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ABSTRACT

Magnetic hyperthermia is an experimental cancer treatment that cancer cells
were killed by raising the cell temperature above 42 — 46 °C to reduce the viability of malignant
cells. The heating process has started when exposing the magnetic nanoparticles in a high
intensity and high frequency alternating current magnetic field. In the general case, heating up of
magnetic nanoparticles is due to the losses of magnetization in the reversed external field of
magnetic nanoparticles. Magnetic particles at nano-scale formed by the formation of a small
molecular magnet so that the magnetic nanoparticles will have the energy barrier less than the
thermal energy in the environment. The thermal effect made spins fluctuations. It is caused by the
delay in the relaxation of the magnetic moment through either the rotation within the particle or
the rotation of the particle itself. Heating in the hyperthermia treatment from magnetic particles
was made when they are exposed to an AC magnetic field with magnetic field reversal times
shorter than the magnetic relaxation times of the particles. Relaxation time depends on many
factors such as size, frequency and particle anisotropy. Therefore, the control over the magnetic
properties by the fine engineering of the morphology of nanocrystals could become a key factor
for the use of nanostructured magnetic particles with improved performance in hyperthermia
application. However, anisotropy of magnetic susceptibility; AMS of the nanorods structures is
greater than that of the spherical and octahedral magnetite nanoparticles which is in the
anisotropy (Pj) range 1.02 —1.19. This study presents the influence of the external AC/DC
magnetic field in the morphology of these nanostructures. The results imply that the intensity of
magnetic field and type of magnetic field directly impacts on the productive rate and anisotropy

degree of the nanorods.
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Name Symbol SI Unit CGS Unit
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Magnetite Fe,O, - -
Maghemite Y-Fe,O, - -
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Stable Single Domain SSD - -
Multi Domain MD - -
Magnetic flux density, magnetic
B tesla (T) gauss (G)
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Magnetic field strength, oersted (Oe)
H A/m R
magnetizing force gilbert/cm
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1. NITVIUMIANALABUIIN (Co-precipitation )
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NIZUIUNTANALNOUIIVDUNTLVIUMINUTUADUMITIATNDYNIAN
I 1 9 @ ] as [ 4 9 dy ]
azaan uazszndanlee @1981935MIFUATIEHOUNIAAIINTZUIUMTH 1FY DYNIA
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Manoon lsannannminausziIaslsznoumnaomessa (Fe™) uazinaomossn (Fe')
AN o 1 = o A & & =\ a o
Aoanamuniu 1 : 2 Tudananinduve uralrFalaun1snlvean1sinaA YN IAAY
waad luaunsn 1 (Gupta, A. K. and M. Gupta, 2005; Hosono, T. et al., 2009; Sahoo, Y. et al.,

2005; Wu, S. et al., 2011; Y¥30 Bu1¥0 LAZABE, 2552)

Fe' +2F¢’ +80H  ——  Fe,0,+4H,0 (1)

o Y

Y
J aaa =
MUNTLUIUNINNQYUUNARAAT (thermodynamics) VAL N
a ~ J A 1 ]
aoynauNni lna (Fe,0,) Taw pH Mimanzauauesdisazaloniiodlugie 8 — 14 mgld
{ 1 a [l < ~ J
anmehlulioandiau (Jolivet, 1-P. et al, 2004) 9613 lsnamoymauunil Indamunsn
a aan a o Y A a a I~ ~ 4
nalgnsereengiatuldieluanzalimeseengdnuazinailueymauund lud (y-Fe,0,)

1& (Kim, D. K. et al., 2003) sauaadluaunsn 2
Fe,0,+2H  —— Fe,0,+Fe +H,0 )
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2. NITVIUMSUANAAIAINQAUHANG (High-temperature decomposition)

dy 9 :JI 9 a =4 . o aaa [
nseuIuMstaz lrasdeanilulansdunsd (Organometallic) ¥ fnsennu
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augamnadu 1Aite91n159999@ (Attractive) 1aZUSINANANNY (Repulsive) T¥HI190YNIA

) [ ] [ a = ~ ' 9 @ J J

dmsvouMALUManIzius a1y 1nlszneuaIens1Tan0317a (Van der
= J = ~ 1 1 v .

waals) Fuluusedamitiorsyninaluananuusou o usawanadundszy i (Electrostatic
. I A a 9 =& a a A

repulsive) 1Junsaiinaninlszgdonsovoyniagiornszimnaninmadunaoas 1 luans

3 1 [ 1 1< {a & 1 %
HUIUABYUU LTI aNEAIL (Magnetic dipolar) nJuuiaﬁmﬂeﬁmzmnﬁmaumﬂfﬁum

4 1 1 P4
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A 9 a 4 1 I o A a a A U Y] a =4 1 Aaa
IAABUAIYNDALNDT LBU LANFNITU 1iITD waa'bua NITINADUAIYITADUUNTY LTU Fan
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N30 NI NMIA[DUAIYITADUNTY IFU NYNITUDNYA WHV‘I@ﬁW‘I@’I uazma@‘umﬂmaqama

F2men .y an T oy nso il Ing dludu (Lu, A. H. e al, 2007: Tomitaka, A. et al., 2011)

1.2.4  n3zUIUMsSDanNNFo UV R YMAINITANIZAUMIIY (Heating processes)
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a 2 _ 2 . oY 1 Y v v
LFYNTHINUI FHNTNUULNANWITIYIYIA (Superparamagnetlc effect) ﬂ\iulﬂﬂa'muulajsln\‘]ﬁu

9
[ Y

AUTHANT092152 18R Energy barrier Lazna11uaussundauaden ladeaunisn

1 48 2 MUAIAY

Ebarrier = KV (1)
Ethermar = kpT ()
A A ° o A .
V3] E, . ﬂammqwmmquwawm 1199 Energy barrier
K Ao anisotropy constant
=) a
V ﬂﬂﬂiu1ﬁiﬂ]@\‘lﬂl§ﬂ1ﬂ
A o ) A Y
E, . AOWAINUANUITDUNNTIULINADY
A A o P
kb ﬂammmaﬂua‘w%muu
A a
T ABYUNN (K)

4 ) [l a3 v A o a 1 1 [
Lﬁ@ﬁﬂullﬂlﬁﬁﬂﬁﬂ']ﬁﬂﬁﬂ“l/lﬁ%grvnclﬁllﬂﬂﬂ']ﬁﬁu'N‘lJﬂﬂﬂ']L'Ja’le]uﬂa’]fJ W?fl
Relaxation time (Fannin, P. C., 1991; Fannin, P. C. and S. W. Charles, 1989) #9152 neUA1Y
4 [
L'Ja’]W@uﬂﬁ’]fJﬁﬁ ﬁ?@ Neel relaxation time Lﬂﬂﬁmﬁmmﬂwaﬂiz%ummwawmmm%}fm%m

2 Y o Ya a 1 2 a o A
?NLL'Jﬂa@NVIﬂﬁVIﬁﬁTJULL‘JJL‘Ifiﬁﬂllﬂ'JHJWLlW'Ju 19

—yr_ 1\ xlJ KV
Tn > To \/WRT , /ka>2 (3)
b

KV
TN = To€XP i , KV/ka «1 (4)

1o TN f® Neel relaxation time

A A 9 a =
To Aoumszina 107 N
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g

HAZIATMNBUAAIBLUVUI1UHEY 1150 Brownian relaxation time 1AAYU

d' d' d‘ o Y a d' a d?
Lummnmimaeu‘wﬁumagmﬂwﬂwmgmﬂmﬂmimgu Brownian relaxation time VNAVUIL

] 4 [ a 4 ' <} 1 4 @ a J [ . .

uliJﬁuﬂ‘]JWT)"lll!,@]f]i“l/l'NLLiJH’iaﬂLm%%%uﬂ‘UWTi"lllm@iﬁN q YU ﬂ’J'liJﬂﬁﬂ (Viscosity; 1)

a A A A . 1 A 1 g Aa
u,axiJ'immmﬂaaummmgmﬂ (Hydrodynamic volume; VH) FEU IR0 UNIALNIHAaNNUNIT
Y 1 Y
Ysvlgenui Indanuueudued-1oudnu (Antibody-antigen) ¥391/52NOUA28 DNA FaA1ll
e iinanomsiasundaiuednt Brownian relaxation time (Mamiya, H. and B. Jeyadevan,

2011) Yufo

_ 3Vyn(0.8+0.2k)

Tg = 5
B P (5)
4 A . o
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k ADA1 shape factor Favzilasunilasmugilinvesoynin

9 ]
o =}

a0 ansMuINAT Relaxation time vos0ynIAvziIm IdonAIal

Hounae1szANTNav0IeYNIA (Effective relaxation time; T,,) UAD

TBTN
T = 6
eff = torin ()

diranadeuaatelszd@ninaveseyniauiinsaInuInle oy » 5 92 141191
Terr = TplUMAAsITUINN 1y < 75 w1ANA T, = Ty wazgRIngaAnilon
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9
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TunsANTLVUTNITIUY adiabatic  ADMITZUUN lln1suanasuna

[ v A 1 1 o 1 <3
NHINY 1AZYIATTAVAUNAADNITTAT 60 = 0 uazuinszi laessuUvoININanAD
6W = H.dB (Hergt, R. et al., 2008; Krishnan, K. M., 2010; Laurent, S. et al, 2011;

Rosensweig, R. E., 2002) AU

dU = H.dB (®)

4 1 <
Mo H  AeanuduauIuuivan (A/m)

A ] <] ~ o
B ADF ULV ANV UYIU (T)

10 B = uy(H+ M) 9)

4 1 <
e M e amwsiman (A/m)
A 1 Y =< [l Y a 1 <] J
1o Ao manmligui IFasinianyesqaIna (Permeability of free space )
AWMU 4 X 1077 (T.m/A)

9 I
Y =} ]

~ A Y o I y
auiehaunsi 9 Tdunuluaunsn 8 udains Cyclic integral 3% 18

AU = —uy$ MdH (10)

A v g v o < o q Y A =
HJE]GI,Wﬁu’lillliJlﬂaﬂﬁﬁUﬂU@‘lgﬂ'lﬂLWaﬂ’f)@ﬂllclfﬂﬂgﬂ'lslﬂaﬂuuiﬂﬁaﬂﬂlﬂﬂ
< I a v A 4 1 (A 1

ﬂlalﬂ']ﬂlﬁﬁﬂ@f’)ﬂhl"]iﬂlﬂﬂﬂTiﬂﬁUﬂﬁ!ﬁﬂQﬁ]TﬂﬁUTN (Reversal time) ﬁﬂ?ﬁ@ﬂﬂ?'\ﬂ“’)ﬁ'lﬂ'ﬂu

= d' = o v o3 g
ARIYVDIDUNIA AU fﬂzLlﬁﬂ\?ﬂ\‘]ﬂ'ﬁlﬂﬁﬂuuﬂﬁﬂﬂl@ﬁﬂiu‘ﬂﬂﬁ%‘ﬂ'ﬂﬂﬂﬁg‘ﬂUﬂl@ﬁl!lllﬁaﬂlﬂu

Y] o 9 [} <3 = o a @ = 1 @
WaNmm&iumﬂwﬁmmmmaﬂ (H) mvxlﬁmumullmmmu (M) LA EUITUVIUATNINTU

PBlamamiman () lugdvesinuFadoudiiu

x=x"-ix" (11)

d‘ !
1o X' (w) = 1+g{(3‘r)2 (12)




o 7] _ XowT
las x¥'(w) = m

=

A ] < YA
oA NUNIMANT 1A

H(t) = Hy cos wt = Re[Hye'*]

a2 l@ammuumanidlu
M(t) = Re[Hype™t| = Hy (x'cos wt + x''sin wt)
v o A o

Audieihaumsn 14 uaz 15 Wunuluaumsi 10 1216

2
AU = 2uoHgx" |, /o sin2at dt
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(13)

(14)

(15)

(16)

) @ 1 < A { ' o Y
ﬁ11’ﬁ°].l€]1§ﬂ1mmn/iaﬂW1iWEJ\‘IEJ’JﬂﬁfIﬂﬁﬂi%ﬁﬂﬂﬂlu1@681\1?[%1!’(311’0%31%?\1

Y o . o
mmqmul,?mmmmummw (Specific loss power ; SLP) A&NUN1T

P = fAU = mytox" fH3

(17)

;g 1 a 1 o 1 3 ' I
FadunanndIuIuAnNIN (Imaginary part) vesmamnsy I3 lanmaniman (") ad1elsn

~ A 1 < A A A 1 ] o
Gnllﬂimﬂ@lgﬂWﬂulJL’ﬁaﬂW1§'1EJ\‘1EJ’JWI/UJﬂ'l'iﬂ‘§$i]1fl"llu1@’E]EJNhliJﬁiJ'llﬁiJf]ﬁnﬂ‘iﬂ!%EJUﬂTi

v Y
NILYAILUY Lognormal “lmﬂu

1
g(R) = Varor CXP 202

A o

& ~
1o R ADIANVDIDUNIA (M)
A LK% [ =

R, ADAINTIFTIUVDITANVDIDUNIA (M)

o ApAITIUVUNINTFIUVY In R
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MINTLIBVUINDE I At uayenD

P= [ Pg(R)dR (19)

MINMINNTUIAANNGYToAINTOUTUNIE (Specific loss power; SLP)

1 < A g @ {
YPIDUNIALUHANNITIBIBIAVZTUAVUUIA AIWD UATNITNTLIIBYUIAUDIDUNIA B
pyUMATMINTZMBVLIAYEIBYMALALYE TRAIANNgdoanuSous iz ganiteynian

ﬁf‘l'l'iﬂi%%"lﬂ‘l]ﬂ'lﬂﬂl’f)x‘]’f)léﬂ”lﬂﬂ%ﬁ

1.2.5  amnuerlelsnsetlvesmanniul3laniausimdn (Anisotropy of

Magnetic Susceptibility; AMS)

[ Y] 1 a 1 [ I Y 1 I 42’ (%]
ﬂ15VIJJL‘V]'lﬂ‘L!Glulmﬁ%ﬂﬁﬂ“lﬂ]@ﬂﬂ'lﬁﬂWWi‘]JVI,’Jhlﬂ‘V]'I\“ILLlJ!Waﬂﬂgﬂluﬂgﬂﬂﬁﬁ'lﬂ
(] a 9 = (] < . = g va &
TUYE) LTU ‘ﬁiiﬂJ“lf'lW’lJE]\?Iﬂi\‘lﬁiNWﬁﬂLl,lll,Wﬁﬂ (Magnetocrystalhne) GB\?L“]JHETN’]J@WU\WJ@\?ETW?
[ <3 a { 1 . a
Hytran Lﬂﬂﬁ]”lﬂﬁflﬁ/‘l!fﬁENL’]J‘L!Ul‘]_]‘mﬂ‘ﬂﬁﬂﬂauﬂ]ﬂﬂgﬂﬁﬂﬂuﬂWﬂ (Shape anisotropy) ﬁ?fllﬂﬂﬁ]"lﬂ
o Ao A 1 s & A o A a
ﬂ?ﬁ'JT\WI'JEUfN’E)HﬂTﬂﬂNﬁﬂEm%ﬂﬁﬂﬂﬁMﬂqﬂﬁNuim “lN'E)Tl]%$Nﬁﬂym$ﬂlﬂaﬂullﬂaﬁqﬂiu
o ~ . . a A o [ I ¥ 1 <] dy
ANYULVYDINTINAYT (Ellipsoid) Iﬂﬂﬂ]‘lﬂﬂ LLaZVIﬁTINVI@]Nﬂu‘U@QﬁﬂTWSU]’I,’JhlﬂVﬂ\‘]LLNLTTﬁﬂu

amnsofzesuiela laoms luuudiassginssnanidenmilsznou 1-5

Z

minimum

intermediate

maximum

X

o 1 [ ] <
Anlsznou 1-5 uuudmesannueu ls lansotlvesmaninsu 13 ldmauiman



16

YA

) dy 9 1 [ I Y a A 1 [ 9 A
LL‘]J‘]J%"IﬁfNu‘ﬂ%ﬂﬁ%ﬂﬂ‘ﬂﬂ')ﬂﬂWﬁﬂWWi‘UUl'}ulﬂﬁlu 3 NANN ﬂf’]ﬂ'lﬁﬂWWﬁ‘Uul'JulﬂﬂﬁJﬂ']iﬂﬂﬂq@

YAy

Dy wazmaa sy laniiatesnaa (k

1 [ { 1 % P
k) manmsu 13 ldniaunans IR EARETINY
Ak, , k, 18z k, MUAIAL
1 o 1 <] 4 "o a o { o
aan iy 1A T dnaimanazduegnuuuni Inasduimitenti (Induced
L A - Sq v 2 Yy
magnetization) YU LA AANINVOITWINLUIKANAIBUONT IR Fad 11500518 Tdae

Second-order tensor LAAIAITNNITN 20 (Winkler, A. et al., 1997)

Ky kxy k., H,
Jj=kH= kye Ky, Ky | |H, (20)
B kzx zy kzz H z

Aouund Inassuimiienin (Induced magnetization)
1 <3
AoALULNINANABUDN (External magnetic field)

A s o I 9 ] . g eqe
ﬂ’amuwaSeumﬁmwsu“la"lﬂmmmmaﬂ (Magnetic susceptibility tensor)

= @ ~

dwsumnimesilFumsinsanaiundy AMS veseuma Tasitaly
221320 UAIeNITNADT A di ﬁlﬂ@ﬂvlﬂfj Foliation (F), Lineation (L), Anisotropy Degree (P),
Shape factor (T), Eccentricity of the ellipsoid (E) itaig Corrected anisotropy Degree (P) “?Q
AWITTADT AN ) aunsadaldnnannsdaie 11d Gelinek, V.. 1981; Tarling, D. and

F. Hrouda, 1993; Winkler, A. et al., 1997)

ko

F= 1)
L= :—: (22)
pP= :—; (23)
7 = @N2=m1713) (24)

n1—1M3



17

__ (nF-InL)

1ioe = m (25)
E==% (26)
P; = exp{2[(n1 — 1) + (12 — )% + (03 — 1) 2]} 27)

L‘ﬁlﬂ nm = In kl B Ny, = In kz ) N3 = In k3

NMm =M +12+13

01 T>0 W%‘E] E>1 me’hﬁm‘w AMS i]zﬁﬁ’ﬂymmﬂumﬁuummu%ﬂ
(Oblate shape or plate-like ellipsoid)

T<0 we E<1 ugaanamnAMS wildnvazunssSuuuenns
(Prolate shape or rod-like ellipsoid) (Jelinek, V., 1981;

Tarling, D. and F. Hrouda, 1993)

v J
1.3 Jegilszasn

b4

Ay A o =2 = ~ J Y an
uAteibilumsanvinaeseueyniau Tununillng (Fe,0,) 4267503
1 A a 9 = o ad [ J A Y A
ANASNOUIINNYUNIUVI B Ll,agllfﬂiﬂi’ﬂﬂ‘s:\i’J‘ﬁfﬂi’ﬁ\uﬂ‘i1$W01§ﬂ1ﬂl1/‘lf]cl‘ﬂﬂ‘1§ﬂ1ﬂﬂ

(% o @ [ a A A dyw wa A
AIUNTIEN @ﬂl}ﬁﬁﬂ‘ﬂm$ﬂ1\1ﬁﬂ!§1u’3ﬂﬂ1ﬂlﬂaﬂullﬂﬁ\?llﬂ u'é)ﬂi]'lﬂuﬁlxiﬁﬂﬂ'lﬁﬂﬂﬁsllﬂﬂﬂléﬂ'lﬂﬂ

4
Y 1

o 4 g A o - s A 4 Y
FUATIZHIUNININNMENN tazMuimanino AU NnesA1N 9 MNeIveIn
o % ¢ ga au A y 7 Vg
msinszgna ldaudiu lanlesimesidio Tasauidetivz i dagseaed lumsanywaiu
2 e 1dun
= = = J Y Aaaa [ A a 9 Y
1) #Anwimseisneyniau Tununil Indaelgasoanazneusnigurgiveslii

@ o a | @ A =
aﬂ']&lﬂw‘ﬂTQﬁﬂ!j']uTVIfJ']L‘]_IHﬁﬂ]%lﬂ!gﬂlﬂaﬂullﬂaQﬁ]"lﬂi’)léﬂ?ﬂtﬂiﬂﬂﬁm



18

= A ] <] A o o'd? ' wva < ] <3

2) ANHITUUARWIENINUULHANUDIDUMANTUATIEHUYU LFU guianNnuuuuman
v o a Jd { A o

VUIA LLaﬁIﬂﬁﬂﬁ%ﬁﬁﬂl@ﬂ@HﬂWﬂ W%I@Nﬂﬂﬂ?u’)ﬂ!ﬁ’]WTﬁ’]Nm@ﬁ@]’N d ﬁlﬁﬂ?"’lﬂl}ﬂ\iﬂﬂ

maheynaiwson1a lllszgnd 5l uanudlanlesimesiie



k4 E4
v A

av [ [ 1 { o o 1 o 4
lumsaseasetiszutaiuooniudesdruiiding Aodumsduasien

[

A Y
UMM HazdIUVINMITANBIANTAvEI0YNIA IAeTiTuADUMTAUTUNT IV

Literature Review

!

Experimental Design

'

Synthetic Particles
! ! !
Sample MNP 1 Sample MNP 2 Sample MNP 4
Sample MNP 3 Sample MNP 5

— Morphological Study
— Structure Study — Morphological Study — Morphological Study
— Magnetic Properties Study — Structure Study — Structure Study
— Hyperthermia — Magnetic Properties Study |~ Magnetic Properties Study

Feasibility Study — Hyperthermia — Hyperthermia

Feasibility Study Feasibility Study

9
ailsznev 2-1 TuaeumsduiiumsanyIvelaodgil

19



[

U

20

oAl o A av 3 3 T [ 1 Y J
aqginsalnldlumsauiumsiselunseilldusisoomilu 2 dau deil

211 Faquazginsaidimiumsdunsizveynin

=
a13ny

1) wlessnanaslsaanss laiasa (Iron (I11) chioride hexahydrate :

2)

3)

¢ =
FeCl,-6H,0) ANWUIANT 99 % 10 Ridel-deHaén
Jo J .
lossanan lsaanse laiasa (ron (IT) chloride tatrahydrate : FeCl,4H,0)
ANUUTANS 99 % B¥o BDH PROLABO
Tandonlansonlass (Sodium hydroxide : NaOH) A1WUTgNT 97 % W0

Lab-Scan

d A A
qﬂnsm!mzammm

D

2)
3)
4)
5)
6)
7
8)
9)

inSeataneiion 3 ez 4 A9 U PL303 uaz 1 AB204S AMAIRY
?jﬁﬂ Mettler

“liliﬂﬁ'/u (Distilled Water)

%A U-dagilnsal (Stand Clamp)

195 DINIUHANTS

Lﬂé@ﬂ’?ﬂﬂﬂmﬂuﬂiﬂmﬁ (pH-Meter) a;'u 713 ?jﬁ)@ Metrohm

ATLAYNTO Whatman 1103 42

nszaunsealoudy Whatman GE-F

ﬂmﬂﬂimumu@g (Buchner funnel)

87815949 (Gooch crucible)

10) ¥AN303 (Suction Pump)

11) dounnuiou (Drying oven) 31 200 870 Memmert

12) mﬂmaﬁﬁwﬁaﬂ@zgﬁm

13) 10309918 1Wn32UaATI (DC power supply) 80 GW instek 1 GPR

1810HD Uszmea'ldviTu



21

14) 103099181 (Power supply) Ju 79551 B¥o CENCO

15) 1509 Electromagnet ’i; U 79641-002 80 CENCO

Jao o A "y o o ~ s
16) Qﬂﬂiﬂ!‘ﬂﬂ%ﬂl&ﬂu S MBU BOUANTIT NITATHBINTIT UNINDT NITUDNAN

= @ a ' Y 3 9
nszuenNanY VIAIAYUTNIAT unsunau uau

v d o v wa
2.1.2  JaginsaldimiumsAnyanifvesoyna

AnmanvazmeagugInemazlnsaaiig

D

2)

A J JIa o . 1
1303en I IANUWINYY (Powder X-Ray Diffractometer : XRD) 31
Ay . A
D/Max-RA 89 Rigaku 1/5zimaqiju
A 1 1
ﬂé’mfgamSiﬁﬁmaﬂmammuammu (Transmission Electron

Microscopy : TEM 3U JEM 2010 8o JEOL

=< F% U | | <
ﬁnmmuauummmgﬂmmman

D
2)
3)
4)
5)
6)

7)

8)

9

Worhias vnadurugudnats 2.5 iwuduas
Yulaames
waoAgAll VAR UAURUINA1N 0.5 IsUAINAT
theaanines
mila
gamiionignauivan UsznoudieinTeq Electromagnet JU 79641-
002 8¥® CENCO Power supply 51 79551 o CENCO

A o v Yy Y rog .. . .
inseaiaan sy 1A 1dmaaivian Spinning Specimen Magnetic
Susceptibility Anisotropy 31 KLY-3 Kappabridge 8%0 AGICO Uszind
ANFTUTTIHN

A 1 1 A Y
inseane lihnszuansa (DC power supply) 34 GPR-1810HD 8%0 GW
instek Uszmerldniu
GEGN Vibrating Sample Magnetometer (VSM) ’ai U 7400 8¥i® Lakeshore

UsznAanigomsnm



22

=

2.1.3  insaiou q MFsmlumside

1) 1504 luTInsnounnes
a s o Y a sy 9
2) Tsunsuasuiuaesninlslumsinsiznveyanazulanavoya
Ysznevudiy
2.1) 151053 Microsoft Excel 2010 uag 11/sunsy gnuplot 4.4.2 fmiu
= a Y
Weuns 1l uarInIIzvveya
) v w1 o Iy Y ] <3 o 1
2.2) Tisunsy Susam dwmsuiamannsy 13 ldmasimanvesdledng
) v w1 A P
2.3) Tulsunsu Anisoft 42 dmSuiaawaz s izideyanoulo Tanse-
=} [ 1] I Y [ <3 o 1
Yvosmanmsu 3 lamaustimanvesdiedis
o [ 9 a 4 1
2.4) 1dsunsu Imagel dwsulFlumsinsiziinimats TEM
o [ a 4
2.5) T1/5un3u RockMag Analyser version 1.0 1¥@5umsinsizy

YoyadameiFmFauninian
2.2 IauHUMIY

o a awv 9 ] I 3 1 [ dy
msmmumm%"lmmm@mﬂwuumauw € PNU

[ d
2.2.1 NIAIUAITHBUNIA

cu A A o ¢ < s s o
luaiatetivzidendunsizioymamanoon lua laonslszgndainisnis
ANAZNOUI I (Co-precipitation method) Y84@15A¥A18 Fe' U Fe'' A188a3189U Fe': Fe''
Yy % o/ s o s
WA 1: 2 d9ez lessnaae lsaenae lamsa (FeCl,-6H,0) uazilossanao lsamasyla
I q,;l o aan 1 o g’ M o a I
1A5A (FeCl,-4H,0) iluasasduiinlfnserswiulinhinaunazdSulsunasarsazaaniu
a aa = ) 4 doa.il
10 Hadans anazneuluasazarelxdenlaason loaivudu 2.5 Tuais Taslivuaounis
= 2 dgl
R
[ E&Y] 4
) mauassgnIndisazaralesianan lsamase laasa  (FeCl,-4H,0)
Y] Aa A A o
0.0596 NSy (0.3  Haalwa) uazessnaaslsdansslaasa
Y v
(FeCl,+6H,0) 0.1622 N3 (0.6 #ad lua) luiingu 10 Yadans Janiau

S
wunsa-ud (pH) Vo3@1592 18



23

4 q‘/ o
2) 93suEITaza1y NaOH anududu 2.5 Tua1s Taeda NaOH 0.1000 NSy
@ a I A Aaa g’ o
U5v1l5uasansazareilu 1 Yaaans lagiinau

o { 4 a [} <3
3) thensazarewseuldninded 1 1 lunTnanuguauuimanale

4 @ { a [~ @ [}
1A304 Electromagnet A4 W1l5znou 2-2 Nguuginoesuiu 5 A1ed19
U ‘;’

JU

do1e MNP 1 T ldauuusiman
§10619 MNP 2 aruauaumimanasiinnudy 100 Sadmeaan
§10619 MNP 3 arunuaumimanasiinnudy 200 Sadmeaan
#0619 MNP 4 mruguatnuimanaduanudy 2.5 faamaan
#0619 MNP 5 aruguatnunivanaduanudy 4.5 faamaan

4) neaaIsazaly NaOH ANududu 2.5 Tuais USuias 1 Tadans aslu
asazaeluded 3 d1esasimaven | Tadansdomii auasazate
pdnaieedeuomesnuNaNa 1IN BNSAM pH Yemsazate

QBII qy P a g A Y a 1 4
5) mmﬁazmﬂm”lmqmvmnwm L‘W@Gl“ﬂ!ﬂﬂ@]%ﬂ@uﬂﬂ1ﬂﬁuﬂimﬂi$u1m

U U

30 U

o e ' I 4
ﬂ1W‘ﬂ'§$ﬂ’t)‘U 2-2 ‘]gﬂﬂTiﬁQlﬂ‘ﬂZﬂf]lgﬂWﬂ!lﬁZ“lgﬂﬂ’J‘]Jﬁ‘lﬂllllhlﬁﬁﬂﬂizﬂ’ﬂﬂﬁl’)mﬂ?@\?
Electromagnet W 79641-002 8%® CENCO Power supply 3 79551 810

CENCO



a0 Uit

24

o o ¢ < s ax , Vo
ﬂlu@]@uaﬂlﬂﬁﬁlg‘?i@uﬂ']ﬂlwaﬂ@@ﬂqcﬁﬂjﬂﬂjﬁﬁﬂﬂgﬂGU'ijNﬁﬁqﬂl’lﬂﬂ\iﬁuﬂ'ﬁ

FeCl, + 2FeCl, + 8NaOH —» Fe,0, + 8NaCl + 4H,0

a @ d @
wazansnaglimsdunngrounialddinmilsgneu 2-3

aza18 FeCl,*4H,0 0.3 Hadlua

9 v
1ag FeCl,-6H,0 0.6 {iaa lua lurhnau 10 Uadans

' <3
AIUANTUINLNLYAN

\4

= a
?ﬂiﬁgﬁﬁﬂ,ﬁ TUAIDT

1A 2.5M NaOH 1/511915 1 ml

- p|e---
~ a 9
NYUH YU
A\ 4
I o
ADANDYATA
Yy v v
v Aa Y a 9 ~
<--- mm'lmqmwguwm 30 N
\4
A o
ATNDUTA

3 [ 4 < o a 1
Amlsenou 2-3 GIJ'LWI@uﬁﬁlﬂiTgW@‘l}!ﬂ”lﬂwiﬁﬂ@@ﬂi%ﬂjﬂﬂﬁﬁﬁﬂﬁgﬂ@uiﬂu

a Y] v Y
222 Msaseunleds Uszneuaie

msesafeduiefndnBaMIdugIngazlnssaig

1.

o w L]

Ay Y o o 7 & o oAy Y o a
HWI’J’E'JEJN‘VIVl,ﬂi]1ﬂﬂlu@l@uﬂ1iﬁﬂlﬂ51$ﬁﬂuﬂ1ﬂcﬁﬁG]’J’EJEJN‘V]ll@lﬂuuﬂ%ll

o o A A 'y ' Ay yy
aﬂHmZlﬂuﬁ']iaga']ﬂﬂllﬁgﬂﬂu@ﬂ@g@']ua']\iﬂia\‘]ﬁgﬂﬂuﬂllﬂﬂjﬂ

9 )
[ A

7 S &
NITAIYNTDI Whatman LUDT 42 é}TQﬁgﬂ@uﬁ?EJHTﬂﬁuﬁaTﬂ €] NI IND

o w d‘ 19
ﬂ”Ii]ﬂll’ﬂGBUVllliJﬁﬂﬂﬂ"liﬂﬂﬂi]”lﬂmﬁﬂﬂu



25

a

) A o I M) v R oy o o

mmmu"lﬂaqumﬁgu 80 °C 1fluan 3 GI)"JI?JQ VYUNDUINUNTITU A

A1)

o o 4 [ o [

u'lﬁ'liﬂﬁlﬂﬁa\‘]ﬂ?ﬁﬂUNTUﬂiﬁ!aglaﬂﬂLﬁf’]uliJiﬁﬁ']ﬁlﬂ’l%ﬂUﬂ%ﬂﬁlﬂUW\?
[ zé 9 = [ [ a

pznouAININsenoy 2-4 LW@GlGIfGlUﬂ"IﬁﬁﬂHTﬁﬂHﬂ!gﬂTQﬁﬂlﬁ']u?ﬂﬂ']

Yy ¥ A
LLﬁxTﬂNﬁ’iNﬂ’Jt’Jlﬂi@ﬁ XRD e TEM

nsznou 2-4 miazmﬂﬁﬁmﬂauwmmmzmmﬂaumﬂwé’qmiau

= Y M d' = Y wa < ' <
MsmssunIeganafnmuantanNiuiman

1.

o o 1

[ Y 1
1deg1ai ldnndunsumsassudledaiioAnuan sz Nedug 1y
a 9 & o 1 ~ 9 3 = I
e waz lassadedediedran lauinaziidny s unaaznouanin
0.05 N5U (MNUsENOY 2-5 A)
Y 1

daviaoagaihFaliduriuguinats 0.5 IUAIAT 812 0.47 IFUAAS
o w 1 { { Y] o
Wided190 1du luden 1 wauduyudarmass(@nisznou 2-5 B)

J o 1 A v S A a vq ¥ g
vazihludadiuiinemruzudunasluvasagaiiimioy 13 1A
o a ~ [l 3 ~ Aa A 4
i lsuSnafinuauauuuimianasinnudy 200 daamdal e
milenhianaun i lnaduvesoynn (muilsznou 2-6) Tuszwning

s & o

soldijullaamosuddn
o w 1 A @ o o 9 9 = vAaa ana a ] < 9
111620819 NUTIAUT sV BEUAINANHIANIATAINDI FAIFILNINANAY

A
1n399 VSM

A AR A 9

v
[ o 1 4 a a
NOUTNIH mmmﬁumug{uﬂﬂmq 2.5 I UANAT 817 2.3 IFUALNAT
9 1 [ w 1 1 3’ A A 9 1 d‘ ] 1
1Wlﬂ1ﬂﬂ§]’3®81\1h1ﬁij§1ﬂ“I/]f]‘LHW’JG]W]1“@11!811’)%6\11/]’8]!W’E)LL1J\1‘1/]’E]

[~ 1 1 @
oonilu 2 gum q N



26

o ! 7 3 oA A Yt I =) Y
6. daunuWesauurudmasylviivinalugnivinavesnedniiosuad
o 1 Qy [ (] a [ -Qy Y 1 o 1 o" 1 Qy
nvesuded il iuuuainiusudledianed hukunesanvosn

Y Y Y
Ave1adNuIEH e N aAnNIaesd U 1R FuAI9d19gTE NI

NAN

J o oy 9y

F4
J a @ 3 ]
7. wanyulardees nuihwdunaslunenara@niedosauouauuRy
- T ¢ g s 2
Wosaaziuda i udarmass usmiuassaruaane 131
J ) T J ) o (Y 1 § o J
Yarmees uiaiwduesdeonsz lduuudimsulddediuioian

wou'lo Tansetlvosmaniniu’ld ldnaniman (mwilszney 2-5 C)

Anlsznou 2-5 Mawssudlsgauazuuudnsulddiedranelslunstaauiia samoes
a Aa ] 3 9 A A o =~ ! [
FAFUUMANAIATOT VSM taziiioTaa e 1o lansedluosaraninsy

13 édmausiman

AMWlszneu 2-6 YAmMiionié1u19NINAD Electromagnet 31 79641-002 8%o CENCO

Power supply jlu 79551 80 CENCO



27
= v v a Y
2.2.3 ﬂﬁﬂﬂ‘H1aﬂ‘Hm3°ﬂNﬁﬂ!§11—!’37]?]1!!?;181?%5\1@’51\1
2.2.3.1 ﬁuazamuzmmms

o a o @
# uazdnyuzvesoumaszldmsinsz v laemsduna

d o
2.2.3.2 ﬂ]ia!ﬂi13ﬂﬁﬂ‘ﬂﬂ!$!!ﬁ$‘llu1ﬂ“llﬂﬁﬂ‘l§ﬂ1ﬂ

awilsznow 2-7 ndedganssmisianaseunuudeddiiy (TEM) 3u JEM-2010 80 JEOL

9

@ VA 4 4 a 4 a [ a 4
m@gﬁg{umﬂ?mﬁmmmmﬁm VU NINYIAYFAIVATIUATUNT

a o 1 yan a I Y Y
ﬂﬁ’)LﬂﬂZT‘iaﬂ‘Hm%gﬂiN LLﬁ%“Uu'lﬂﬂJENE)‘LgﬂTﬂ"l]giélf’g‘ﬁﬂﬁ"]mi1$ﬁﬂ’JEJﬂaEN

ﬂqamiﬁﬁaﬁﬂmammudaaw'm (Transmission Electron Microscopy : TEM) 31 JEM-2010

Y

=t 1< 9 Ja o 1 [l A @ . .
8110 JEOL HJuﬂa@i1]a“Vl55?(1!15]!,@1ﬂﬂiﬂuu‘ﬂ‘llﬁﬂﬂWWuﬂiJﬂ'J']iJllﬂﬂ“]fﬂ“llﬂ\i lattice image 6],1/!
Y 1 v 1 adg A [ a J av
7¥AU 0.14 uﬂumm ﬂ')']llﬁ'l\?ﬁﬂflulwﬁ'l!ﬁ\?@&ﬁﬂ@li@ﬂil\?ﬂﬁﬂﬂ'mﬂ 200 ﬂIﬁI'JEWI Tﬂﬂ\ﬂuﬁ‘ﬂﬂ
na/l dy Y 9 ‘a < (] [ d'qsz' 1A s A A A 4
1uﬂ§\1u’ﬂ$1“]5ﬂa’E]\‘]i]ﬁ‘ﬂﬁﬁﬁuﬂlﬁﬂﬂiﬂullﬂﬂﬁﬂQWTU (TEM) NENDYNFUIATDINDINYIATAT

a @ a Jd v [ 4 [ a
UHINYIDYTIVATUATUNT WHIATIVAN (ﬂ'lW‘]Ji%ﬂ’O‘]J 2-7) Lﬁ@iﬁﬂﬁWUWﬁﬂW\‘]ﬁmjﬂu'}ﬂUW



28

1 o o 4 ' o A ad

YPIUAAZOYNIA NANNITIOUYDUATEY TEM  az1sznoualrsunasiniadianason
& o Y A a ad A ) 9 1T ad Ay v

(Electron  gun) aivithainandianaseuiethwnldluszuy Tasnguaranaseui laain
unasiutdazgnssdreauin I 1%i1u Condenser lens 1iosamnasliannsznumds

o 1 { g 1 o A g ] o 1 o . . .
R LRSI IS TR N ) MvanaseuIzAIUA0819 118 Objective lens g Intermediate lens

1 [l Y

Fuhmnlumsvervnm 910U MIZNUeIeAD 1A Projector lens LA NN THYSTAIDY

A A " d A o [ =
PINTOUE (Screen)  HIOUHUTAY 10509 TEM  vziianzd s ufiny1s10azidoaves
J @ 1 ! [ @ a {
pafilszneunieluvesdiredaindosmsAne) uazdnyuznduguIngrvesoynian

. o2
TAUATITHUU

%3

a d
2.2.3.3 mMunin mnymzimm%ﬁwmagmﬂ

(44

a S w ] = ¥y A S  JIa

MsaaTenanyue lasedasananveeymalasldiaiovensissanunsn

o . ' a9 . o D)
U (Powder X-Ray Diffractometer : XRD) 31 X'Pert MPD 8¥0 Philips Uszimajiju waz 141t
I 1 o A o A /) Y s A ) Y
NoIAI (Cu, Kg, ) Wuuvasduiasadens 1vsadonganueriaau 1.5405 dvdason 14
1 o d 1 u’j o Aa o A d 1w a 4 9
ANUAIANgszr T Ina tazithnoauaalumssuiiassdendminy 50 nlaliad 14

T W a a 4 o % ] @

AseuamnY 300 Hadueuulls Tasriimsiayw 26 Tur3 15— 80 par ANwazi@ealumsia

[ @ 1 A o

[T o Y av dal 9 A A oazl 1
IIFDNFUDINITHYUITAANIDYNAD 0 (NINU 0.02 BIAN Tﬂﬂ“lmma%u%msmmm@gmﬁuﬂ

q

A A A 4 a @ a J o [ A Y <
ATDINDINYIAITAT UH1INYIAYTIVATUATUNT WHIATIVUAN (ﬂTW‘IJﬁgﬂf’Jll 2-8) L‘Wf’)clﬁlwu

o=

Y [ 4 [ ) 4
D93UuuuMsReUuSIdend (X-ray spectra) UDI0UNIA HANNITHINIUVOUATOI XRD 92
v A P 4 [ )
Uszneudlessdongngnadsiumelunasagyamealasldnszud i iuduarailan-
s . A o A o A ] o qQ Y ¥ y & ' Y a
(WU (Filament) Nognelunasaduilassdensaaziiiduatnionvu uaznalinans
1 ad Y ad 1 dy v 9 [ v J o Y
Yaailldesdianasouoonainiduaia a1aNAIoUIHEIHILYNITIAEANNANANTFI N4
A Ay ] Y] o =& @ ° ad A v
naounarenNuIgadsuTIe Tua 9 Tasn llieinTanzneaas dianaseuiyad
o a I~ 1 1 4 I~
suazi i luga (K-shell) vosozaounouasngaoon livunaiuresinedu flunald
ad ~ [ a { @ @ 1 1
BIANATOUIUBNNOIAANT (L- 1Az M-shell) 1NANIasUIEAVNAINUAWIMNUNFDII1S
3 v A 4 v A o = [l o a o A 4
1T Taemsmesadiendoanul S9d0NENAe00ANIZHIUBDNIINHaRANUTASIFD N 11
[ Y] 1 v A a’d' dy Y] 1 [ 9 o [
9615070619 1A TIAONTNALNVUBINIINA13AIDIILYNATIITUAIEYUNTAINT IV

v A 4
53a19N%Y (Detector)



29

) ' Y 1
awnilsznow 2-8 1ATeaenFsdanWsAFU (XRD) 31 X'Pert MPD ©%0 Philips daogigud

IA30910INNMANS UHIINGRUETIUAIUATUNT

a3 1 ] [ §
Mnilsgnou 2-9 ndosganssAmioanaTeuUNDUEEHIY  (TEM U JEM-2010 9% 0 JEOL
na/l ' A J A a J = a 4
ANDYNAUIUVINITINYIAITAT Llaglﬂﬂiuiﬁﬂ AUSTINYIAITAT

PHIND 89 1413



30

a & 9 = Y 9 ‘a d
ﬂTi’J!,ﬂﬁ'lgﬁaﬂ]elﬂ!%Iﬂﬁ\1ffﬁNN'ﬂﬂGll’éNE]‘LgJ’ﬂﬂﬂ?ﬂﬂaﬁ]ﬂﬂaﬂiiﬁuﬂmﬂﬂiﬁu

1 1 1 $ I
HUVABINIU (Transmission Electron Microscopy : TEM) 3U JEM-2010 %0 JEOL 1Wundeq

‘a I [ 1 { Qy 4 y

@am‘:#ﬁumanm@mmu%qmuﬁmmﬁnwyuzﬁawmmzﬁaﬁﬂyumugﬂm'iLﬁmmumm

adg Py ' Y =K o a g o A Y, '
ezaﬂmau"lﬂ“lwmqmwm 80 93 mummmmmaﬂmaummmﬂimﬂaﬂu‘lﬂiumq 1.5-

I = Y 1 a Qa/‘ 9

35 W1 Tuwag uazﬂimﬂaﬂuwﬁeu (Convergent angle) 18114999 1.5 — 20 mrad Andanou

o o v A ERI (%
N1 Energy-dispersive X-ray microanalyser mm‘uamiwwmuﬂixﬂamﬂmmmmamﬂ
a o dy 9 A A aa/‘ A ) a 4 = a 4
TagluauitetilginseandsegnguiusmsInnmansuazima lulag anzIinemans

a @ [ o @ 1 4 <3
ymedesealvil (an-uy.) Jandaealuy (nwlsznew 2-9) e 1R uDe Selected

Area Electron Diffraction (SAED) pattern U901 1A

a d A aAa a | <
2.2.3.4 MFUANNSHANVAIAINO IV ALY IUNLVIAD

] Y [
MWs52NPD 2-101A504 Vibrating Sample Magnetometer (VSM) As0gininlniand amgy

a 4 a [ J
INYIATITAT UH1INAUNHATAITAT

= vaa aa a 1 < ¥ A =~ a 4 o
ﬂ15ﬁﬂ‘]&l1ﬁ1l‘ﬂ§le‘]ﬁl‘ﬂ@i“])’ﬁ!GlNL!JJLWﬁﬂiﬂﬁlslﬁlﬂﬂﬁ’é]\‘ll!llﬂuiﬂwmﬂ‘iuﬂﬂﬁu
o 1 . . { [ @ { ) Il < 5
$79819 (Vibrating Sample Magnetometer : VSM) NoHeNaNNIsHHeNIIMUNMAn¥eans
o oA a 4 9 v S o Y an v o [l a Y
Gl’)’é)ﬁlNﬂQﬂ!LiJﬂu"lW]iﬂgﬁ‘iNWaﬂcﬁlmmﬂﬂﬁﬂw1uﬂlﬂﬁ’3ﬂﬂ’Jﬁl’J‘ﬁﬂﬁﬁuﬂ’J@ﬂN5111‘1J5!’Jm1ﬂ’d

@ o A o Y a J Y4 R Ay ¥ v Y a dy
9 ﬂUGU@]’d’)ﬂﬁi’J%’JﬂLW’E]“VIﬂﬂLﬂﬂﬂ’JHW]NﬁﬂElul‘l"lﬁW °]NW’d“Vlhlﬂmﬂﬂﬁ’)ﬂﬂ’Jﬂmﬂuﬂu%%L!ﬁﬂﬂ



31

v o 1 ' g <] @ ] <3 {
Tugdanuduiusseninem T udwiman (Magnetic moment) NuaMINuitanh 1941 1)
aw o’j 4 J ] < o Y 1 {
(Applied field) Taga1uiselunsaiiagaiuaumaummimanneuen 1¥nuasAIeg19gIgan
a d o o A a 9 ao dy 9 A d‘g 1 a
H = + 8 nlamd Mmsdangangiivied uazluanuIseildniss vsSM Naegnniniann

Aand anzInemaas urInedunyasmans (Mwlsznou 2-10)

2235 maamamnsulildmaniman

@ 1 [ ] I
nm3idaman1nsu31an1eustvman (Magnetic  susceptibility) Y9991 NN
fed1elenTeq Spinning Specimen Magnetic Susceptibility Anisotropy Meter ‘;'u KLY-3S

Kappabridge #9183 AGICO INC Usgimaamsisasgiin

4 o [ 1 <] a o .
amilszaeu 2-11 wediaannsu 3 ldnausimanaiiaauiudi Kappabridge

= @ -8 Y @ A Y P~ a 4
nmm"lﬂuam‘u 10 SI ANUYNAD T 3% G]’le,ﬂif]\‘isl“]fﬂ’ﬂllﬂ 875 1839%
A A 9 % A dJo 1 @ Y o A [ 1 A
Lﬂiﬂﬁﬂ@%%ﬂ‘i%ﬂ@ﬂ@’JEJ@]’JL?]TEN Qﬂﬂiﬂl@]’)ﬂ?ﬂwaﬁﬂquﬂ11ﬁﬂﬂ!ﬂi@\1’3@] sagaumilu
) [ @ ' Aq ¥ @ A o @ 1 o Iy Y ] <
mﬂsuzmmmnmaanﬂﬂumam (Holder) !W’é)“l/ﬂﬂWi’JﬂﬂWﬁﬂ1W‘i‘]JUhvlﬂﬂNlmL‘Haﬂ
o @ @ 9 a A 1w A a 4 Y
61ﬁﬂﬂaﬂﬂ1i’3ﬂﬂ’w’i$ﬂ‘]J’J\Wi‘U‘iﬂmG]ff]llﬁﬂﬂﬂlﬂiﬂ\iﬂ@ll'l/‘l’)m@iﬂ‘imJ’JﬁWﬁT@EJGlGHIﬂi!lﬂill

J [

ay Y 1 dl o dg‘ Y =% o a o
SUSAM Iag%u@198190539 11 Holder Nvu lvilvuaneanuginsaldimsuda luanide

Q



32

dy 9 A A z 1A a ara J a 4 a [ a J o o
uimmawmagwmmmwﬁﬂﬁ AUSINYIAITAT UN1INYIQYTIVAIUATUNT WHIATIVAN

(mMwisznov 2-11)

2.23.6 msanyamuueulalensetvesmamniv I lamamiman

[ 1 = 1 [ Yy ¥ [l I~}

msdamannueu lo lansotvosmaniniu 1A ldnmanivanyesoynin

(Anisotropy of magnetic susceptibility; AMS) wldinTeq Spinning Specimen Magnetic
1 ] o 1 o [l <
Susceptibility Anisotropy Meter 1uiagIfumMsIasaansy 13 ldmanimanldaulasns
d' 1 [ d' a 4 9 4! dqs.ll [ dy
WFouanUInToInouNIaes uazilszuanalasllisunsy SUSAM Haliduaouadil
' A o o Y A 2 yy o v ~A A ¥ A A A

) aewsuiimsialiilanisans|ded1atles 30 w1 e linsoaiiodl

ANULADITNIN
a o [ =} -9 :/I
2) 1lalilsunsy SUSAM uaziinimsisuien Holder Iagnsia 3 Asa
2
3)  mmsdalag@enmsdanuy 15 nenie v ladiograly Holder Tae
IJya =1 % ay [} 1 dy a 1 A a
T namaunil lnduveseymauuFudiedned liamnanises q Ae Aanieluuuaunu
Y
X UNU Y UAY Z IUATUNG 15 NANI
z d‘ A ) 1 =Y 4 = 1
4)  MiwnTealerziimslszulanammiaimesueu le Tynsotlveea

I 1 <3
anmsu I3 ldmaiman



Nﬂﬂ1iﬁﬂﬂ1l!ﬁ$ﬂ1§ﬂﬁﬂ§1ﬂﬂﬁ

[ @ 0o Aw QBII Y 4 o o <]
JagUszasdndnvesmsiiitelunseilifemoiaundneninueeyninman
4 Y ) [ J < J [ Y A o
pon laaszauu luTagezimsdunszioymamaneen leaszauu Tuldeymalidnyae
- A A . Yo P 4
nasunilaslivineyniansanauiveriiugl Shape Anisotropy ¥o30YUNIATRLAININGIY

ad o 4

[ L4 I 14 Ya [
LLH?VINGluﬂ"Iiﬁ\‘ILﬂi”lﬁ’ii’)léﬂ?ﬂm’ﬁﬂ@’f)ﬂ”l“]fﬂﬂzi%i‘ﬁﬂﬁ‘ﬂiﬂﬂqﬂ’l‘ﬁﬁﬂlﬂiwﬁlmﬂﬁﬂﬁgf‘lf]‘Ll

1 A . a [ d Y an dy Y AAw
394 (Co-precipitation method) Iﬂﬂ‘ﬂﬂ@ﬂ?iﬁﬂ!ﬂinﬁﬂ’)ﬂ’J‘ﬁﬂﬁu%$1ﬁ61§ﬂ1ﬂﬂmaﬂ’]ﬁiu$ﬂah

9
v @

2K o Y s . n' 2K A [ ag Y] 79 ¥ A
391191 N1ANAT Shape Anisotropy @1 A1 HIINNTUTVITIITMsTUATIZH o yMAN
Y] ) YA o I =] = . ~ 1 z o a 4
dunsgd dNanvazduunadaez i Shape Anisotropy NgnI19101ILIINTIATIZH
A o o’dg/ A A 0 = 9 Y
puMANdUATIZHIMINENATRUANTAYDIDYMA TagaziinisAnyIveyalurals 4 A1u
. a @ = ' v Yy Y I 0o q.¥ ¥
15U MIAATIZH TEM, XRD, VSM tagdneiaranmwiv 13 lamauiman deazilvidhlalu
wAa Y 1 [ [ s = ) I 1 <3
AulinA1uA1e 9 Y9301 1Y VA 31519 vRlszReuMaAl tazauTan Nl uuiman
YBIDYNA
=2 a 2 o 4 I 4
HAMIANEY wazmsenlienamsAnyIMsdunsIzHeYMAManoon oA
=L [ J o dy
FaRUUIN UM IFUAIIZHEDY 3 LUINII A3l
o 4 < J Y an ] ~ a gy
1. mMsdunszreynIamaneen luaaleismsanaznousugungiiiodlag
5M31nd (79819 MNP 1)
o 4 < JY ax ] ~ ay
2. maduanzieymamansen lsaaie3inisanaznousiuigurgivoslag
@ a @ 4 ] < A A
YFuliasmsduangdaens Idaummimanasi lusuz Neyninanaznou
Il < a a @ [l
AUAUANUTNAUINILINAN 100 Vadmeaal (A79619 MNP 2)
] < a A @ [l
AUAUANUTNAUINLLINAN 200 Badmeal (A29819 MNP 3)
o 4 < J an ] A a
3. maduanzieymamansen lsaaie3insanaznousiuigurgiveslag
[ a [ J ] <] o :
Ysulgaitmsduasizidienms Idaummimanaduluvuz Noynnanagnou
] < a A @ l
AIANANMDNTUINININAN 2.5 Haameaal (A219613 MNP 4)

] < a A @ l
ﬂ?UﬂNﬂUTNL%NﬁUTNLLNLWaﬂ 4.5 yaamaal (19819 MNP 5)

33



34

] [ @ J
MnHaMINAand lauLmssenuraesnu 3 uuIni Al
v F4 9
1. msanautiavessymaidunsizniuianesdudaugiuineaznediu
JGERGERY
= va A o o’dgj Y 1 <3
2. MIANYITVITAVDIDYMANTUATIZHYUN A ULUNAN
v E4 ]
3. nasnaautidveseyniaindunsiznawieinnsana iz anly

m3thinlszgnaldlunudlanlesimes e

3.1 Wamsananyazmedug1Ingmazlasaing

311 aDHAUZNTUFIUING

PUNMANTUATIZHAITN1TANALNOUTINNQUUN TN 09429819 MNP 1,

QU

% aazl @ 1 na/) (% oA 1 @
MNP 2, MNP 3, MNP 4 1lag MNP 5 Gﬁ\ﬂﬂ\j 5 f1IDYN ﬁ5]]u@@‘Llﬂ']iﬁ\uﬂ51$wﬁllﬁﬂ@1\3ﬂu N
o ' A o 4 o ' Ao I3 a 3 Ao 9
miﬁ\‘iLﬂﬁ‘w°1J’J1’0‘1§ﬂ1?‘11/1?(%?1?.iwwuu“l/].ﬂﬁ’mmﬂ%llaﬂ“lelmzL‘]Juﬁzﬂ’au ﬁ@gﬂQULﬂu’ﬁﬂ’]!mu

A g A = J o Ayé IS =
mgﬂuammaummgmu”lm ﬂ\illﬁﬂiiuﬂW‘Iﬂizﬂ@‘U 3-1 ﬁﬂﬂNﬁﬂWiﬂﬂﬁ@\‘lucﬁilﬂuﬂﬁﬁﬂE1

a

d ¥ = o At o ¢y ax oA ¥ v
qlu@]u‘ﬂﬂWaGUE]Qﬂ'ﬁﬂjﬂﬂﬁq\cn‘ﬁﬂ'ﬁﬁ\uﬂi’lgw@’JU?‘ﬁﬂWi@]ﬂﬁgﬂ@uijmmqmﬂﬂuﬂa\‘liﬂﬂﬂ'ﬁiw

Y

] I A 9 ] 3 @ ] dal 91 o as o SN 1
FUINLULHANAIN Lm%ﬂ'l'icl’ﬁ’ﬁu'llll,l,llL’I’Taﬂ’ﬁa‘U‘]J\361111@1’)1ﬂ1§'ﬂ‘iﬂﬂ§\1'§ﬁﬂ1§'ﬁ\1lﬂ‘i1$1’ih],ll’(?NWﬁ

1 =)

AT 1AZADIUZVOIOUNIAILDININOYNINAIDE WNNAI08 N HazaD UL VDIOYNIATNI]

[ Y A @
anvaue lnameeny

MWsenon 3-1 FuazdnyULY0IDYNINAI0E19 MNP 1 — MNP 5



35

A A o N Y Y an ) 1 Yy Y 9 = <
LHTZNﬂ?ﬂ@uﬂTﬂﬂﬁﬂlﬂinﬁqﬂﬂﬁﬂTﬁfﬂi§°Nﬂa’]'J‘JJ’]!La'JelﬂQ@uﬂ53J‘Uu’]ﬂlaﬂ
= o & Y o a sy v ’a d ' ' 4 q9
lﬂﬂﬁ]\?%TLﬂuﬂ@\?uTNTﬂlﬂiTgﬁﬂ?ﬂﬂﬁﬂﬁﬂaﬂiiﬁu@!aﬂﬂﬁ'ﬂuLL‘U'Uﬁ’ENW']u (TEM) !W@GlW‘VﬁT]J
o a 1 a L4 4 [~} 1
HAaNWNAUFIUINGIVDULAASDUYNIA ﬁ]"lﬂWﬁﬂ"li'JLﬂinﬁﬁl'Jﬂ!ﬂ?@\‘] TEM LLﬁﬂQiﬁlﬂu’ﬂﬂHﬂ’]ﬂ
o 1 A o N YY ag dyd @ 3 A 9 ] 4
I8N MNP 1 ‘Vlﬁ\ilﬂi'w'ﬂulﬂﬂ?ﬂ?l‘ﬁfniullaﬂﬂmglﬂuﬂﬁﬂﬂaﬂﬂuﬂluWﬂlﬁuW’]ugu&ﬂa’l\‘]
MY 10.40 W TUIWAT LAZUNITNITDIBVUIAVDDUNIAMINY 3.2 W1 Twas Aamnilsznol
& Y o a o S A A o d Y an
3-2 HIHIAAADINUITUIVYVDIYYITY LATAUL (2553) ADBUNIANTIUATICHAIYITNIT

[ [ I~/ [ 1
anaznaUIINITLaNYazTluNIINay tazlvaeun 1Ay Y9 10 — 15 w1 luwas

[
[9)]
|

Frequency (%)
—
o o
| |

6 8 10 12 14 16 18
Particle size. d (nm)

' o ' A o N YY an
ﬂ1‘1N‘]Ji$ﬂ’E]‘]J 3-2 (A) NND189 TEM %6@61§ﬂ1ﬂ@3681\1 MNP 1 ﬂﬁﬂlﬂiW&ﬂ"lﬂﬂ’JU’J‘ﬁﬂ'li

a gy

1 ~ a q Y [ I~ [ I'd
G"Iﬂ@]gﬂ’ﬂui']llﬂ@mﬁﬂllﬂﬂﬂllﬂﬂﬂﬂ@’lIﬂﬂllllﬂlﬁﬁhﬂilLlulﬁaﬂﬂlﬂlgﬁﬂlﬂ§1$ﬁ

Q G

a 4 o 1
B) N1TAUNTICUNITNIZINYUVUIAUDIDUNAATUIUIINNIND 1Y TEM VD

PUNIAFIDEI MNP 1

A o am o I Y Y ] <] A A o

!,11611msﬂiuﬂqqa‘ﬁﬂ”|schmﬂwmﬂmﬂwammmmaﬂm‘w“lummzwﬂ1ms
o o v <3 a a A A
’cNmswzw’ﬁq%mmummﬁnﬁmmmmaﬂ 100 Waanaal (MNP 2) 4ag 200 Haanaa

a 4 A A o 7Y an dy ' A
(MNP 3) Wan15uAT1LHIINATON TEM VNOUNANTUATIEUAIYITNITUNUINDUNIAN

o a’g = 1 A 1 @ a qg/l Ao 3| 1 A A
mmﬁzﬁmmz3Jg'ﬂinmmnmmu@aﬂ'lﬂumaumﬂwuaﬂymmﬂuum Hagayninnu

[

@ 3| 1 o : 1
aﬂymglllu‘V]ﬁ\?ﬂallWﬁll@QS'J?Jﬂuﬂﬂl!ﬁﬂﬂiuﬂ]?‘lﬂﬁgﬂ@ﬂ 3-3 “ﬁﬂi]g’/llﬁﬂﬁnlﬁi]"lﬂﬂuﬂﬁlﬂ

v
A v

o 1 : | ' 0311 @
MDY MNP 1 G?\‘lﬁ!ﬂW?%f)lgﬂ'lﬂ“mJﬁﬂHmZLﬂu“ﬂﬁﬂﬂ'ﬁNL“ﬂWHu LHAZIINNITINVUIABDUNA

'
AA v

1 1 o [l | '
NNINDEY TEM NUNDUNIANIBYIN MNP 2 1ag MNP 3 Vlilaﬂ‘ﬂmglﬂu&ﬂ\iﬂgﬁﬂﬁ'lllﬂ'n

4

@A 123 1 Twwas uag 80 W Tuwas muddutvaduAILALIna1nas 10 W1 Tumas

U



36

o w 1 [ I :/‘ o [ H
wag 7 i TUwas ANaIay tazoyMANNdug I uNIINauvoINIa0ddIeg 199 iy uIAN
Indifestulasezivinaduriuguénaunde 10 wiluwas Saealuaisg3-1 Fag

Yy o = ' 9 £ yas o o
FAOAAADINUNITANHINDUNUIUVD Zhang “lf\‘]%gslﬁlﬂ‘ﬁﬂ"liﬁx‘llﬂi']%ﬂ@Hﬂ'lﬂ!tﬂﬂ@lﬂﬂgﬂﬂu

a

AUV VIOUNAD (Reverse co-precipitation) ﬁqmﬁﬂu 60 °C (Zhang, W. et al., 2011)

U

1 A o S Y Y an [ ~

j‘l1W‘]J§$ﬂ’E]°JJ 3-3 AIND18 TEM “U’tNE]‘Lgﬂ1ﬂ‘ﬂﬁim51$Wvlﬂﬂilflil‘ﬁﬂ1iﬂﬂ@$ﬂ@ui’)ll‘ﬂ
ay ] g A o 7 o '

QmﬂguﬂﬁliIﬂﬂi‘ﬂ?fu13JLL3JLWﬁﬂﬂQ1/]"lJm$ﬁQLﬂ§1$W (A) BUNIANIDYI

Y 1 3 a a
MNP 2mm;ummmuﬁmmmmaﬂ 100 Waamaal uag (B) UNIN

@ 1 9 ] < a a
AI9819 MNP 3 ﬂ'J‘]JﬂiJﬂ’J'IiJHJllﬁu1llullLWﬁﬂ 200 Yaamaan

a J o 1
AT 3-1 NMTAUATIEUNITNTISINYVYUIAVBIDUNIAATUIUIINNINDIWY TEM  ¥030YN1A

A198719 MNP 2 1ag MNP 3

Diameter Volume
Particle Length (nm) Volume
Sample (nm) R average
shape — — (m) s
X o X o (m)
Sphere | 10.01 | 140 | - -] 5244x 107 N
MNP 2 — 5.02x 10
Rods 10.63 | 1.16 | 126.36 | 10.16 | 1.120x 10
Sphere | 10.66 | 1.53 | - - | 6343x107 ”
MNP 3 1.70 x 10

Rods 7.09 | 0.81 | 80.18 | 10.15 | 3.166x 10~




37

A [ ag [ cY 9 1 < [ A
Llﬁglllf)llfﬂi‘]_Ii‘]J‘]J'j;Q'J‘ﬁﬂ']iﬁ\ilﬂi?&’ﬂﬂ'JEJﬂ"IiiﬁﬁunJllﬂJlﬂaﬂﬁa‘U1u‘Um5‘ﬂ

o [ 4 a I'd A A o <Y an dy;é
MNTAUATICHHANITUATIENIINIATOI TEM YD YNANTIUATIZHAIYITNIT ULV

ALANANMTUAUINIIIMAN 2.5 Taamaal (MNP 4) uag 4.5 Taamaal (MNP 5) ugaaln

v
[

<3 1 - N ¥ = 1 = 1 1 = z Ao I
MUDUNIAN \1Lﬂi'w‘ﬁllﬂfﬂ%i]iﬂi']\ﬁ’llmﬂﬁ']ﬂﬂuﬂﬂﬂ'lﬂiJVNﬂHﬂ']ﬂﬂllﬁﬂHﬂ!m‘ﬂu‘Vlix‘]ﬂﬁil

U

'
AA o 9

<3| [ v W Y

Lm%ﬁ]uﬂ']ﬂ“lﬂllﬁﬂHmZLﬂu%iﬂllﬂﬂ‘HUTNﬁll@Qi'lllﬂuﬂﬂllﬁﬂﬂiuﬂTWﬂigﬂﬂﬂ 3-4 uﬂﬂ%1ﬂﬁ
o 1 @ A » < J T @

2UNINAIBYIN MNP 5 ﬂﬂWU@HﬂWﬂﬁﬁﬁﬂnglﬂullﬂ\iNﬁllf]ﬁ.l HAZINNITIATVUIADUYNTIAVN

'
A v

1 1 @ 1 [ T
AND18 TEM WU101n 10610619 MNP 4 uaz MNP 5 ilanvaziilunsinanaziiduriu
@ = o w Ao S 9 =
AuInaamay 9 wluwas tag 8 W luwas Mua1ay uazldnvazilunswlaniezi
Y = o Ao I &
AWEIAURTE 23 W1 TUNAT 1ag 30 W TUNAsT MUAIAD tazeyMANNdug I uInads
A H
NUVIRWIZOUNIARIDET MNP 5 111iU aglinnmennnde 37 w1 luwas waglivuiaduriu

7 ~
fjuﬂﬂﬂﬂmﬂﬂ 3 ‘Ll'II‘LlLlIG]i

Muilsznou 3-4 MND1E TEM ¥9991401AA9819 (A) D11 MNP 4 tiag (B) , (C) d1A1A

MNP 5



38

a J ° 1
A9 3-2 NMITUATIETHNITNISIYVUIAVDIDUNAATUIUIINAINDI1Y TEM UDIDUYNIA

#19819 MNP 4 11a2 MNP 5

Length (nm)
Average
Particle | piameter (nm) | (or edge length of Volume
Sample R volume
Shape octahedron) (m’) 3
X X )
g ag
Sphere 874 | 1.60 - - 3.496x 107
MNP 4 Rods - - - - - 576x 107
Octahedral - - 23.00 247 | 7.167x107
Sphere 8.15 | 125 - - 2.839x 107
MNP 5 Rods 326 | 0.80 | 36.56 6.59 |3.054x10” | 9.50x 107
Octahedral - - 30.03 286 |1.595x107"

a o 9 Y k2 ‘a d ] 1
HAN13AAIIEN 1N3903 19028 3099a NI IAUDIANATDUNVADINIU (TEM)
{ [ o 09/1 @ ]
YDIDUMANAUATIZH 1AN 5 A19819 MNP 1, MNP 2, MNP 3, MNP 4 11az MNP 5 uaadli
3 ' A o o 9}5 @ 1 09.1} A v a a =
WiuNoymanduns Iz 1ans 5 AredniulidasimaaulavesgUnsusnndavesnani
1 Y] = [ an [ <Y ad Y ] 3 09/1
uanaNnY TagaynalmsliuliaasmsdaunseiaieIsms lauuuimaniia 2 gUuny
A Y 1 3 ~ [ (] Y [ < o @ [
o lvaunuimannanluaiog1a MNP 2 uag MNP 3 uag lvauuuumianaanluaieeng
- A = A ' ad o A I '
MNP 4 1@z MNP 5 aziimaauTavesgnaniiuanaisoon linsdnyuz iidluuns uaznsa
9 A = Y] A o o q Y ] < o [ I
wilaniilefsuiuoymanduniizd laens i dauumiman lusazimsduasizdlu
@ 1 = = =2 A d J 09/1 Aa o 9 =
@10819 MNP 1 #99zimmiz JUman At unsnammniu uag01nnsinsizy lnsaasaman

=

J @ 1 2 A IS ~ ~ Y A @
W‘]J'Jﬂ,u‘V]‘ﬂ 9 mafm%mumﬂ‘ﬂugﬂwamﬂumaﬂam uazmumﬁlﬂamﬂmu

3.12  anvazlasaaig

< '3 J A 9 a
pymamanoon lasaziuaisdszneuniivategas Insedd19e1i Fe,0, ,
& Y o e A o 9 v
0-Fe,0,, Y-Fe,0,, FeO 1Huau aniumanagouanyuz 1asaa319 1azgas Insaainaues
A o od = o a sy A s da o
@L!ﬂ1?’1V]ﬁﬂlﬂiTSW%HﬂQﬂTNT?LﬂﬁTSWﬂ?ﬂlﬂﬁﬂ\ui’)ﬂ“ﬁﬁﬂﬂwuwjﬂ%u (Powder X-Ray

a3 [ [
Diffractometer; XRD) uazs?f:lﬂﬂf’njmqamiﬂumaﬂmaugmuammu (Transmission Electron



39

1 a o 4 [
Microscopy; TEM) WUIWaMstnszy lael#nies XRD dauaaslunainilseney 3-5 uaas
Y I A o o’d? a’/‘ % 1 = dy v A 4
T U UMANTUAIIZHIUNI 2 29819 (MNP 1 1tag MNP 5) U3uuumsi@enuusadonds
(X-ray spectra) NAA18AAINUIAslionn peaks YBIOUNIAATINY (220), (311), (400), (422),
(511) uae (440) cﬁwzﬁaﬂﬂﬁmﬁ’ugﬂuuu XRD 1193314 International Centre for Diffraction
< s a ~ 4 A 9 =
Data (ICDD) Hanotay 019-0629 weatnanesn lagwiauunil Ingd (Fe,0,) 17 Inssadrawanlu
4 = o 1 <3 S A =l 4 =
FTUVYNUIAN HazINMIANEITINLIIeYNIAmanesn lsariauundlugd (y-Fe,0,) 2zl
{ o 3 s A o’ A a A
Taseadunanilndimosnuoyninaneon leariauuntl Ind Geaziioon peaks 1mANN
o oaj 3 { o [ 1
213), (210), (113) seriuiianuiulldneyniadiedrsziioynauund ludnauegalo
= [

A a o Yy KR Y a A o AY v Aa 4 A
LuﬂﬂﬂWﬂﬂWiﬂﬂiWZﬁTﬂiﬂﬁi1ﬂwaﬂﬂ3mﬂﬂlﬁlXRI)M%ﬂ%1ﬂﬂﬂ1uﬁiu1§ﬂ3Wﬁ1$ﬁuﬂﬂﬁ13ﬂu

% A Y 4
HUURUY XRD LW?J'E]‘LlﬂuVlﬂ

MNP 5

Intensity (a.u.)

MNP 1

N AAJ\_J\_..N

(311)

Fe 0, stard peak (JCPDS no. 019-0629)

(440)
(220) (511)
(400)
(422) | |
[ . ] i I I . — a1,

10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

2 Theta (degree)

k4
mwlsznou 3-5 JunuumsdsnuussdendueseyninuTudred s MNP 1 uaz MNP 5

o @ Y =X 9 an o =2
ﬂTiﬂWu’Jmﬁﬂ‘HmZ"U’éNIﬂ‘NﬁiNNﬁﬂﬂ’)ﬂ’)‘ﬁﬂﬁﬂ1u’)mi$u1uwﬁﬂ (hkl) Iﬂ&l

. R ) .
193111 Selected area electron diffraction (SAED Pattern) #1189101153105124 81019504



40

TEM sanaaslunmilsznou 3-7 lumsdniizWszuuwan SAED Pattern yosaunnvz 1y

E4
[

AUNIAUNYUBILVINAAH

2dsinf = ni (1)
A
1ile
d ABTLILHNTLHINTLUIUNAN (d-spacing)
A Ao ad
0 ADYUNAIDIANATOUNNIAAWLUITZUTL
A A o Aad
A ADANEINAUVDIZ1DIANATOU
A o 3 A o w = ] ] =
n Avtavi AN VeNd 1AL TIRoNUURIUEE AN IULARE T UIUNAN

Tagna laudtianiny 1

§\

Film plate R

o ad A A Y = ]
ﬂ?Wﬂi%ﬂﬂ‘U 3-6 m‘iﬁzﬁ'aummmmaﬂmaum@ 0 Gluiwmwﬁﬂmmmﬂuuazmzﬂwn

FTUINTLUIUIND d

[ .
nnnwisznoeu 3-6 A 0 uyudes q sin@ ~ tan 8 ~ 6

Y
Jaiuazld

mo = &
sin@ = oL 2)



41

[

ﬁ‘ = dy
U9 R 3] ﬁmmaqﬂmﬂugﬂxmumﬁmmmu (SAED Pattern)

L

2 2D

® Camera length

A o ~ = Y
LOUITUNITN 2 L!‘Vlllcluﬁwﬂ'lﬁ/l 1 ‘Dgulﬂ

d=— (3)
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13N 3-3  d-spacing UD30YNIA MNP 1, MNP 2 tiag MNP 3

Magnetite (Fe,O,)
Radius
Sample Ring d-spacing Reference code 00-019-0629
(cm)
d-spacing Plane (hkl)

1 0.678 2.98717 2.967 220

2 0.793 2.55397 2.532 311
MNP 1 3 0.97 2.08794 2.0993 400

4 1.252 1.61765 1.615 511

5 1.361 1.48810 1.4845 440

1 0.684 2.96096 2.967 220

2 0.804 2.51903 2.532 311
MNP 2 3 0.969 2.09009 2.0993 400

4 1.259 1.60866 1.615 511

5 1.379 1.46867 1.4845 440

1 0.682 2.96965 2.967 220

2 0.803 2.52217 2.532 311
MNP 3 3 0.973 2.08150 2.0993 400

4 1.266 1.59976 1.615 511

5 1.376 1.47188 1.4845 440
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1 o 4
1InnN1snaaeslin1Indifeany Lattice parameter VYoLunilINA (Fe,0,) 11@551U ICDD

HIUNELAY 019-0629 F4TA Lattice parameter a = 8.3967 ONANTON

19 3-4  lattice parameter (a) calculated for the experimental data

Sample d-spacing Plane (hkl) a (A)
2.98717 220 8.449
2.55397 311 8.471
MNP 1 2.08794 400 8.352
1.61765 511 8.406
1.48810 440 8.418
2.96096 220 8.375
2.51903 311 8.355
MNP 2 2.09009 400 8.360
1.60866 511 8.359
1.46867 440 8.308
2.96965 220 8.399
2.52217 311 8.365
MNP 3 2.08150 400 8.326
1.59976 511 8.313
1.47188 440 8.326
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A1 k | Lineation | Foliation | Anisotropy of the
Sample anisotropy | factor
(uSD) (L) (F) degree (P) ellipsoid
®) (T)
(E=F/L)
MNP 1 | 53400 1.005 1.014 1.019 1.020 0.441 1.009
MNP 2 | 46600 1.151 1.022 1.176 1.192 -0.733 0.888
MNP 3 | 42600 1.081 1.014 1.096 1.104 -0.696 0.938
MNP 4 | 28200 1.125 1.010 1.136 1.153 -0.848 0.898
MNP 5 | 26200 1.136 1.008 1.145 1.164 -0.877 0.887
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_ MsH.

(5)

| A .

o K f19 anisotropy constant
M,  AeAwund I uaNAT (Am /kg)
H, Ao Coercive (mT)

J <3 J @ % 1
M13N 3-7 A1 anisotropy constant Gllf)\if]cléﬂ']ﬂlﬁaﬂa@ﬂul“]fﬂﬁgﬂuuqiumﬂ\?/ﬂuﬂqﬂﬂjaﬂ'm

MNP 1 — MNP 5
M, B, p \
Sample (Amzlkg) () (kg /ms) K @J/m)
MNP 1 38.4 0.44 5200 43929.6
MNP 2 359 0.58 5200 54137.2
MNP 3 34.5 0.59 5200 52923.0
MNP 4 21.5 0.64 5200 35776.0
MNP 5 18.7 0.2 5200 9724.0

Note : saturation magnetization (Ms), Coercive force (Bc), density of magnetite (p), anisotropy

constant (K)
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1 H ' 1w ' P '
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9 )
anisotropy (P) 15 % 1Az 16 % AW aviudoimnnsanlunn q dred1enum
1 1 1 J 4 & 1 1
anisotropy constant Y8401 1A A 108 11UAI9 9,700 — 54,000 JaABYNIIANLAT FI0G1UBIY
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58

981015011 IWaN1IAIUINA anisotropy  constant  YDILAALDUNIAVIAIUINKIAT Neel
. . =y = 1 d‘ Yo [ 1 =
relaxation time 1/3oufionsznineyniai lasunissulsaweule lansell uazouna
nynandnd b (Fannin, P. C., 1991; Fannin, P. C. and S. W. Charles, 1989; Gonzales-
Weimuller, M. et al., 2009; Hergt, R. et al., 2006; Rudolf, H. et al., 2010; Venkatasubramaniam,
Y
S. K. et al., 2005) faaumsae 113

exp(KV
Ty = Vo —p( Jiyr) (6)

0
2 KV
S et

130 (Mamiya, H. and B. Jeyadevan, 2011)

(1 + h)exp [(;TK:) (1+ h)z]

+(1 — h)exp [(;T"TV) (1- h)Z] @

[tn(Ha)I ™ = fo - (1= R?)

0aY h = K €]

o Ty AeAIAIHeuUAAIviia 1130 Neel relaxation time

A A 9 Aa =

7, aeladszmm 107 i
A . 3

K A9 anisotropy constant (J/m")
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' { s
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T AvQUNYI (K)
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(Mamiya, H. and B. Jeyadevan, 2011)

a Sl o 1
139 3-8 WaN1TUATIEHA Neel relaxation time YDIDUNIAAIDYII MNP 1 — MNP 5

Particle Volume ; V | anisotropy | To Neéel relaxation time,
Sample Shape (ms) K (J/ms) () T, (9
MNP 1 Sphere | 5.817x 107 | 43929.6 | 10° 1.42x 107
Sphere | 5.244x 10 2.62x10"
MNP 2 Rods 1.120x 107 | 541372 | 10° 2.67x 10"
Average | 2.13x107° 437x 10"
Sphere | 6.343x107 8.09x 10"
MNP 3 Rods 3.166x 10> | 529230 | 10’ 1.45x 10
Average | 827x10”" 0.263
Sphere | 3.496x 107 9.64x 10"
MNP 4 | Octahedral | 7.167x10° | 357760 | 10~ 1.45x 10"
Average | 5.76x10° 497x10°
Sphere | 2.839x 107 2.10x 10°
Rods 3.054x107 _ 2.13x10”
VNP Octahedral | 1.595 x 10™ i 1.75x 10°
Average | 6.78x107 523x 10"

HAZENNTOAIUIUNIAT Brownian relaxation time 19910 auAITN 9

Tp

_ (3nvy(0.8+0.2k))

kgT

)
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A9 Brownian relaxation time (s)
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= 1 = %
ADAIANUNUAVDIAINAN (Pa.s)

Ao hydrodynamic volume

VH=(1+%)3VM V= in

Ao hydrodynamic volume of the particle
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(10)

WANIIATUIUAT Brownian relaxation time (Tg) VUAAIAIAITN 3-9 WU

< ' . . . :
ﬂummamzﬁm Brownian relaxation time ﬂ@ﬂﬁ@fﬂ

a d @ 1
13N 3-9  WaN13UATIEHA1 Brownian relaxation time UY93491N1ANI0Y19 MNP 1 — MNP5

Particle R
Sample R (m) V, (m) N (mPa.s) k Tg (s)
Shape
MNP 1 Sphere | 520x10° |5.89x107 1 1.00 413x 107
Sphere | 5.00x10° | 5.24x107 1 1.00 3.68x 10"
MNP 2 -8 =21 -4
Rods | 632x10" | 1.06x 10 1 1.40 7.41x 10
Sphere | 5.33x10° | 634x 107 1 1.00 445% 107
MNP 3 - - -
Rods | 4.01x10" |2.70x 10 1 1.40 1.89x 10
Sphere | 4.37x10° | 3.50x 107 1 1.00 245x 107
MNP 4 - - -
Octahedral | 1.15x 10 6.37x 10 1 1.18 4.47x 10
Sphere | 4.08x10° | 2.84x107 1 1.00 1.99x 10"
MNP 5 Rods 1.83x 10" [ 2.56x 107 1 1.40 1.79x 10°
Octahedral | 1.50x 10" | 1.42x 107 1 1.18 9.94x 10"

Note : Shape factor (k) (Mamiya, H. and B. Jeyadevan, 2011; Qi, W. H. et al., 2005)
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A A = ' ! . . . sS4
LL@%“W‘UNL?J@&JmiLﬂaﬂullﬂaigﬂi1dﬂlﬂﬂﬂgﬂ1ﬂﬂ1 Brownian  relaxation  time 9 UM

d' & ' = v '
nJafJume"hJLumaJmmm Shape factor NUANATINUUDIUUAASDUNIADUNIA Iﬂﬂ@‘igﬂ?ﬂ
Ao <3| 1 = 1 A 1w -4 a = 19 Ao
MNP 2 nlanyaztuungoziin Tp FINGAUNINY 7.41 x 10 UM LlﬁgilﬂWHfJﬂGlu@lgﬂTﬂVliJ
o I @ 1 =& = [ [ 7 Aa =) 7 Aa =1
aﬂymmﬂummaﬂunﬂ 9 GI'J?JEJN%Q‘D%N?H@QGLH%’N 2x 10 UM DI4.5x 10 UM

9
v @

4111 Relaxation time Y090YNIAIZAWITAAIUIL IADINAIIAINOUAD Y

Usz@nTwauns01na (Effective relaxation time ,T_,) HUAD

__ TBTIN
Teff - Tp+TN (11)

a o ] a a
#1319 3-10 Waﬂ"li'llﬂﬁ?%ﬁﬂ']!f}ﬁ']N@uﬂaTﬁJﬂﬁgﬁ“l/l‘ﬁﬂﬁ‘ll’t)\‘lﬂklﬂ"lﬂ (Effective relaxation time)

VYDIDUNINAIDEII MNP 1 — MNP 5

Neéel relaxation Brownian Effective relaxation
Particle
Sample time relaxation time time
Shape
T, (5) T, (9) T, (5)
MNP 1 Sphere 1.42x 10" 413x 107 1.06x 10"
Sphere 2.62x10" 3.68x 10" 1.53x 10"
MNP 2
Rods 2.67x 10" 741x10" 741x10"
Sphere 8.09x 10" 445x10" 2.87x 107
MNP 3
Rods 1.45x% 10’ 1.89x 10" 1.89x 10™
Sphere 9.64x 10" 245x10" 9.23x10°
MNP 4
Octahedral 1.45x 10" 447x10° 1.41x 10"
Sphere 2.10x10” 1.99x 10" 2.08x10”
MNP 5 Rods 2.13x10° 1.79x 10° 2.13x10°
Octahedral 1.75x 10" 9.94%10° 1.74x 10"

HamIMuIuAaIWeUAmelscaninaaaaalumiing 3-10 WueyNIA
a4y Yo o ' qu/ ' <3 A v <3 [ Y 1 '
n1dsumsisvilgegnamannauundmanaad uazauudmandduaz Id anaireu

' 9
Aa1w15 ANFHAV00YNIA 130 Relaxation time (1,,) YOIDUYMAMNUFIVU tazazia1un

A o U & A I 1 A [ Y -4
Tl?!ﬂil!’e)iéﬂ?ﬂ@]flﬂmﬂ MNP 2 itag MNP 3 gaianbasiiluunatas i T IN10U 7.41 x 10
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Abstract

The development of anisotropic magnetite (Fe;O4) nanorods was prepared in the presence of external
AC/DC magnetic fields at room temperature by a co-precipitation method. This magnetic nanorod had
the average diameter of 10 nm and 100 — 150 nm in length with superparamagnetic behavior.
Especially, shape anisotropy can be employed to tune or modify several magnetic parameters mainly to
characterizing the behavior of both ferro- and ferrimagnets. Therefore, the control over the magnetic
properties by the fine engineering of the morphology of nanocrystals could become a key factor for the
use of nanostructured magnetic particles with improved performance in biomedicine. However,
saturation magnetization of the nanorod structures is greater than that of the spherical magnetite
nanoparticles. This study presents the influence of the external AC/DC magnetic field in the
morphology of these nanostructures. The results imply that the intensity of magnetic field directly
impacts on the productive rate and anisotropy degree of the nanorods.

Keywords: Magnetic, Nanorod, Anisotropic, Co-precipitation, Iron oxide

Introduction crystals could become a key factor for the use of
nanostructured magnetic particles with improved
performance in biomedicine [8-11]. In this study, a
simple approach to prepare magnetic nanorods using
co-precipitation method at roomtemperture is reported.
The magnetic nanorods with specific shape has been
prepared under an external AC/DC magnetic field and
characterized by transmission electron micro- scopy
(TEM), vibrating sample magnetometry (VSM), and
spinning specimen magnetic susceptibility aniso-
tropy meter.

Magnetic nanoparticles (MNP) have attracted
much attention due to their unique properties and
potential applications. Magnetic induction heating
behavior of magnetic particles provides a benefit for
biomedicine applications such as, drug delivery,
magnetic separation, magnetic resonance imaging
(MRI), and hyperthermia. Several methods have been
reported to synthesis of magnetic nanoparticles,
including hydrothermal synthesis, microemulsion, co-
precipitation, sol-gel syntheses etc [1-7]. Co-precipi-
tation method is a simple, time saving and economical .
way for synthesizing magnetic nanoparticles. The Materials and Methods

magnetic nanoparticles have synthesis by co- Magnetic nanostructure was prepared for
precipitation method indicates that properties of the biomedical use by the applied co-precipitation
particles is likely unstable single domain (USD). In method.

addition, novel properties of nanomaterial depend

upon the structure and morphology. Thus, the  Materials

development of a potential particles such as the small All reagents were used in the work of an analytic
size, faster magnetic response and high anisotropic  grade from commercial sources, and were used
constant of magnetite nanostructure is the result of the without further purification. Sodium hydroxide
development the structure and morphology. Especially, (NaOH) was purchased from Lab-Scan, iron (II)
shape aniso- tropy can therefore be employed to tune  chjloride hexahydrate (FeCls-6H,0) was purchased
or modify several magnetic parameters characterizing from Ridel-de Haén and iron (1) chloride

the behavior of mainly ferro- and ferrimagnets.  tetrahydrate (FeCl,-4H,0) was purchased from BDH
Therefore, the control over the magnetic properties by  prglabo.

the fine engineering of the morphology of nano-
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Methods

In general, the magnetic nanostructure can be
prepared easily by co-precipitation method. In
a typical reaction, 0.162 g of ferric chloride (FeCls)
and 0.060 g of ferrous chloride (FeCly,) were mixed in
9 mL of water. After that, sodium hydroxide aqueous
solution (2.5 M) volume of 1 mL was dropped in
reaction and was stirred in conjunction with the
presence of external AC/DC magnetic fields (0, 0.025
and 0.045 T / 0.1 and 0.2 T) at room temperature.
During the experiment, the external AC/DC magnetic
field (0, 0.025 and 0.045 T / 0.1 and 0.2 T) was
applied on the solution at the room temperature for 30
min. The resulting black solid powders were dried in
an oven at 80 °C for 3 h.

Results and Discussion

The particle sizes and morphology of magnetic
nanoparticles derived by co-precipitation process
under AC/DC magnetic fields (0, 0.025 and 0.045 T /
0.1 and 0.2 T) at room temperature have been
examined. The TEM pictures are shown in Fig. 1. Itis
clear that the nanostructures synthesized without
applied magnetic field appearing as nanoparticles
(Fig. 1a) are different from one obtained under AC/DC
magnetic fields (Fig. 1b), that look like nanorod
structure. Sizes of the particles in Fig. 1a range from 5
to 20 nm different from particles without magnetic
field, which appear as rod-like structures. Average
diameter of the rod-like structures is 10 nm and 100 —
150 nm in length. Although the rod-like structures
were significantly induced by the intensity of
magnetic field and type of magnetic field, the
diameters of nanostructures were unchanged (about
10 nm). The consequence was also consistent with the
magnetic susceptibility of the MNPs shown in Fig. 2.
From Fig.2, Flinn-type plot shows relation between
the degree of lineation and foliation. It has been
shown that the nanostructures derived by preparation
process under AC/DC magnetic fields appeared as
prolate shapes different from those produced without
magnetic field that was slightly oblate. However, the
degree of anisotropy (P;) changed drastically when an
external magnetic field was applied. In addition, the
shape parameter (T) is negative values when external
magnetic field was applied and positive values when
without applied magnetic field.

The magnetic properties of magnetic nanostruc-
tures at different preparation condition are compared
in Table 1. The magnetic nanostructures forms is
magnetite or its oxidized form maghemite because the
mass magnetic susceptibility (y) of 26.20 — 53.40
(mSI) (usually ranging in magnetite and maghemite
from 4 — 20 x 10™[12])

Fig. 3 shows the room-temperature hysteresis
properties of magnetic nanostructures examined on
VSM at room temperature of different samples shown
in Fig. 2a where synthesized under the AC/DC
external magnetic field of 0.025 and 0.045 T /0, 0.1
and 0.2 T have the saturation magnetization (M) of
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23.3 emu/g and 18.7 emu/g / 38.4 emu/g, 35.9 emu/g
and 34.5 emu/g respectively. It shows that saturation
magnetization of the magnetic nanostructure
synthesized by co-precipitation process under AC
magnetic fields at room temperature is less than that
one synthesized under DC magnetic field. However,
all samples have superparamagnetic behavior because
the size of the nanostructure was below the critical
size of iron oxide single domain.

a

20nm

Fig. 1 TEM images of magnetic nanoparticles with
synthesized  without
magnetic field appeared; (b) synthesized under DC

different synthesized:

(a)

magnetic fields (0.2 T (MNP 4)) at room temperature
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Fig 2. Flinn-type plot of the degree of lineation and foliation of nanostructures synthesized under the DC external
magnetic field at 0 T (MNP 1), 0.1 T (MNP 2), 0.2 T (MNP 3) and AC external magnetic field at 0.025 T (MNP
4),0.045 T (MNP 5).

Table 1: The magnetic properties of magnetic nanostructures measured at room temperature: (a) synthesized
under the DC external magnetic field at 0 T (MNP 1), 0.1 T (MNP 2), 0.2 T (MNP 3) and AC external magnetic
field at 0.025 T (MNP 4), 0.045 T (MNP 5).

Sample % (mSI) M; (emu/g) M,s(emu/q) M, /Mg
MNP 1 53.40 38.4 0.382 0.01
MNP 2 46.60 35.9 0.463 0.01
MNP 3 42.60 34.5 0.416 0.01
MNP 4 28.20 21.3 0.231 0.01
MNP 5 26.20 18.7 0.174 0.01

Note: x = mass magnetic susceptibility; M = saturation magnetization; M, = remament magnetization

H(/)H ——
ul)

L L L H L L L 30 s L L i L L :
-8000 -6000 -4000 -2000 0 2000 4000 6000 -8000 -6000 -4000 -2000 [ 2000 4000 6000 B000

Fig. 3 Hysteresis loops of magnetic nanostructures measured at room temperature: (2) synthesized under the
DC external magnetic field at 0 T (MNP 1), 0.1 T (MNP 2), 0.2 T (MNP 3) and AC external magnetic field
at 0.025 T (MNP 4), 0.045 T (MNP 5). (b) Hysteresis loops of sample MNP4 where the magnetic field is
applied parallel (H(//)) and perpendicular (H(L1)).
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Conclusions

In summary, the shape transformation of
the magnetic nanostructure at various magnetic
fields was investigated, based on TEM images and
magnetic susceptibility of the MNPs. It was found
that the nanostucture was changed by both the
intensity and type of the applied magnetic field. The
saturation magnetization of magnetite nanorods
synthesized under DC magnetic induction was
greater than that derived by the co-precipitation
process under AC magnetic . All the products of our
experiment at room temperature show the
superparamagnetic  behavior.  The  magnetic
nanostructure prepared in the presence of external
AC/DC magnetic field at room temperature by a co-
precipitation method has high anisotropic degree
and shape parameter is negative values. It is clear
that the influence of external AC/DC magnetic field
magnetic nanorods effect on the shape and magnetic
properties of magnetic nanoparticle
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