a g n eti z ati o n c ur v e s of t h e 2 0  n m ol e at e- 2

s eri e s i s s h o w n i n Fi g. 4.  T h e  m a g n eti z ati o n at 5  K i s sli g htl y

l ar g er t h a n t h e  m a g n eti z ati o n at 3 0 0  K f or e a c h s a m pl e.  At 3 0 0

K, t h er e i s  n o o b vi o u s c o er ci vit y f or t h e s a m pl e s  m e a s ur e d at

3 0 0  K s h o wi n g a t y pi c al s u p er p ar a m a g n eti c b e h a vi o ur.  A s s e e n

i n Fi g. 4, t h e s at ur ati o n  m a g n eti z ati o n of e a c h s a m pl e diff er e d

si g ni  c a ntl y, a n d t h e s at ur ati o n  m a g n eti z ati o n v al u e s at 3 0 0  K

f or all s a m pl e s ar e pr e s e nt e d i n  T a bl e 2.  T o b ett er dr a w a s at u-

r ati o n  m a g n eti z ati o n – c o m p o siti o n r el ati o n s hi p, t h e d at a ar e

pl ott e d i n Fi g. 5, al o n g  wit h s at ur ati o n  m a g n eti z ati o n v al u e s

fr o m t h e  D F T c al c ul ati o n s (l o w e st e n er g y str u ct ur e s). It s h o ul d

b e  n ot e d t h at t h e  D F T c al c ul ati o n s i n di c at e  n or m al s pi n el

str u ct ur e s ar e l o w er i n e n er g y t h a n i n v er s e s pi n el at all

c o m p o siti o n s ( s e e s e cti o n S 4 of t h e  E SI † ). I n a d diti o n, c al c ul a-

ti o n s  w er e o nl y  m a d e f or t h e e xtr e m e c a s e s of p ur el y  n or m al a n d

i n v er s e str u ct ur e s,  w h er e a s it i s k n o w n t h at  M n s u b stit uti o n s
t h e si z e s u m m ar y  of t hr e e s eri e s (ri g ht). Err or b ar s r e pr e s e nt 1 st a n d ar d
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Fi g. 2 E D X  m a p pi n g  of  M n 0. 7 5 – A c a c s a m pl e.

Fi g. 3 C o m p ari s o n  b et w e e n c o m p o siti o n  m e a s ur e d b y I C P - O E S a n d
E D S.
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Vi e w A rti cl e O nli n e
t y pi c all y o c c ur 8 0 % i n t h e  A sit e a n d 2 0 % i n t h e  B sit e l e a di n g t o

a  mi x s pi n el str u ct ur e. 1 1 T h e e x p eri m e nt al d at a s h o w e d t h at f or

e a c h c o m p o siti o n, p arti cl e s  wit h l ar g er si z e s g e n er all y  h a d

hi g h er s at ur ati o n  m a g n eti z ati o n s a n d f or t h e s a m e si z e p arti-

cl e s t h e s at ur ati o n  m a g n eti z ati o n  h a d a d o w n w ar d tr e n d  wit h

t h e i n cr e a s e of  m a n g a n e s e c o nt e nt.  T h e  tt e d li n e s ar e u s e d t o

s h o w t h e g e n er al tr e n d of t h e s at ur ati o n  m a g n eti z ati o n –

c o m p o siti o n r el ati o n s hi p ( d o e s  n ot  n e c e s s aril y  m e a n a li n e ar

r el ati o n s hi p) f or e a c h s eri e s of p arti cl e s a m pl e s. I n t h e or y,

b e c a u s e  M n 2 + gi v e s t h e  hi g h e st  m a g n eti c  m o m e nt a m o n g t h e

3 d  m et al s, t h e i n c or p or ati o n of  m a n g a n e s e i nt o t h e f errit e

str u ct ur e s h o ul d pr o vi d e a  hi g h er s at ur ati o n  m a g n eti z ati o n.
©  2 0 2 2  T h e  A u t h o r ( s ).  P u bli s h e d  b y t h e  R o y al  S o ci e t y  of  C h e mi s t r y
H o w e v er, t h e e x p eri m e nt pr o d u c e d v al u e s  w er e  n ot a gr e e m e nt

wit h t h e  D F T c al c ul ati o n s.  T hi s  n di n g  m oti v at e d u s t o f urt h er

i n v e sti g at e t h e i n u e n c e of c o m p o siti o n o n s at ur ati o n  m a g n e-

ti z ati o n i n c o m p ari s o n  wit h t h e e x p eri m e nt al r e s ult s.

A c o m p ari s o n b et w e e n c o m p ut ati o n al a n d e x p eri m e nt al

( 2 0  n m ol e at e- 2) r e s ult s i s s h o w n i n Fi g. 5 (ri g ht).  W hil e t h e

c al c ul at e d r e s ult s i n di c at e t h at t h e s at ur ati o n  m a g n eti z ati o n

i n cr e a s e s  wit h i n cr e a si n g  m a n g a n e s e s u b stit uti o n, c o n si st e nt

wit h t h e or eti c al b ul k lit er at ur e v al u e s 1 1 f or  m a n g a n e s e f errit e s,

t h e o p p o sit e r el ati o n s hi p i s s h o w n f or e x p eri m e nt al r e s ult s.  A s

t h e c o m p ut ati o n al r e s ult s ar e b a s e d o n pri sti n e b ul k str u ct ur e s,

t hi s l e d u s t o i n v e sti g at e t h e  mi cr o str u ct ur e s of t h e  n a n o-

p arti cl e s t o s e e k p o s si bl e e x pl a n ati o n s f or t h e di s cr e p a n c y

b et w e e n t h e c o m p ut ati o n al r e s ult s a n d e x p eri m e nt al r e s ult s.
Cr y st all o gr a p hi c a n al y si s

T h e ori gi n of t h e r e d u cti o n of  m a g n eti z ati o n of ir o n o xi d e  w a s

a n al y z e d a n d r e p ort e d pr e vi o u sl y. 3 1 It s e e m s t h at t h e r e d u cti o n

of  m a g n eti z ati o n i s d u e t o t h e i m p uriti e s i n t h e cr y st alli n e

str u ct ur e s of t h e  n a n o p arti cl e s.  T o f urt h er st u d y t h e cr y st al

str u ct ur e of t h e  n a n o p arti cl e s a n d e x pl ai n t h e di s cr e p a n c y

b et w e e n t h e c o m p ut ati o n al a n d e x p eri m e nt al r e s ult s, t h e

p arti cl e s  w er e  m e a s ur e d b y  X R D a n d  H R T E M.

T h e  X R D s h o w e d t h at all t h e s a m pl e s  wit h di ff er e nt  M n

c o nt e nt  h a v e a s pi n el str u ct ur e ( m a n g a n e s e f errit e or  m a g n e-

tit e) a s s h o w n i n Fi g. 6.  T h e  n a n o- si z e of t h e p arti cl e s c o ntri b-

ut e s t o t h e p e a k br o a d e ni n g i n t h e di ff r a ct o gr a m si g ni  c a ntl y,

a n d t h e cr y st allit e si z e c a n b e e sti m at e d b y a p pl yi n g S c h err er' s

e q u ati o n: cr y st allit e si z e ¼ K l /( F W H M c o s( q )),  w h er e K i s t h e

s h a p e f a ct or a n d K ¼ 0. 9 4 f or t hi s c a s e. F W H M i s t h e f ull  wi dt h

at t h e  h alf  m a xi m u m of t h e s el e ct e d p e a k. l i s t h e  w a v el e n gt h of
N a n o s c al e  A d v.
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Fig. 4 Magnetization curves of 20 nm oleate-2 samples at 5 K and 300 K.

Fig. 5 Saturation magnetization at 300 K of different samples (left). Comparison between computational and experimental (oleate-2, 20 nm)
data of different levels of Mn substitution (right).

Fig. 6 XRD results of 20 nm oleate-2 samples.
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the X-ray (Cu Ka, 1.54 Å), and q is the diffraction angle. The
lattice parameters can be calculated using Bragg's equation: d¼
nl/(2 sin(q)), where d is the interplanar distance and n is the
diffraction order. For a face-centered cubic structure, the lattice
parameter: a ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðh2 þ k2 þ l2Þ=d2p

, where (h k l) is the corre-
spondingMiller index of the diffraction plane. Themost intense
peak at the (311) plane was selected to estimate the crystallite
size and lattice parameter, and the results are listed in Table 3.
The TEM measured particle sizes, and the tted magnetic
diameters are also shown in Table 3. In general, for each series
(Acac, oleate-1, and oleate-2), the crystallite size and the
magnetic diameter decrease when the manganese content
increases. Some of the samples with high manganese content
were unable to properly t with the program, which is probably
due to the extremely small crystallite size and themagnetization
curves are too paramagnetic for the program to t (see ESI† for
more information).

The plots in Fig. 7 showed the inuence of composition on
the crystallite size and the lattice parameter. The tted lines are
only for drawing the general trends and they do not necessarily
mean the relationships are linear. Although, there are other
factors that may also contribute to the peak broadening, such as
Nanoscale Adv.
microstrain, or instrumental broadening, the broadening
caused by crystallite size effect is the most remarkable one and
the general trend will be the same if other factors are
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Crystallite sizes (left) and lattice parameters (right) of different samples calculated from XRD results.
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considered. As seen in Fig. 7, regardless of the synthetic method
and the size of the particles, for each series, when increasing
manganese content, the crystallite size decreased, and the
lattice parameters increased. The lattice parameter increase
with the metal substitution was previously reported for zinc
substitution,55–57 and for manganese substitution.29 Comparing
to the particle sizes measured by TEM, the crystallite sizes are
much smaller. The particles either have very low crystallinity or
have polycrystalline structures. Fig. 8 revealed the microstruc-
tures inside the 20 nm oleate-2 particles. Fast Fourier
Fig. 8 HRTEM image of 20 nm oleate-2 samples. (a) HRTEM image of Mn
marked area in (a); (c) inverse FFT image of FFT in (b). (d) HRTEM image of
the marked area in (d); (f) inverse FFT image of FFT in (e).

© 2022 The Author(s). Published by the Royal Society of Chemistry
Transformation (FFT) of a selected particle showed that the
particles are highly crystalline, and the Inverse Fast Fourier
Transformation (IFFT) operation on the brightest spot enabled
us to see the lattice planes in the particles, as shown in Fig. 8c
and f. In the IFFT images, Fig. 8c and f, lattice defects are seen
especially for the samples with manganese substitution. It
seems that the addition of manganese during the synthesis
induced the formation of defects in the crystals and this
explains the increase of lattice parameters with manganese
substitution. The lattice parameters were calculated from the
0 oleate-2 and FFT image of the marked area; (b) zoom-in image of the
Mn1 oleate-2 and FFT image of the marked area; (e) zoom-in image of

Nanoscale Adv.
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peak shi in the XRD diffractograms, which exhibits the overall
value of the sum of particles instead of a single particle. Such
defects also resulted in smaller crystallite sizes and larger
microstrain of the crystals which explains the peak broadening
in the XRD results and could also explain the reduction of
magnetization of the manganese substituted ferrite particles.
Unfortunately, in the previous studies related to substituted
ferrite materials, insufficient attention was paid into the control
of microstructures of the nanoparticles via chemical synthesis,
which led to the inconsistency concerning the composition–
property relationships as discussed in the introduction.
Undoubtedly, more efforts on improving the crystallinity of the
synthesized particles are needed to reconcile the experimental
results with the computational results. With better control of
the crystallinity of the synthesized nanoparticles, more under-
standings of the structure–property relationship will be
explored in the future.
Conclusions

In this study, to study the correlation between the composition of
manganese substituted ferrite nanoparticles and their saturation
magnetization, nanoparticles were synthesized and characterized
with precisely controlled size and compositions. The saturation
magnetization was experimentally measured by VSM and calcu-
lated with DFT. The computational data suggested that the
saturation magnetization increases with increasing the manga-
nese content, while the experimental saturation magnetization
becomes lower at higher manganese substitution levels. Further
analysis of structure of the nanoparticles indicates that the
incorporation of manganese results in the formation of defects in
the crystalline structure and the shrinkage of the crystallite size,
which lead to the reduction of saturation magnetization of the
ferrite particles. This unexpected structure encourages us to put
in more efforts to the synthesis of ferrite nanoparticles with
minimized crystalline imperfections.
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