
CHAPTER IV
PREPARATION AND CHARACTERIZATION OF MAGNESIUM-DOPED 

BARIUM STRONTIUM TITANATE VIA SOL-GEL METHOD

4.1 Abstract

H ig h  d ie le c t r ic  constant p o w de rs  w ith  v a r io u s  co m p o s it io n s  o f  m agnes ium - 

doped b a riu m  s tron tiu m  titanate, Ba i_x_ySrxM g y T i0 3  (w here X = 0.3, 0.4, 0.5 and 

y  = 0, 0 .005 , 0 .010 , 0 .020 ) have been su cce ss fu lly  prepared v ia  so l-g e l p ro cess  at 

lo w  tem perature co n d it io n  (60 C ) .  T h e -a s-p ro ce ssed  ba rium  s tron tiu m  titanate ge l 

w as cha rac te rized  b y  T G A  and D T A  to dete rm ine the c a lc in a t io n  tem p e ra tu re 'w h ich  

ce ram ic  phase w as fo u n d  to be fu l ly  c ry s ta lliz e d  at 900°c . T he  ob ta ined  m agnes ium - 

doped ba rium  stron tium  titanate p o w d e r w ere cha racte rized  b y  X R D  to c o n f irm  the 

phase fo rm a tio n  o f  m agnes ium -do ped  barium  s tron tium  titanate. In a d d it io n , the 

m easurem ent o f  frequency -dependen t d ie le c tr ic  p rope rties  in d ica ted  that w ith  

in c re a s in g  m agnes ium  content, the d ie le c tr ic  constant decreases. W he rea s, the 

tem peratu re-dependent d ie le c tr ic  p rope rtie s  w ere s lig h t ly  changed  as a fu n c t io n  o f  

tem perature.

4.2 Introduction

B a r iu m  titanate have  been e x te n s iv e ly  w e ll-k n o w n  fo r past few  decades in  

term s o f  p ro du c in g  capac ito rs , e le c tr ic a l transducers and fe rro e le c tr ic  random  access 

m em ory  ( F e R A M ) ,  etc. due to its possess ion  o f  v e ry  h igh  p e rm it t iv ity  and lo w  loss 

at h igh  frequency . A c c o rd in g  to its p e rovsk ite  ( A B O 3) structu re , the s tru ctu re  o f  

ba r ium  titanate can be changed  in  w id e  tem perature range. O ne  o f  the m a jo r p ro b le m  

o f  ba r ium  titanate is the fact that the te tra gona l-cub ic  phase tra n s it io n  tem peratu re  or 

so -ca lle d  C u r ie  tem perature, is  v e ry  h ig h  (ap p ro x im a te ly  120°C). M a n y  researches 

has been purposed  in  o rd e r to reduce phase tran s it ion  tem perature, d ie le c t r ic  constan t 

and lo ss tangent by  in tro d u c in g  the s o lid  so lu t io n  o f  B a T iC >3 and S r T i0 3 , the e ffe c t 

o f  s tron tium  sub stitu t io n  are re d u c tio n  o f  fe rro e le c tr ic  tra n s it io n  tem peratu re,
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supp ress ion  o f  d ie le c tr ic  and lo ss tangent fo r  h ig h  and lo w  fre q u en cy  range, and 

redu ction  o f  u n it c e ll v o lu m e  [1], A n o th e r  idea to suppress d ie le c t r ic  constant and 

lo ss  tangent is  to dope m agnes ium  dopan t in  ba rium  stron tium  titanate  [2]. These  

tw o  concep t not o n ly  can  im p ro ve  the C u r ie  tem perature, but they  a lso  suppress 

d ie le c tr ic  p e rm itt iv ity , lo ss  tangent and la tt ice  param eters. M o re o v e r , they are 

a p p lic a b le  in  m ic ro w a ve  tunab le  ap p lica tio n s . T he  b a riu m  titanate  and its s o lid  

so lu t io n s  have been m o s t ly  prepared fro m  trad it io n a l s o lid  state reaction . The rea fte r, 

so l-g e l p rocesses has been used to p roduce  the pow der, a c co rd in g ly , th e ir  eas iness to 

co n tro l the co m p o s it io n , iow -tem pe ra tu re  co m b in a t io n  and de lica te  p a rt ic le  s ize  [3],

In th is  w o rk , w e p repared  the m agnes ium -doped  ba rium  s tron tium  titanate 

p o w d e r by  u s in g  lo w  tem peratu re so l-g e l process. B y  v a ry in g  the m o le  ra tio s  o f  

s tron tium  substituen ts and m agnes ium  dopant. T w e lv e  c o m p o s it io n  o f  m agnes ium - 

doped  ba rium  stron tium  titanate, Bai_x.ySrxM g y T i0 3  (w here  X  = 0.3 , 0 .4, 0.5 and 

y  -  0, 0 .005 , 0 .010 , 0 .020), have been p repared to s tudy  the e ffe c t o f  s tron tium  

substituen ts and m agnes ium  dopant on  the phase fo rm a tio n , frequency -dependen t 

and tem peratu re-dependent d ie le c tr ic  p rope rties.

4.3 Experimental

4.3.1 P repa ra tion  o f  M ag n e s iu m -do p ed  B a r iu m  S tron tium  T itan a te  P o w d e r 

T h e  gel p roduc ts  o f  m agnes ium -doped  barium  s tron tiu m  titdnate, 

Ba-i_x.ySrxM g y T i0 3  (w here  X  = 0.3, 0.4, 0.5 and y = 0, 0 .005, 0 .010 , 0 .020) w ere  

prepared as fo llo w s . F ir s t ly ,  s to ich io m e tr ic  ra tio s o f  ba r ium  acetate, s tron tium  

acetate v a ry in g  m o le  fra c t io n  X  = 0.3, 0 .4, 0.5 and m agnes ium  acetate dopant v a ry in g  

m o le  fra c t io n  y  = 0, 0 .005 , 0 .010 , 0 .020  w ere  d is so lv e d  in  50 m l o f  g la c ia l a ce t ic  

a c id  and s t irre d  at 60 °c fo r  15 m in . T hen , 50 m l o f  m ethano l w as added to the 

m ix tu re  and stirred  fo r 15 m in . Then, t ita n iu m -n -b u to x id e  so lu t io n  w as  added to the 

m ix tu re . T he  o ve ra ll m o le  ra t io  o f  b a rium  ions, s tron tium  ions, m agnes ium  ion s  and 

t ita n iu m  io n s  are show n  in  T a b le  4.1. Subsequen tly , the h om ogeneou s ly  m ix e d  

p re cu rso r so lu t io n  w as s tirred  fo r  2 0  h  u n t il the so lu t io n  becam e the w h ite  ge l. 

F in a lly ,  the ob ta ined  ge ls w e re  fu rther taken  to ca lc in a t io n  p ro cess b y  u s ing  “ 2 -step
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d e co m p o s it io n ”  m ethod  to ob ta in  w h ite  p o w d e r p roducts, the tem peratu re  p ro f ile  o f  

th is  m ethod  is  show n  in  F ig u re  4.1.

Table 4.1 T h e  o ve ra ll m o le  ra t io  o f  ba r ium  ions, stron tium  ions, m agn es iu m  ions 

and t itan iu m  ion s

Bai.x.ySrxMgyT i03 Molar ratio
X y Ba Sr Mg Ti

0.3

0 0.7

0.3

0 1
0 .005 0.695 0.005 0.995

0 . 0 1 0.69 0 . 0 1 0.99

0 . 0 2 0 . 6 8 0 . 0 2 0.98

0.4

0 0 . 6

0.4

0 ๆ
0 .005 0.595 0.005 0.995

0 . 0 1 - 0 .59 0 . 0 1 0.99

0 . 0 2 0.58 0 . 0 2 0.98

0.5

0 0.5

0.5

0 1
0 .005 0.495 0.005 0.995

0 . 0 1 0.49 0 . 0 1 0.99

0 . 0 2 0.48 0 . 0 2 0.98
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T im e  (m in )

Figure 4.1 T h e  tem peratu re  p ro f ile  o f  2 -step  d e co m p o s it io n  m ethod.

4 .3 .2  C h a ra c te r iza t io n s  and T e s tin g

T h e  F o u r ie r  tran s fo rm  in fra red  sp ec tro sco py  ( F T - IR )  w as used to 

c o n f irm  the fu n c t io n a l g roups re lated to  structu re o f  ba r ium  acetate, s tron tium  

acetate, m agnes ium  acetate and t ita n iu m -n -b u to x id e  p recu rso rs , as w e ll as the 

m o le cu la r  structu re  o f  b a r iu m  stron tium  titanate gel and pow der. T h e  F T IR  spectra  

w e re  ob ta ined  in  a spectra l range o f  4 0 00 -8 0 0  cm ' 1 as a fu n c t io n  o f  t im e  w ith  64 

scans at a re so lu t io n  o f  2 c m '1. T he rm a l p rope rties d u r in g  c a lc in a t io n  p rocess o f  

b a r iu m  s tron tium  titanate ge l w ere  m easured by u s ing  T h e rm o g ra v im e tr ic  A n a ly s is  

( T G A )  and D if fe re n t ia l th e rm a l an a ly s is  ( D T A )  techn iques. T he  g e l sam p le  w as 

heated from  ro om  tem peratu re  to l,100°c in  a ir  b y  u s in g  a hea ting  rate o f  lO G /m in .  

T h e  phase fo rm a tio n s  o f  m agn es iu m -do ped  b a riu m  s tron tium  titanate  p ow d e rs  w ere  

ch a rac te r ized  b y  X - r a y  d iffra c to m e te r w ith  N i- f i l t e r  C u K a  ra d ia t io n  operated at 

40  k v  and 30 m A  w ith  scan  speed 5 degree/m in . T he  2-theta w as ran g in g  from  20 .00  

degree to 80 .00  degree. T h e  ob ta ined  p o w d e r a fte r ca lc in a t io n  p ro cess  w ere  g round  

and h yd ra u lic  p ressed in s id e  u n ia x ia l p re ss in g  m o ld  and tw o  s id e  o f  com pacted  

p o w d e r sp ec im ens w ere  e le c troded  w ith  s i lv e r  pa in t. D ie le c t r ic  p ro pe rt ie s  [d ie le c tr ic
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constan t ( ร , ) ,  and lo ss  tangent (tan 5  ; e 'V s ’ ) ]  o f  m agnes ium -doped  b a r iu m  stron tium  

titanate  sp ec im ens w ere  de te rm ined  by  u s in g  an E 4 9 9 1 A  R F  im pedance /m a te r ia l 

a n a ly ze r equ ipped  w ith  a 1 6453A  d ie le c t r ic  m a te r ia l test f ix tu re , A g ile n t  

T e ch n o lo g ie s , Inc., U S A ) .  T h e  frequency-dependen t d ie le c tr ic  p ro pe rt ie s  w ere  

m easured  by  u s ing  scan fre quen c ie s  ranged fro m  1 M H z  to 1 G H z .  T o  study the 

tem peratu re-dependent d ie le c t r ic  p rope rties , the com pact p ow de r sp e c im en s  w ere  

p la ced  betw een tw o  e le ctrodes in s id e  an E sp e c  ร บ - 261 tem peratu re and h u m id ity  

co n tro l cham ber, the spec im en s  w ere  heated from  room  tem peratu re  to  150°c and 

then  co o led  d ow n  by  1 0 “C  each tim e. T he  data w ere co lle c te d  e v e ry  5 m in  a fte r 

tem peratu re is  decreased.

4.4 Results and Discussion

4.4.1 B a r iu m  S tro n t iu m  T itana te  P re cu rso rs  and G e l C h a ra c te r iza t io n s

4 .4 .1 .1  F o u r ie r  T ra n sfo rm  I n fr a r e d  S p e c t r o s c o p y  (F T IR ) A n a ly s is
T he  F T I R  spectra o f  s ta rting  p recu rso rs  and the as-p rocessed  

ge l w ere  show n  in  F ig u re  4 .2 (a) - 4.2(e). In F ig u re  4.2(a) to 4 .2(c) sh o w  the s im ila r  

spectra  o f  acetate group  o f  p re cu rso rs  due to the present o f  h y d ro x y l - O H  s tre tch ing  

band at a p p ro x im a te ly  3400  c m ’ 1 and ca rb o xy la te  s tre tch ing  band appeared  at 1600 

c m '1. W hen  the p recu rso rs  so lu t io n  becam e a ge l, there w ere  three d is t in g u ish e d  

peaks in  ba r ium  stron tium  titanate gel F T IR  spectrum  as show n  in  F ig u re  4.2(e) 

w h ic h  w ere  the h y d ro x y l -O FI s tre tch ing  band appeared at 3500  c m '1, the  ca rb o xy la te  

c= 0  s tre tch ing  band appeared at 1600 cm ' 1 and the C H 2- C O  bend in g  v ib ra t io n  o r - 

C O O F I  coup led  w ith  -O H  b en d in g  and C - 0  s tre tch ing  v ib ra t io n  bands appeared at 

1420 cm ' 1 [4],
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W a ve n u m b e r ( c m 1)

Figure 4.2 F T IR -sp e c tra  o f  (a) B a r iu m  acetate (b) S tro n t ium  acetate (c) M a g n e s iu m  

acetate (d) T ita n iu m -n -b u to x id e  and (e) B a r iu m  s tron tium  titanate gel.

4 .4 .1 .2  D if f e r e n tia l  T h e rm a l A n a ly s is  (D T A ) a n d  T h e r m o g r a v im e tr ic  
A n a ly s is  (T G A )
W h ile  the as-p rocessed  gel w as subjected to  the  heat fro m  

am b ien t tem peratu re to l,100°c du ring  T G A  and D T A  a n a ly s is  as sh o w n  in  F ig u re

4.3 and 4.4, re spec tiv e ly . In F ig u re  4 .4 , the f irs t endo the rm ic  peak  o f  D T A  p lo t  

betw een  100°c and 150°c e x h ib it  the w a te r v a p o r iz a t io n  [5], w h ich  is  co rre la ted  to 

w e igh t lo ss  a round  71 .74%  in  T G A  the rm og ram  as show n  in  F ig u re  4.3. T he  second  

endo th e rm ic  peak  o f  D T A  betw een 300 °c and 400  °c dem onstra tes the  d is so c ia t io n  

o f  acetate g roup  co rre sp o n d in g  to 9.42%  w e ig h t lo ss  in  T G A  therm ogram . F in a lly ,  

the e xo th e rm ic  peak  betw een  600 G  and 900  °c in  D T A  the rm og ram  in d ica ted  the 

c ry s ta lliz a t io n  o f  ba r ium  s tron tium  titanate ce ram ic  phase. D u r in g  the c a lc in a t io n  

p rocess, the phase e v o lu t io n  began at 600  °c and becam e sharper at the tem peratu re 

upper than 8 0 0 °c [6 ]. In  add it ion , fro m  T G A  and D T A  resu lts , the ca lc in e d  

tem perature fo r the ob ta in ed  gel w as fou n d  to be fu l ly  c ry s ta lliz e d  at 900  °c 
and the p o w d e r p roduc t y ie ld  ob ta ined  w as found  to be 18.84%  o f  to ta l ge l w e igh t.
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4.4 .2  M ag n e s iu m -do p ed  B a r iu m  S tro n t iu m  T itana te  G e l and P o w d e r 

C h a ra c te r iza t io n s

4 .4 .2 .1  F o u r ie r  T ra n sfo rm  I n fr a r e d  S p e c tr o s c o p y  (F T1R ) A n a ly s is
The  F T I R  spectrum  o f  b a r iu m  s tron tium  titanate as-p rocessed  

gel w as show n  in  F ig u re  4.5. T h e  O -H  s tre tch ing  band w as represented a round  3400  

c m ’ 1, the band o f  C F h -C O -  b en d in g  v ib ra t io n  o r - C O O H  co up led  w ith  O -H  bend ing  

and C - 0  stre tch ing  v ib ra t io n  bands at - 1 4 0 0  and - 1 5 0 0  cm ' 1 [4] w h ic h  becam e 

w eaken  dow n  in  the in ten s ity  a fte r ca lc in a t io n  process. In o ther w o rd s , the o rgan ic  

co m po u nd s  in  the ba rium  s tron tiu m  titanate gel have been d is in teg ra ted  du rin g  the 

c a lc in a t io n  p rocess and f in a l ly  becam e b a r iu m  stron tium  titanate pow de r. A s  show n  

in  F ig u re  4.6, F T I R  spectrum  o f  ba r ium  s tron tium  titanate p ow de r c a lc in e d  at 900 °c 
show ed  tw o  co m p e llin g  peaks o f  the sym m e tr ica l v ib ra t io n s  and b en d in g  v ib ra t io n s  

( in  p lane) o f  C O O -  group  at 1430 cm ’ 1 and 850  cm "1, re sp e c tiv e ly  [7].

4000 3600 3200 2800 2400 2000 1600 1200 800
W a ve n u m b e r ( c m '1)

Figure 4.5 F T IR -sp e c tru m  o f  b a r iu m  stron tium  titanate gel.
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W a ve n u m b e r ( c m '1)

Figure 4.6 F T IR -sp e c tru m  o f  b a r iu m  stron tium  titanate pow der.

4 .4 .2 .2  M o r p h o lo g ic a l  I n v e s t ig a t io n  a n d  P a r t ic le  S iz e  A n a ly s is
T he  ca lc in e d  pow de r w a s  in vestiga ted  on the m o rp h o lo g y  as 

sh o w n  in  F ig u re  4.7. T he  S E M  im age  show  the rounded-square  and c ir c u la r  shape o f  

the pa rt ic le . T he  s ize  w ere  ran g in g  between 100 nm  to 250 nm . W hereas, the p a rt ic le  

s ize  w e re  doub le  ch e cked  by  u s in g  pa rtic le  s iz e  ana lyze r. T h e  resu lt sh o w  the m ean 

s ize  d is tr ib u t io n  o f  p a rt ic le  w as about 300 nm  in  d iam eter.

Figure 4.7 S E M  im age  o f  b a r iu m  stron tium  titanate  pow der.
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4 .4 .2 .3  X - R a y  D if f r a c t io n  (X R D ) P h a s e  A n a ly s is
T he  X -R a y  d if fra c t io n  patterns in  F ig u re  4 .8 , w h ic h  revea ls  

the tran s fo rm a tio n  fro m  ba rium  s tron tium  titanate gel w h ich  have  am o rphous  phase 

(F ig u re  4 .8(a)) to p o w d e r w h ic h  have c ry s ta llin e  phase (F ig u re  4 .8 (b )) and the 

possess ion  o f  te tragona l p e ro v sk ite  structure o f  B a o jS r o jT iC b  pow der. A c c o rd in g  to 

J C P D  P D F  card  num be r 89 -0279 , the p e ro v sk ite  structure e x h ib it  100, 110, 111, 

200, 201 , 211, 220 , 212, and 310  p lanes in  2theta B ra g g  A n g le  22 .510 , 31 .932 , 

3 9 .3 5 1 ,4 5 .7 8 9 , 51 .529 , 56 .868, 66 .628 , 71 .326, and 75 .749  degree re sp e c tiv e ly .

2 theta (degree)

Figure 4.8 T he  X -R a y  d if f ra c t io n  patterns o f  (a) b a r iu m  s tron tium  titanate ge l and 

(b) b a r iu m  stron tium  titanate pow de r.

T he  X - R a y  d if f ra c t io n  patterns in  F ig u re  4.9 to  F ig u re  4.11 e x h ib it  the 

peaks o f  m agnes ium -doped  b a r iu m  stron tium  titanate  w h ich  have  the sam e peaks  as 

the pattern  show n  in  F ig u re  4.8. H o w e ve r, the X R D  patterns d id  no t sh o w  any 

d is t in c t p lan e s  o f  the secondary  phases such  as t ita n iu m -r ic h  phase (B a fT iiô C b )  [5] o r 

m agnes ium  o x id e  (M g O )  [6 ],
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Figure 4.9 X R D  patterns o f  B a i.x_ySrxM g yT i0 3  p o w d e r (w here  X  = 0.3 and 

y  = (a) 0, (b) 0 .005 , (c) 0 .010 , (d) 0 .020).

Figure 4.10 X R D  patterns o f  B a i.x.yS rxM g y T i0 3  p o w d e r (w here  X  = 0.4 and 

y  = (a) 0, (b) 0 .005 , (c) 0 .010 , (d) 0 .020).
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2 the ta  (D egree)

Figure 4.11 X R D  patterns o f  B a |.x.ySrxM g y T i0 3  p o w d e r (w here X  = 0.5 and 

y  = (a) 0, (b) 0 .005 , (c) 0 .010 , (d) 0 .020).

The re fo re , in  o rd e r to study the e ffec ts  o f  m agnes ium  dopan t in  the b a r iu m  

stron tium  titanate  com pounds, the co m p o s it io n  o f  B a 2+, S r2+, M g 2+, and T i41" w ere  

then in vestiga ted  by u s in g  x -ra y  f lu o re scen ce  techn ique  and the la tt ice  param eters o f  

m agnes ium -doped  b a r iu m  stron tium  titanate p ow de r w ere  a lso  ca lcu la ted  in  the 

tetragonal fo rm  from  the equation:

1 _  h 2 + k 2 l 2
d 2 a 2 c 2

(4 .1)

w here d  is  d is tance  be tw een  p lanes fro m  the M i l le r  in dex  (h k  1) and the un it 

c e ll d im en s io n s  a,b,c
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Table 4.2 L a tt ic e  param eters o f  B a | . x.yS rxM g y T i0 3  pow d e r and quan tita tive  a n a ly s is  

o f  B a 2+, S r2+, M g 2+, and T i4+

Ba1.I.ySrxIV1gyT i 0 3 Actual com position % ) Lattice Parameter
X ___ y Ba Sr M g Ti a c c/a

0.3 0 52.75 19.63 - 27 .60 3.9514 4 .0339 1.0209
0.005 58.01 15.08 0.08 26.83 3.9523 4 .0212 1.0161
0 . 0 1 56.71 15.67 0 . 1 2 27.48 3.9556 4 .0242 1.0173
0 . 0 2 56 .36 13.38 0.26 29 .99 3 .9626 4 .0144 1.0131

0.4 0 49 .87 2 0 . 6 8 -  - 29 .44 3.9468 3 .9969 1.0127
0.005 54 .29 19.69 0.08 25 .94 3 .9514 3 .9957 1 . 0 1 1 2
0 . 0 1 53 .19 '  18.46 0 . 1 2 28 .22 3.9573 3 .9997 1.0107
0 . 0 2 50.32 18.66 0 . 2 2 30.80 3.9500 3 .9944 1 . 0 1 1 2

0.5 0 60 .67 14.10 - 25.23 3.9329 3 .9958 1.0160
0.005 47.73 23 .10 0.05 29 .10 3 .9366 3 .9912 1.0139
0 . 0 1 50 .46 23.95 0.15 25.44 3.9391 3 .9978 1.0149
0 . 0 2 50.78 23.03 0 . 2 1 25 .97 3.9435 3 .9756 1.0081

T a b le  4.2 p resen t the la tt ice  param eter o f  Ba]_x_ySrxM g y T i0 3  p o w d e r and 

o x id e  co m po u nd  quan tita tive  a n a ly s is  o f  B a 2+, S r2+, M g 2+, and T i4+ con ten t co n ta in ed  

in  Bai_x.ySrxM g y T i0 3  pow der. The  re su lt ind ica ted  that, w ith  in c re a s in g  am oun t o f  

m agnes ium  dopants in  barium  s tron tium  titanate com pounds, the quan tity  o f  M g 2+ 

increases. In o ther w o rd , the m agn es iu m  dopants w e re  som ew ha t loaded  in to  the 

barium  s tron tium  titanate p o w d e r. Furtherm ore , the in c re a s in g  am oun t o f  s tron tium  

and m agnes ium  lo ad in g  a ffected  in  the reduction  o f  la tt ice  param eter such  as a, c and 

te tragona lity  (c/a ratio ). It is  due to the fact that, the s tron tium  io n s  and m agnes ium  

ions have lo w e r a tom ic  ra d ii than those o f  barium  ions. T he  sub stitu t ion  o f  s tron tiu m  

io n  took  p la ce  at the b a r iu m  site (A -s ite  substitu tion  in  A B O 3 P e ro v sk ite  s tru ctu re ) 

[1]. A s  w e ll as m agnes ium  dopant, the M g 2+ can o c cu p y  e ith e r at B a 2+ site o r  S r2+ 

site [8 ], In bo th  cases, the la tt ice  param eter tends to decrease w ith  in c re a s in g  am oun t 

o f  substituents.
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4 .4 .2 .4  C r y s ta l l i te  S iz e  A n a ly s is
T he  c ry s ta llite s  s ize  (D ) va lu es  ca lcu la ted  by  u s ing  S ch e rre r ’ s 

equa tion  from  110 p lane in  X R D  data are show n  in  T a b le  4.3. T h e  c ry s ta llite  o f  

m agnes ium -doped  ba rium  stron tium  titanate, Bai_x_ySrxM g yT iC >3 (w here  X  = 0.3, 0 .4, 

0.5 and y  = 0, 0 .005 , 0 .010 , 0 .020) w ere  va r ied  from  29  nm  to 42 nm . W h ic h  are 

sm a lle r  than those o f  p a rt ic le  s ize . It can  be argued that m agnes ium -doped  b a riu m  

stron tium  titanate pa rtic le s  co n s is t o f  p o ly c ry s ta llin e  phases.

S ch e rre r equation:

0 .9 4A

D p  =  / ? ! / 2 c o s 9
(4 .2)

w here  Dp is  A v e ra g e  c ry s ta llite  s ize , y3 is  l in e  b roaden ing  in  rad ians ( F W H M ) ,  6  is  

B ra g g  ang le and À is  X - ra y  w ave leng th .

T a b le  4.3 C ry s ta ll ite  s ize  m agnes ium -doped  ba rium  s tron tium  titanate p a rt ic le s  

ca lcu la ted  on  1 1 0  p lane

B  a 1 -x-yS rxM  gyT i O 3 M easu red  on  110 plane
X y 2-The ta d (A ) F W H M C ry s ta l l iz e  s ize  (nm )

0.3

0 31 .9470 2 .7990 0 .2470 34.9571

0.005 31 .9070 2 .8024 0 .2180 ,3 9 .6 0 3 4

0 . 0 1 31 .9200 2 .8013 0 .2060 41 .9118

0 . 0 2 31 .8770 2.8051 0 .2480 34.8101

0.4

0 32 .0120 2 .7935 0 .2370 36 .4380

0.005 31 .9830 2 .7960 0 .2330 37 .0609

0 . 0 1 31 .9220 2 .8012 0 .2960 29 .1685

0 . 0 2 31 .9890 2 .7955 0 .2630 32 .8339

0.5

0 32 .1230 2.7841 0 .2600 33 .2239

0.005 32 .0940 2 .7866 0 .2510 34 .4127

0 . 0 1 32 .0710 2 .7886 0 .2580 33.4771

0 . 0 2 32 .0600 2 .7894 0 .2810 30.7361
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4 .4 .2 .5  F r e q u e n c y -d e p e n d e n t D ie le c tr ic  P r o p e r t ie s  M e a s u re m e n ts
F ro m  F ig u re  4 .12 , 4 .13 , and 4 .14 sh o w  frequency -dependen t 

d ie le c t r ic  constan t o f  m agnes ium -doped  ba rium  s tron tiu m  titanate pow de r, 

B a i . x.ySrxM g y T i0 3  at the fre q u en cy  rang ing  fro m  1 M H z  to 100 M H z .  T he  resu lts  

sh o w  the rem a rkab le  v a lu e  o f  d ie le c tr ic  constan t o f  Bai_x_ySrxM g y T i0 3 , w h ic h  g ive s  

the h ighest d ie le c t r ic  constan t at the c o m p o s it io n  w hen  s tron tium  con ten t o f  30 

m o l%  and m agn es iu m  con ten t o f  0 m o l%  o r  Bao.7Sro.3TiC>3. T he  d ie le c t r ic  constant 

o f  B a , .x.ySrxM g yT i 0 3 p ow d e r w as decreased re sp e c tiv e ly  w ith  in c re a s in g  am ount o f  

s tron tium  and m agn es iu m  content. A n d  the low est v a lu e  o f  d ie le c t r ic  constant 

be lo ng s  to the c o m p o s it io n  o f  stron tium  con ten t o f  50 m o l%  and m agnes ium  content 

is  2  m o l%  o r Bao.5Sro.5Mgo.o2T i0 3 .

Figure 4.12 F requency -d ependen t d ie le c tr ic  constant o f  B a ] .x.yS rxM g y T i0 3  p ow de r 

(w he re  X  = 0.3 and y  = 0, 0 .005 , 0 .010 , 0.020).
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F re q u e n c y  (H z )

Figure 4.13 F requency -d ependen t d ie le c tr ic  constan t o f  B a i . x_ySrxM g y T iC >3 p ow de r 

(w he re  X  = 0.4 and y  = 0, 0 .005 , 0 .010 , 0 .020).

F re q u e n c y  (H z )

Figure 4.14 F requency -d ependen t d ie le c t r ic  constan t o f  B a i- x_ySrxM gyT i0 3  p ow de r 

(w he re  X  = 0.5 and y  — 0, 0 .005 , 0 .010 , 0 .020).
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T h e  lo ss  tangent o f  m agnes ium -doped  b a r iu m  s tron tium  titanate 

pow de rs  in  F ig u re  4 .15 , 4.16, and 4.17, how eve r, appeared to  be rem a ined  stab le  as 

the fu n c t io n  o f  frequency . T he  s lig h t ly  re d u c tio n  o f  lo ss  tangent w as a fu n c t io n  o f  

m agnes ium  content. The re fo re , the lo ss  tangent va lu es  o f  m agnes ium -do ped  ba rium  

s tron tium  titanate p ow de rs  show ed  ve ry  lo w  va lues  and the lo ss  tangent w ere  not 

exceed  ove r 0.03. In o ther w o rd , there w e re  o n ly  sm a ll am oun t o f  e le c tr ic a l ene rgy  

has been d iss ipa ted  d u r in g  a p p ly in g  the e le c tr ic  fie ld .

Figure 4.15 F requency -dependen t lo ss  tangent o f  B a ] .x.yS rxM g y T i0 3  p o w d e r 

(w he re  X = 0.3 and y  = 0, 0 .005, 0 .010 , 0 .020).



Figure 4.16 F requency -d ependen t loss tangent o f  B a |.x.ySrxM g y T i0 3 p o w d e r 

(w he re  X = 0.4 and y  = 0, 0 .005 , 0 .010, 0 .020).

Figure 4.17 F requency -d ependen t lo ss  tangent o f  B a i.x.yS rxM g yT i 0 3 p o w d e r 

(w he re  X = 0.5 and y  = 0, 0 .005 , 0 .010, 0.020).
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4 .4 .2 .6  T e m p e r a tu r e -d e p e n d e n t D ie le c tr ic  P r o p e r t ie s  M e a s u r e m e n ts
T he  tem peratu re-dependent d ie le c t r ic  p ro pe rt ie s  o f  

m agnes ium -do ped  ba rium  s tron tiu m  titanate (F ig u re  4.18, 4 .19 , and 4 .20 ) m easured 

fro m  20  °c to 150°c at 10 M H z .  T h e  d ie le c t r ic  constant o f  m agnes ium -do ped  ba rium  

s tron tium  titanate w ere  s lig h t ly  decreases as a fu n c tio n  o f  tem perature and the phase 

tra n s it io n  peaks w e re  no t appeared in  these tem perature range.
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Figure 4.18 Tem pera tu re -dependen t d ie le c tr ic  constant o f  B a | .x.ySrxM g y T i0 3  

p o w d e r (w here X = 0.3 and y  = 0, 0 .005 , 0 .010 , 0.020).
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Figure 4.19 Temperature-dependent dielectric constant of Ba|.x-ySrxMgyTi03 

powder (where X = 0.4 and y = 0, 0.005, 0.010, 0.020).
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Figure 4.20 Temperature-dependent dielectric constant of Bai-x-ySrxMgyTi03 

powder (where X = 0.5 and y  = 0, 0.005, 0.010, 0.020).
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On the other hand, the loss tangent of magnesium-doped barium strontium 
titanate (as shown in Figure 4.21, 4.22, and 4.23) has slightly raised from 20°c 
toward 150°c, which could be implicated to thermal activated conductivity [9] and 
lowering down the dielectric constant.

0.4

0.3

ผ ั  A Oa 0 . 2

c/วุGO

25 50 75 100 125 150
Temperature (°C)

Figure 4.21 Temperature-dependent loss tangent of Bai.x.ySrxMgyTi03 powder 
(where X = 0.3 and y = 0, 0.005, 0.010, 0.020).

I '------1----
Measured at 10 MHz -■ — Mg = 0 mol%

•  Mg = 0.5mol%  
A -  Mg = 1.0 mol% 
▼  Mg = 2.0mol%
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Figure 4.22 Temperature-dependent loss tangent of Ba].x-ySrxMgyTi03 powder 
(where X = 0.5 and y = 0, 0.005, 0.010, 0.020).
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Figure 4.23 Temperature-dependent loss tangent of Bai_x_ySrxMgyTi03 powder 
(where X = 0.5 and y = 0, 0.005, 0.010, 0.020).
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4.4.2.7 The Relationship Between Lattice Parameter and Dielectric 
Constant o f Ba I-x.ySrxMgyTiO3  Powder
The relationship between dielectric constant and lattice 

parameter of Bai_x.ySrxMgyTi03 powder (which X  -  0.3, 0.4, 0.5 and y = 0, 0.005, 
0.010, 0.020) are shown in Figure 4.24, 4.25, and 4.26. As a result of increasing 
amount of magnesium-dopant in single amount of strontium content, the 
tetragonality (c/a ratio) have tendency to decrease and move closer to 1 or the 
structure of magnesium-doped barium strontium titanate unit cell has been 
transformed from tetragonal to cubic phase (or pseudo cubic). Which influence the 
polarization in the unit cell were generated in smaller amount and cause the 
dielectric constant to be reduced as the magnesium content increase due to the 
smaller amount of polarizations were generated. Whereas, the increasing amount of 
magnesium ions were beneficial in suppressing loss tangent.

c-2to
๐oo

๐

Figure 4.24 Dielectric constant and lattice parameter relationship of 
Bai_x.ySrxMgyTi03 powder (which X  = 0.3 and y = 0, 0.5, 1.0, 2.0).
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Figure 4.25 Dielectric constant and lattice parameter relationship of 
Bai.x_ySrxMgyTi03 powder (which X  = 0.4 and y = 0, 0.5, 1.0, 2.0).

Figure 4.26 Dielectric constant and lattice parameter relationship of 
Ba].x.ySrxMgyTiC>3 powder (which X  = 0.5 and y = 0, 0.5, 1.0, 2.0).
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4.5 Conclusions

We have successfully synthesized magnesium-doped barium strontium 
titanate nanoparticles by low-temperature (6(TC) sol-gel process. The powder phases 
were fully-crystallized from gel after calcinating at 900 °c. The obtained powders 
from calcination process showed the dielectric properties depending on the content 
of magnesium as shown in Table 4.4. Moreover, the frequency-dependent and 
temperature-dependent dielectric properties were Functions of strontium and 
magnesium content. However, the loss tangents of magnesium-doped barium 
strontium titanate were not exceed Ô.03 and had tendency to decrease with increasing 
amount of magnesium content due to the replacement of magnesium ions into 
barium ion or so-called A-site substitution which could reduce the dielectric 
constant, tetragonality and especially, the loss tangent.

Table 4.4 Dielectric properties of magnesium-doped barium strontium titanate, 
Bai_x.ySrxMgyTi03 powder were measured at 10 MHz

Ba|.x.ySrxMgyT i03 Measured at 10 MHz
X y Dielectric constant Loss tangent

0.3
0 422.93 0.0171

0.005 369.12 0.0125
0.Q1 337.99 0.0154
0.02 299.19 0.0129

0.4
0 341.28 0.0155

0.005 330.17 0.0143
0.01 324.15 0.0143
0.02 268.34 0.0120

0.5
0 328.80 0.0160

0.005 313.00 0.0143
0.01 292.88 0.0114
0.02 163.10 0.0106
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