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Magnetic Properties of Magnetites at Low Temperatures
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(135 K)E 2F 7Ae d2xspiraste Wiy 71d 43 2o ALxad7Aste) 7td 49
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A AL ABEALS o848k & W AEA A G718 v ]l yeE f52 5 gl

FR0| ALY, 233743, A8, HYolis, 58

ABSTRACT : Magnetic properties at low-temperatures can diagnose the presence of certain magnetic
minerals in rocks. At the Verwey transition temperature (T,, ~105~120 K), magnetite transforms from
monoclinic to cubic structure as the temperature increases. At the isotropic point (Ti, ~135 K), magneto-
crystalline anisotropic constant of magnetite passes through zero (from negative to positive) as the tempe-
rature decreases so that its optimal remanence acquisition axis changes from [111] to [001]. A sharp
remanence drop was observed at T, during warming of LTSIRM (low-temperature saturation isothermal
remanent magnetization). For cooling of RTSIRM (room-temperature saturation isothermal remanent magne-
tization), the remanence decreased on passing T; and T,. On warming of RTSIRM, remanence recovery
becomes more prominent as the average grain size of magnetite increases. In summary, the SIRM memory
decreases with increasing grain size of magnetite. A similar, but rather gradual, remanence transition occurs
for natural samples due to contribution of cations other than Fe. As a non-destructive tool, low-temperature
magnetic behavior is sensitive to unravel the magnetic remanence carriers in terrestrial rocks or meteorites.

Key words : Magnetite, saturation remanent magnetization, remanence memory, Verwey transition,
isotropic point

*WAIA A} yongjaeyu@cnu.ac.kr



N
b
rt o
N

2
o r2

ox, O
ot
d
rlo
2
1%
1o
o
ox
psh
o
N
1o
r o)
T
it
X
i)

3}
AFA7EY] EAgE A=t 2
™ ZHFA}8k(remanent magnetization)S
At dE S0 ALHOE HAH 5
HE] APFELS HE G A7
HAZFASE 71584 do E
A ARBZES 27 miante
Zte= FAlA GAS] AFA
d %7 2 3}(thermoremanent magne-
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Aol QAN AHE HRHOR AT
ARRE FRE TFHAY, G0 A% o5

o & Astet Fad ANFEE A A (mag-
netite, Fe;0y)-2 X223 (ulvospinel, Fe,TiOy) &
Az dxHY. FAZo] ALY Bt T
43 % & F-H(mid-ocean ridge basalts)> & A|+4
o8 Aol #Hsitt. 53], A4FEY HES E
Ehd A o(titanomagnetiteso, Fez4Tios04) -2 ¢ &
gttt W ol EAZ W thkdh A o
AEBES EGS oy, AAFxIFHow
T8% tFAZ Ao AGFEL T2 AEA
ojth.

AHAE 3 gAo] I 53 AsE 2
A AAA 7] E HHHOE & =
ARz FFH ok dth AR, A8FEE =

257 Zolof gtk wheF AW AGZ 8o
H, A FE=S AR A Ast FRE A
atal LA o] & W7 BA o As JHE AL
AFASE 71584 do 24, A A4 A
71E HkEA] 4] nlo] g ZuEj R} ool dhr},
A7) - (single-domain; A2 41e] 749 i 25
nm ©°]% 65 nm °]ah)olut AT (pseudo-
single-domain; 2+ 9] 7% th2k 65 nm ©]4 15
um °J3hAES] A71E AU Ald AEAS <
A9 AsE wgdFHoz Hid 4 ot Hkd
CHAL7 7 (multidomain; #2419} 73 T 15 pm
ohel =Y AHALE R Ao 2ARE, ¢

-8

g, fRAr| g A7) 9 dehl= Aste] HE
BE7} fA WA Fd.

A28 12 247] A F-(tectonic paleomagne-
tism), B2E9] 27]3 A AT (sedimentary magneto-
stratigraphy), %34 94 2}7] A7 (mineralogic rock
magnetism), 17|15 2 87 217] A7 (paleoclimatology
and environmental magnetism) &5 A-E Ao HE
2 Q5 #Ag HEE FAA dET AEA Y
AEH A= # b A End ARe v
o] 42l HAA(thermal demagnetization)Z< &
g A ¥ FAHAAERA S o83 EDA
(energy dispersive analysis)4 P14 &3 A 244 (elec-
tron probing microanalysis) 22 3182 Q1 240
2 dojinh. a2y At 3y BF Y
A Fe] vhEolu WHo] E7tysith. &3
o] N&e iFo] Aol Hutz o] HE
HoR a7HeE AF 7189 =u/seAed 4
= Axg ot ok ol AR FHAES

s &

o

T F v AL AEA A3l AEda gt
(Hodych et al., 1998; Moskowitz et al., 1998; Yu
et al., 2003; Carporzen et al., 2006; Kohout et al.,
2007; Liu et al., 2008).
INESES

A ([Fe™ ] <Fe’'Fe™ > 0) 2] &%) 2 ZKunit cell)
= 2470] ol 327]9] A Fol2ow A
At} 24709] ool Lo 16709 371 (Fe’)F 870
M EFSHE TAEY. o ZhedE 87l 37Hd
[Fe’'1& A9 A (tetrahedron) 722 A8k, U
A 870 ¢) 37hd 3 87) 9] 27 <Fe’ Fe' > ZHA
(octahedron) T-2E ©]&T A ol A A-H A
(Fes0)2 7 7HA £884 ®stE HojE.

AR, AdAE Yo HELE(T,: verwey tran-
sition temperature)$l 105~120 K FZETE 1120
Me TEAACIAN, AdAs dAEA Y FE
TZE AYTHVerwey, 1939). 120 K ©|3}ol| 4 z}
Aol A wjdol 35 E 27Fd(Fe’)F 37}
HAFe)S FHA v Y (ordered array)S ©] ZTh.
o] 2 Qg ol IHA wE Wiks wet A%
Zo] o TAPgA F2E Bt ¥ 120 K 9]
Aol ME 27bd(Fe™) 9] AAFEA 0l F71sH 4
Al 37HEES) SAZ Aol 100059 oA
o] 2851 AR AFHIHMoloni e dl.,



A4 0] A& A=A

1996). °]¢k &2 XAFFH o Wl weh 24
Wl 25 AFE SHY AV|AEEe} AsEA 9
2po] 7} UrebdtH(Verwey, 1939; Aragon, 1992).
=4, A A7 2F oA 4 (magnetocry-
stalline anisotropy constant)= &8 (T;: isotropic
point) &2 4 Z 125~135 Kol|A 00] HH, T,
e ALdME &9 we, AN ¢
e BT watd AEAS dAATE A
A Tig Ad W A2 AAASE
(magnetocrystalline easy direction)®] [111]5A]
[001]52.2 &7 tK(Syono, 1965; Abe et al., 1976).
53 oAl AEA Y AS T olstilA e
[001] 3ol BPg A7 Y (lamellar domains)
o] ABHAR T olddlAe HAA7TFH(clo-
sure domains)S 2 4T THMedrano et al., 1999).
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Eat e A4S B 2717 471 65
nm, 1.06 pm, 183 ymZ A& AA7|7+Y, A
7174, A7 EST. AAE TU2A
(Yu and Dunlop, 2001), AN3E (Yu et al., 2003),
SH5D (Dunlop ef al., 1984)= Z17] ©A47179 2
AAE Ffate W Y(gabbro), AAAYTFY A
A& FR3he HibH(andesite), THAH7 TS AH
Mg FHrdte 3749 (granite) A 50|t

523347 A3 (saturation isothermal remanent
magnetization, SIRM)&= A7 oA AEF A%
771749 10,0008 F3lehs 1T o] 4
FEAZZ e AdEd =2AF F g5
bk sto|th. SIRME &) A7) %ol gt v
02 NE WY A4FES AU e ¢
T AEE YeUH, As WY AMBZE TFF
HlE| gt A9 SIRM g5 A3 g9y A%
shFAE 854S 171e] MPMS (magnetic pro-
perties measurement system)E ©| 8310 S gt}

AdM o A2 AEL S ATsH] Hsl BE
NEE o g A3 2725} (low-temperature
SIRM, LTSIRM) 7}¥ 2§37} 2284723t
(room-temperature SIRM, RTSIRM) ¥ 2714 A&
< 393tk $4 LTSIRM 7Hg 23S 98] A
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Fig. 1. (a) Normalized low-temperature saturation iso-
thermal remanent magnetization (LTSIRM) curves of
synthetic magnetites during warming from 20 K to
300 K in zero field. (b) Normalized temperature vari-
ation of room-temperature saturation isothermal rema-
nent magnetization (RTSIRM) of synthetic magnetites
during zero field cooling from 300 K to 20 K and
zero field warming back to 300 K. SIRM was
produced in a field of 2 T.
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Table 1. A4 9] XA FA /AR

- OO previous data o wElAE A0 ElAlE
this stud PA=27] 1 L-J‘gp&w 4 Lf‘ﬂ&—nﬂ
0.8 - on y 2879 = 25719 =
—_—
s 65 nm 0323 0.906
~
S 06 1.06 pm 0.204 0.697
g' 183 pm 0.087 0.388
E 0.4 +
QO . -
= Ay o] 39 7t FHA oA A717E <1t ket
0.2 | o] 7]& RTSIRMY 9%7} 3|BEE Hoz B
HoHE 1(b)). AEE ALlAFH 20 K7HA W
g L i < o ovig . o] ZHAIZl & TA] 7FEAI7|H Z4 ¢ RTSIRM (1
10° 10t 10° 107 10" 10" (b)) 20 KHH 255 Z7HA1718 =43 LTSIRM

Grainsize (mm)

Fig. 2. Grain-size dependence of LTSIRM memories
(circles) and RTSIRM memories (squares). Previous
data from Ozdemir (2000) and Ozdemir et al. (1993,
2002).

OS2 LTSIRME =43ttt LTSIRM 71E A3
o] % RTSIRM Wzkrtd A¥S F3sdnh A
AA ANEE 2 TY FEAZIZ wﬂcﬁl ENA
RTSIRMS Q%Am o]& A|EE 300 KF-E 10

K2 W373stv 5 K A=, :LEU_ 10 K€ 300
K7HA] 7kgsty 9A] 5 K 7H4 S 2 RTSIRMS] H
A% 2980 999 4A=S wol A9 A
A 872 A A7) oF 0.5%%1 250 nT ©]8}
s N frAskslen, a4 %‘: LSk
JNEMAAN 2% FTHAAEL 4.5 Kming FA
sttt B Ad2 vl v &Es AR T
283 24 FAA7] 4729 MPMS (quuatum
designs MPMS2 cryogenic susceptometer)S ©|-&3}

of st
AEAM9 M2Atst Sd

X A AEA e LTSIRM 718 A9 AxE
AdEd 57} 74 we} LTSIRME 7H4d
E3] T2t 9AAE 105~120 K& AUHEA
ZAasi, 120 KEG 2294 A o
FAHHIE 1(a). EF 2571 T4
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75}
ELH

(3% 1)l Hl&) T8 Ay Jdgos @2
A E S BoFEg. 53] 7HEA el A
33|29 &% F7to] 100~135 Kol 23 JHY
sto], LTSIRMS| F43% Asdads F3lo] +
FHHIE 1(b)). o8 Ades AEY W44
oA T, o]Ad T,& AW Y RTSIRMS 7T
AT Ao FAET LTSIRMJJr RTSIRM X
T TvE Aud Yehdes &k A7l Wstes 2k
Aol Jzp Ar7h FVEFE SUE (Y 1(b)).

A2 2] 71 o]l = 4% LTSIRM Aﬂﬂ
9} 20 Kol A =3 %7] LTSIRM Al7]¢ v &<
AL XA FAS 7Y Z(LTSIRM  memory)2t
o} E3ZH RTSIRM W¥7h7td A3 $o] A4
RTSIRM A|71¢} %7] RTSIRM A71¢ v && A
L 23137251 7] ¢ =(RTSIRM memory) & 4 ¢ 3+
o ALE3 RS 29 A28 FA8)
A% 25 AHEA YAyt AdsE At
g 2). FH AgoM A& A s AHE A7
2 Agste] £ 19 AU 7S] BaE =
Z(Ozdemir, 2000; Ozdemir er al., 1993, 2002)%}
At AEAM o ZRFASNINAEE YA
A719F AT IE 2). YA A7l B
A= Fdstdon, A Fd YA 2717 F
VErE LIFASN AT Daste A
o] YEPATH® 2). ol¥l AL AsEA ] A4
< ol &3td % 44 W AHEA AR A7)
‘l‘7]' 7]’ e} o]—lﬂ-'

P FES o] AHA AEA AU}
A ABANME FASHA Z 85 =R Golrr] 9
3 tEAQ AHA Ff FHANEE AHESAT
G277 AHA S st ¥ Y(Yu and
Dunlop, 2001) A &<l TU2AE 65 nm 2t59} A
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Fig. 3. (a) Normalized low-temperature saturation iso-
thermal remanent magnetization (LTSIRM) curves of
magnetite-bearing rocks during warming from 20 K
to 300 K in zero field. (b) Normalized temperature
variation of room-temperature saturation isothermal
remanent magnetization (RTSIRM) of magnetite-
bearing rocks during zero field cooling from 300 K
to 20 K and zero field warming back to 300 K.
SIRM was produced in a field of 2 T.

BEEE Holn] Ao 5L AL X
FAHINEE HoZT(Y 3). GAY] 7Y
A& sk s (Dunlop er al., 1984) Al

L fob ok

M 2L

59l SH5D+= 183 pumé A 73S Kol v
@2 IAFASIAEE YERATHIE 3).
QA7+ AHAE Tt HFS(Yu e al,
2003) A &S AN3ES 1.06 um3} FAHHH R
TU2AS}H SHSDE 2:1 HIEZE 4ojge Folth
(3% 3). 284 Ad Asd g LTSIRM 714
AgoA A7I7F 43 Zashe 25 F1to] &
A9 Ao vs WA Yehde Ao 43
FATHLE 3). £3] 100 K ©]slll A= *ME A
3t A fEE YA 277t FUHEEE ol
THE 3). webA A A9 e FA
AdM gy A4 Y FAAAA AL Mg, Ti &

0]9]9] 9fol o] HHEH T, WF7] wFd
(Aragon et al., 1985; Brabes et al., 1998; Moskowitz
et al., 1998) 100 K o3}l = oFzte] A48l g o)
AYPeE Ao HAH 1Y 3).
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4ol 4 pa YEd BY B E Hska g
o2 g5t fao] AL AR 47
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AT TE b= AXe d2EIAFA
Wotd A9 dde Azspiraste] td
A Aot wiwstlE o Ast B Hojua,
Aol Ao A g 7]ev] 2 YE
‘)r‘ﬂr Azzopbgastel AL fas BE
TS AuH Uetus A3k 47|19 wWstgo] 24
Aol A A717F StE S AXY. Ax A=
AFAE7 29t AR EHIFA| Y BT
AdHe JATE AdFF sy, olH T A
A8 A4S ol 8std NEE A &2 A
oM &4 el Bxshe= AEY dA 2719 B
AEE AT & Ut

A A

o] =EL 201095 AR (&3 7|& ) Yoz
S AFAGe] A YE ol Y 717‘<°4%LAP%1°‘(NO
2010-0020956). 221491 AFS A u-83] W,
A4d wAd, a3 Ar1Y w993 GA 2k
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