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Brief review of Fe-Ni studies in
geosciences community:

A perspective from Experimental
Petrology and Rock Magnetism

[ Yifan Hu}

Department of Geological Sciences, University
of Florida, 241 Williamson Hall
P.O.Box 112120, Gainesville, Florida 32611
US.A
E-mail: huyifan925@ufl.edu

Unlike iron oxides and oxyhydroxides whose
magnetic properties have been extensively and
intensely studied by quite a few of Earth and
Planetary scientists, many rock and mineral
magnetic properties of Fe-Ni remain largely
unknown. This may be attributed to the fact that
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Fe-Ni could not naturally exist at the surface as
well as subsurface of the Earth since there are
numerous terrestrial processes related to
thermal heating, aqueous hydration or other
chemical reactions which could strongly alter
its mineral composition. However, Fe-Ni is
fairly ubiquitous in extraterrestrial
environments especially in many types of
meteorites where oxygen concentration is low
and mineral hydration is uncommon.

Despite the ubiquitous existence of this
mineral in meteorites, its forming mechanism in
these natural environments is yet to be
completely understood. Many experimental
petrologists try to simulate the formation
process and have successfully produced Fe-Ni
as metal inclusions ranging from micron-sized
blebs to submicron-sized elongated needles
inside certain type of silicate mineral (mainly
olivine, another common mineral presents in
meteorite as well) by incorporating carbon as a
reducing agent during thermal treatment.
Therefore, these scientists subsequently declare
that the metals should be relict product as
silicate is reduced. (1981, Boland and Duba;
1981, Rambaldi and Wasson; 1994, Connolly et
al.; 1997, Jones and Danielson; 2000, Lemelle
et al.; 2003, Leroux et al.; 2005, Campbell et
al.). As the mechanism of how olivine is
reduced has well been characterized a few
decades ago (Figure 1 and Table 1 1974, Nitsan)
and this approach of making synthetic Fe-Ni
alloy is repeatable in different labs across the
world, the model so far has been the most
convincing explanation. Recently, a few articles
suggest that the presence of Fe-Ni particles
down to a few nanometers can also be related to
the reduction of olivine induced by shock
(2007a and b, Van de Moortele et al.; 2009,
Kurihara et al.; 2009, Hoffmann et al.) when
meteorites are subjected to intense collision
with other extraterrestrial objects e.g. asteroids.

Optical images provide solid evidence of
mineral modification in terms of its
mineralogical change attributed to shock.

Transmission Electron Microscopic (TEM)
technique confirms the precipitation of Fe-Ni
nano particles. In addition to these speculations,
other scientists such as Cohen and Hewins,
2004 claim that desulfurization of trolite (FeS)
could be another possibility to generate Fe-Ni if
this iron-sulfide mineral exists in the same

meteorite.

Besides exploring how Fe-Ni is generated, its
rock magnetism is of interest to geoscientists as
well. Complex subsolidus phases of this mineral,
however, complicate the investigation.
Beginning in the early 80s of last century,
David Dunlop from Toronto University and
Peter Wasilewski from Goddard Space Flight
Center, NASA have already done a few pilot
studies of traditional magnetic properties (e.g
M,/Ms, Coercivity and Alternating Field
demagnetization of saturation isothermal
remanence spectrum) on Fe-Ni with various Ni
content at room temperature (1981). Peter
Wasilewski systematically measured how Ni
content could affect hysteresis properties and
thermomagnetic behavior (Ms vs T) of alloy
using synthetic samples. Also, he attempted to
understand the difference of thermomagnetic
behavior between ordered Fe-Ni alloys (1980,
Clarke and Scott) and disordered Fe-Ni alloys
(1988, Wasilewski, GRL).

In addition to interpretating the origin of
Fe-Ni within meteorites and measuring its rock
magnetic properties, several scientists have
been trying to test whether Fe-Ni is reliable
paleomagnetism recorder of magnetic field of
the early solar system (4.5 billion years ago)
when host rock or surrounding mineral (mostly
silicate  minerals) is subjected to thermal
treatment (e.g. flash melting 2005, Desch et al.)
to a point above its Curie temperature (Table 2)
but below its melting point (~1500 °C) and
hence acquires Thermoremanent Magnetization
(TRM) in subsequent cooling in the presence of
exterior field (1972,Banerjee and Hargraves;
1972, Butler; 1974, 1975, 1979, Brecher et al.;
1978, Lanoix et al.; 1981, Nagahara; 1979,
1982, 1983, 1986, Nagata et al.; 1979, 1988,
Sugiura, Strangway and Lanoix; 1987, 1992,
Collinson et al; 2006, Uehara and Nakamura).
Ben Weiss and his former student lan
Garrick-Bethell published one abstract in Lunar
Planetary Science Conference (LPSC) 2009
displaying the nomo graph of Fe-Ni alloy with
relatively low Ni content (<10%). This is the
first time for the geosciences community to
learn how the relaxation time of Fe-Ni varies as
a function of temperature (Figure 2), which
derives directly from the classic Neel equation
(1949,Neel) and this theoretical approach
establishes a fundamental basis which is of
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significant value to the studies of
paleomagnetism on Fe-Ni.

Richard Harrison from University of
Cambridge brings the study of paleomagnetism
on Fe-Ni to a higher level recently (2009 AGU,
Harrison et al.). He implies that in order to test
the reliability of Fe-Ni as possible
paleomagnetism recorder, it is important and
essential to examine the unit cell and crystal
structure of the mineral prior to or during any
high-temperature measurements. Two types of
Fe-Ni alloy in terms of its distinctive
crystallographic structure could transform to
each other at certain range of temperature even
as low as 350 °C (Figure 3 2006, Cacciamani et

al.). Amongst these two alloys, the
body-centered—cubic  (bcc) one is a
ferromagnetic phase and the

face-centered-cubic (fcc) one is a paramagnetic
phase. The latter phase could convert into the
first phase as temperature is elevated, through
which the magnetization of the mineral is
significantly enhanced, yet the reverse
conversion occurs at different temperatures
besides Curie point. Therefore, the effort will
provide us perspective other than traditional
rock magnetism methods into the suitability of
Fe-Ni for future paleointensity research. This
work is in collaboration with Joshua Feinberg
from Institute for Rock Magnetism over
University of Minnesota and it will be
published on Meteoritic and Planetary Sciences
soon.

Other than thermal treatment, ultra high
static pressure is confirmed to be another factor
responsible for the phase transformation of
Fe-Ni in terms of its magnetic structure. Stuart
Gilder applied high static pressure (>16 GPa) to
synthetic Fe-Ni alloy and implied that the
results may be helpful to explain the conditions
at the inner core (1998, Gilder, Sciences).

FUTURE DIRECTIONS

Considering the study of Fe-Ni alloy plays a
crucial role in a variety of research topics
across planetary science community and
paleomagnetism community, detailed
investigation of this mineral with its subsolidus
phases will allow scientist to have a better
understanding of the physical and chemical
conditions in the solar system and exo-solar
system. Since the assemblage of unfamiliar

magnetic minerals found within meteorites
generally obscure and complicate the overall
magnetic signal, study on the basis of isolation
of Fe-Ni from other more complicated magnetic
alloys, e.g. cohenite (Fe, Ni, Co0)sC or
Schreibersite (Fe, Ni)sP will definitely start to
establish a solid foundation leading to a deeper
understanding of the complex geologic history
of meteorites.

One process that has not received much
attention is the effect of cryogenic thermal
cycling on the remanent magnetism of Fe-Ni
(2007, Kohout et al.). As the orbits of most
asteroids and comets containing Fe-Ni are
eccentric, which guarantees that these objects
will experience heating and cooling during the
course of their orbit around the sun or other
stars, scientist should be able to design
experiments to simulate such environment in
the lab to observe remanence changes
associated with these thermal perturbations
experienced by meteorites as they pass by the
Sun (at the perigee) or as they penetrate the
Earth’s atmosphere.

Furthermore, how the magnetism of Fe-Ni
change when subjects to ultra-high dynamic
pressure as opposed to static pressure has not
been explored at all. The answer to this main
constituent magnetic mineral of meteorite may
help scientist reveal and interpret meteorites’
shock history which may superimpose multiple
collision events.

It’s also unclear whether or not Fe-Ni could
be produced in the process of reducing other
silicate minerals (for instance pyroxene or
plagioclase which also present in meteorites) as
reducing agent other than carbon (Hy) is
incorporated (1982, Rambaldi and Wasson).
This requires several further fundamental
investigations regarding the stability field of
these common silicate minerals with respect to
their oxidation and reduction.
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Tablel Equations of Isoactivity Curves of Olivine
and Orthopyroxene Corresponding to
Heterogeneous Oxidation-Reduction Equilibriums
in the System MgO-Fe-SiO,-O (1974, Nitsan).

Table 2 Common Fe-Ni alloys in natural
chondritic meteorites and their magnetic properties
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ite

Nickel Ni Ferromagnetic 358

Mineral | Chemical Magnetic Curie
Name Formula Structure Tempera
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-
% 2 r 4 2 j4 e
: 1 2, 2
c [ =S
»n 0 0 0 0o 2
81 12 107 - 20
N #146(MIS6) 8 #162(MIS6.57) | 16
6 - 12
4
4 8
2
2 4 4
0 T 0
8-
]| #183MisD)
r8
4_
L4
2- ..
N —N

0 100 200 300K
2 FB R (10K) MR i e 10-300K FHi it fe b

(AL CBE) B S50 (K
BARFITH I-T Mg & st R~ T
WA TAAFAE A2 7 R I 8 1 1 Pl e
FRREET IR E Verwey B3 15F AN &,
WAL 110-120K 2 [8) el fd - e AT 1 3% B AR
14
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NI FUR I, AP/ PR 35 0T g s i1
Beo —ANEERE R, 2 TiMEE BHE TN
NARASINT, AT LLREAIG Fe2+-Fe3+11) Hi T BkiR
P ABRAIS 7257 PRI B A T (2 Do BB A
S IR 3 R AR A AL T R T Ak o e, I
TERIIfFAE SR, FE4k (broaden) 243 i
PIFN R IXAN e 4 58 AT K o REBRA TR
P ] DU IX AN ok %5 .

TEA USRS, R A2 Ti B
IS Verwey #4546 JL-T-91 J U8, JUVERH
BRAT 1) e LI R A Bl T (4 o e 1
Ko J-T Mg pr 4o i) Ja LU B2 3 4R v 1
580-590°C ffilr, A BRRANIFFE. Hf
AT R8I B R R AR S A = 2 T W 5
B AT S MR A A R AR AR 2
Micromag3900 1 /71X
BT T Bl AT (RG R 2k loop A1
FwL gm0y (Ber) M, ARFRFEM (17 45
EHEAT T IRM SRAF 2. 23] s gk —=Fh
BRI
3.1 LOOP

P TRE b BRI A MR Ak, I DA =3 ik
A AT HUnT LIS SRR st AT 22K . 3044
Fr— M LARE S5 +LOOP 544 . i Excel 4T7F
I, O 82 ATTFURY PeAE LA A,
ISR

Adjusted Adjusted
Moment

(Am?)

Field
(M

Moment Temperature Field

(Am®>)  (C) (T)

I T 510 2 oA 28 3o R A L T i 3 0 i A 5
g, B AR, BRI
YR A E I N N (G 3R 1 o R
B AMY, g R R EZ G
(Moment/mass) 47l Am?/kg.

KT LOOP M, £ bl 2 ] &y (il
FEAS RN AL R S RGPS (LT 3D, 1

T (Am2/kg)

HA1% EEAH Mrs/Ms, Be 33147 AN AR 2 1) AR 4L,
CRED, i, ERER- AR, R
Fr 2k Bl (AL ]

0S-4 R Ak 558 FE R 3%

-0. 20
s (D

0S— 1084k 5% &~ i35

&

0.50 1.00

TR (Am2/kg)

Wish

V] 3 8 P 320 30 S0 753 PO A o 07 3 60 3 s L A1

Tl il e A RN ) EEAE T A3 2014 day &
WIR B 4o B G SR A AR 1) T BRI
Wk, WS KAIER SD A1 15umMD IR A
ek oA (B 4 o B3R,
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0.5

04

01 -

it £ 3900 VETB F1 MPMS 35 43 il 4551 1) %
Fon XN/ ZIRER . ZIRE /A iR .

FEE

YUK BN P 50 5 %
€D

2 WEET YRR E RS ARFEBAR
2.1 HRAMERUMESE
FAREEET RN S AR, RS
FSCHEVERE o RARAE A RGP E R 5 55
G TSGR (Magnetite) . ZR4Ek
™ (Hematite). 7R EkH™ (Maghemite). 7K
& %t 2 Ferrinydrite )« Bk 5 2k B
( Titaomagnetite ) . %k BE Jk B B
(Titanomaghemite). %2k~ (Geothite). 2%
BRUT (Siderite). JKpeEkH” (Greigite) 2L
B4 (Chromite) %5, JRARAE S ELHE 5 Fh
DU GEAH S WIAIRTRS) . 38 Kl
A0 SIS D = N R 2 1 & NN AR S LB A
S, T AR ARG ot U A FE  R AR ) R R 1)
WETER™ ), WG TG0 B A B R /AR R
TUAE DA 240 A5 3 T W & A5 ™ ) LA
MERE A

A W R B DA o )
FRAE S E ARt i 28 (M-T) FIRG =Pk 5
SN 2 (M-HD o M-T 323840451
W (o) -T #hdk. MWARILEE (M -T
A AL (M) -T #hZk. 78 H Rl se
WA, AR Z AR S, 3R
3 2 K £ 1000 K £ 48 5 vy i 5 1l =y [
M-H EZAHE ARM ClIERFIRED &Ik
k. SIRM (ISR TG S HARAT M2k
AZAF (AF) B EI (DC) iEMEHhZ: . mhwsa]
LR [ B M2k (FORC) 4. M-T & Af
DIERS (W Me-T) 3 (U1 My T) 8059
Y (40 10 mT R A 5 R B i P A AL
) LLRAS[RDULI AR A ChnB 22 i A 22 Bl it
JEARAb 2D SE4 PR T, M-H I & A]
FEANRI R BT o BRI & M-T FT M-H il
2, AT LOIRAFWLNERT: i () 25 MR i 2 it

(R 1 MZMESEH Gk 2. GEH
XS AL, W] LLZE HRE il IR AR 2 PR o
T I PR S R S T AR ) B RS L Al
FE o AN B E . BAWRIR A AROR R 4845 B
(Dunlop and Ozdemir, 1997; Evans and Heller,
2003; Azl and XSHH, 2007; X HA and
A, 2009). EAKGN R

(1) FEPER PRI AE S5 P HEHIE
et T P2 ) S MR ) B B SIS e Ry A 2RI
i o, RIS CAn x-T A Ms-T)
AU 2 B T LA RO S ARG Wk
W BHERET RGBT R B kA S e
Yo IXLCHNER W) 1) i B R B SR R 2
BRI, RGBT {E~120-125K I A74E Verwey
B JRERAE~250 K INFELE Morin #5745 il
TS A 34 K I RIR AR AR 5. A,
/Ry ae R QI B NIRRT VA 3 V)
R 5% M) SRR AAE B 450 SO0 B UL S W AT R
I, REAE e it B S LG 22 AT AN T DU
A BHNA AN, I v LA SR
VI SRS A A S
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(O TR W B 22 i G A 26 (Cn
)~ MUFIZEIE kL (SIRM) A A AL 3 5
(Ms) &S HOERVPATAE S P REPET P10 & &
2/ YFE I TR G AR AN [P R BAN (AR
(VRGN ER Py, — e n] DAASE FH 25 Al 1 2 44
(147 AR AR I VPA 5 123 2 B FRIAR R 5
i, S-EUAR — R FH o e bl vy R it g 1
WM &, ARM/SIRM Ik s SD
FERE (PSD) 5 1E, SIRM/y Fk &t
SD vk 2 555
(3) AT ks 5 B 5. K24
T 2 2 B0 e S WA A 4 400 ROSE I AR R R
/INo A yarm KT SD BIURL S R R BB yarmly B
I3z F R AT RO ) R S) K/« Day
K. King EIF1 FORC Kl#l) iz Ik i g i
W RORE (1) RST RN e Ho W RS o Bk,
IR 0N et 5 A AR e A b S R 43 25 SP

SD fZ W (MD) RGN Y.

(4) TEMER P RURL A A BAE 2 2. M
L[] PR B AH LA P R S 2 RS MRV AE il 1) 1
PE . % ARMISIRM vs Hge & FI
Wohlfarth-Cisowski 4856 7] LA S WA il
T P AT ) UKL TR) IR i R AH B AR R 59
(Kobayashi et al., 2006; Moskowitz et al., 1993;
Pan et al., 2005). b1, Wohlfarth-Cisowski
R ) R B4 0.5 AR o i AT B.AF ) SD By
TCWIR RGN MD JORE, RSN s
e SD UKL [H] IR REAH HAE FH B MDD FiTRE )
AR TN 98 . 5341, FORC BV &
A oK ELWHE S e SD U0k AE i HH AR [
) R A TAE SR S5

R L H LI URRRETED 0 IS Ak

Table 1 Magnetic property of selected minerals

Y| R=cs:N i VRN AG o JE IR A
B (AmPKgh) T (KD iR (KD
WEA Fe30, DIZZR Ak 90-92 853 T, =~122
TR a-Fe0s  RpIACSCBkME 0.4 - Tim=~250
Tn =948
WL y-Fe0s ki 70-80 863-948
BT a-FeOOH  f % i s i 107°-1 - Ty =393
S5 EHEE
ANIHHT  5-FeOOH kit <10 ~453
RSN y-FeOOH Tn=77
[TR7RIN FeS FE7R Ak Tn=578
Wk FesOg A REE 0.4-~20 R dh (IR
Z: ~598 ¥ 34
NOTT A B iR

Z: ~543 ¥, ~473

17



PGL Letters $24 (BE8)\UH)  2010.08

JREHERE™  FesSs NIZZR 7R s ~25 ~606
B3] FeCOs SRR - - Tn =38
I

(1) T RERMENE SO M P D) J B, > T>TC Ny, )5t 2% A MU

(2) T IRMN 1) Verwey ¥R RS, 25 T>Ty I, WEERA A SL T ARG, 2
T<Ty i, Bt A4k

(3) Tn IR SCERMEPE T JE R, 2 T>Tw IR, W) B A i 'k

(4) T &A1) Morin B HR A, 2 T>Tn I, BALSREETE H /80 ¢ %l
EIPESETT N, 25 T<Tn I BEALSREEVAT T c Hill;

(5) Tev Tun T AT T SE0 WA AL H000 82, 520 0 0 S5 RAE 82 25 PR 35 ) 5 10

(6) #Hhik B Cik(Dunlop and Ozdemir, 1997; Evans and Heller, 2003; Harrison
and Feinberg, 2009)

R 2 AR s 24

Table 2 Selected magnetic parameters of rock magnetism

eyl ZH = WARPS
W25 ar AR RAL A <1mT
(susceptibility, x) i, EIHREALE > 100 mT

sterris MEERRAMEREAL % J0F ~hifi

K% ARFEMEAZE AL Cat -xne) e

xarm, AFRERT G A ARM/Bias field
RS A NRM, KR

TRM, #e

IRM, 5k J8 1
SIRM, M5 6
ARM, |Efi etk
DRM, ¥ i i
CRM, b7 %1

WEG S M, WAL SR R fid [l 2k
Mrs, VLRI 3% A 5 P
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Be, By
Ber, FHA 075

I 1) 3 3B

R 25 S-Ratio, S W ICHr iV PIAR A & i -IRMgoomt/SIRM
ARMY/SIRM, Ik SD A1 PSD &
SIRM/y, It SD Jik 7
WA HAEH 2% ARMISIRM vsHg,
Wohlfarth-Cisowski 5, IRM 3575 h 25 FaE fi fh £&
Day Mrs/Ms VS Ber/Be, Aili VI RENER Wik 2
FORC K Ho vs He,  SCWRREIEAT )09 Wi 359 FKR ELATE F 3 03 A LR W
King & xarM Ly AR JBORLRL S R 5

vE: 5] HCHk(Dunlop and Ozdemir, 1997; Evans and Heller, 2003; Moskowitz et al.,

1993)

2.2 W% EIZk S Day

FEVWG 2 G DN s T vk, R [l 2 ) 2
XA Sy, HESFEMEE, O
W7 IRBE G2 O R L 2 S5 AU T2 Y
o iRk, ey Rl 2ot 2 9 A s 1
JEIAAZ AR, R B g M R R A
SRS M (BRGNS B) Fifiidn o (Field
[ o DI Y A O Z AR ES AN a7 HIE1 5 e
SAFHEVERE S AL TR B (M) TR
W (M) Bty (Bo) WA i %
HSH. RS FWFTM ) (Be) (G
Aok 00 B R R 0 1) e T 3 3 G i £ 3k
), w LM Day B (BEHEIA Ba/Be, Y
oA Mis/Ms),  FH R ) B M A ) 1A T W IR
A, b s A O ]S (Day et al., 1977).

T s 1] 2 (K A0 Day &Ik it ] 1
Js. ESEN—agids (1.0 T) AR
FATHURN, K73 Mg,  IHE IR Sk B (6 # 37 o Ji
CHLFN 3758 %) 0k Hso BEJS Uk NG
M B H ARk, Hogsko 2 ZF 106 Y 1R Ak
SREA Mrso R4 S ) Jiti i I 34 KW, Af
M Ik 2%, BRI R R EE N Beo X I
W3 2k 21 KB -H I, FE S I M OB U RO

A REAL IR TR (-Mg) o 2R, IR i
98/ IE R R N, dZ AL A4S 21 5y — 2
WAk 4 . T2, MmN HsZA-H,
M-Hs 28 2] Hg IF, FF i I G AL 28 M CEl g
N 5RO D) K R — & M A R4
ABCDEDFGBA it . L+ AB K DE W E
AL, M O H R R B W
BCDFGB Jyfii¥ir 014, M H 1) 2 AH R 4L,
AT @A FEPT S (B 1a). At
I0—1E 1n) A3 J5 OC Py, AR AR A
Mrs, SRJEMNEIZTFLR, B ) jiti N 2 25 38 K
W37y, WS A il 1) 8 T e 3 0 2 1) 22 A ot
2 n] L3R AT T 6 ) 1 S n) B AR g i £k
(Back-field demagnetization curve), i% %k
| 3 5 kg 2 IS T I T S 1) B 37 5 AR A
B (K 1b),

N ETES A AP NN NES €211 i =
IR o 25 o MTRAE TP R0 0 40 e 0 o AN 485 2 )
Tk, ANHA&RG LS, R 7 0 5 A
TG 39 5 26 1 1 AH DGR 2 Pk SRR O, DRl i 3
Witk &35 o H 2k . PRt nf CLl k&30
R 1E R B I 1 AN B 4 1 4 SRt T
A5 S (R DT RR , AT A A7 K A e I K
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F P 40 O 1 R A i 58 o B G R ST Ak e
) 1 B s 0] 2 55 0 4 2 8 R L W IR s
B K o SP MURLAS BeA5 iy AS € (ML, AR
RIS, RN ERS, ik o
B A g5 ), TG B R, R T R
GHEIESSUNU =W DI I% AR A H BT S X S
Ao N T HA RS M) SD FURL
(USD), {EWAH SN, AR m) 5+
PE R AT HURE 11 0 IR W R K Bl )
CRE Gy ARt Ko7 D PRk, v R
Kl ) (= 0°) i nkd3m s sikAs — Nk
TE R A [R1 £, T Al A 2 A R Tt D e 3
B e S FORIR G RT R, Mo 0ol
90°I, M [0 2 BT AR Y4, ¢ = 90°INF Ky “[u]
257 M4 Hog 4zl i (Tauxe et al.,, 1996). X}
T 5 1 E T34~ USD ki BEALHES FRE &
DA G [P £ S B b 2 BT SR A0k 1)
R 12 . Stoner A1 Wohlfarth (1948)
T B BRI AT X T A B
YE I USD Bk BEALHR S B FE i,
t= Stoner-Wohlfarth YRz R4k, H Ms/Ms
1 BelBe 1550 0.5 F1 1.09(Stoner and
Wohlfarth, 1948). (3777 SD $ki Chi i %%
) PR RE AT =) BEHLHES A s A
B I RN, HE M/M (IR R 0.87,
T MD FURL,  ANInEs 2 fEREwE R R AR
B, AEVURI R, a2 N BT TR A R T 2K
A AN R R R A 7R S P R I )
+3 mT, MW EE ST AR E e AR, BT
i W B A el 1) i 8 220 DR T A s R 3 2K 1) g
i, PRITROR 2 B — AN Mo BEAMSATE
ST IR HE TN, RE W RERE 2 AE 7 In) R AT
¥, BB C R, 5 SD ik
AL, MD R Mi/Ms A1 B Z/)N(Dunlop
and Ozdemir, 1997; Tauxe et al., 1996).

Day 253 o Sz 56 F1 B 36 1+ 575 SD i
Fi [ Mr/Ms > 0.5 Fil 1 < Boi/Be < 1.5, MD i
Fi Mis/Ms < 0.05 1 B¢,/B. > 4.0, PSD ik

4rF — % 2 ) (Day et al., 1977). Dunlop i
B, IS SR A S A T
LB IE T Day K, KR Day K1 SD
X A Mis/Ms > 0.5 F1 1< B./B. < 2.0, MD
X Mk Mrs/Ms < 0.02 Fil Bet/Be > 5.0, Ak,
SD F1 MD $oki 198 & thv] GE ¥ /& PSD X,
SP I SD ki & W 7r Day B —ANr i
SP+SD [X (0.1 < Ms/Ms < 0.5 1 Bc,/B. i1i&
100) (¥ 1d) (Dunlop, 2002a; b). P 1c &
FEHEAN T AMB-1 114 41 B A i 75 = 1 45 1
N A5 4 T i ] 2 0 R R R ) 3 3
i 28 o /N A PV BE T 1) 1R iR AH ELAE
fifi B A Hh /MR BE (BRI BE ) 2530k — A4S USD
UKL, 40 M0 5T (1) B 4 o 25 4 FH A OR 40 i ) B
1) (1) = 24 i T RH T A T AR 99 5nT L 22
W& (Li et al., 2009; Li et al., 2010a). A, 4=
N B SO — N AR ELAE ) USD
WOk BEALHEZ I FE R, 3 M/Ms BT Be/B
435k 0.51 (i 0.5) A1 1.23, 7& Day
B LR #AL T SD X (B 1d).
SR, AESEBR N A, DRIREE A 4 1
Hy RIS WBEANT],  ECIRRE S 2 ROk
5 ) 2 RV )55, S8 ot i vy 1R £ 1)
TEARAEAF LI O o AR M TES T
2R S e L S TR 5/ SN ol N R R
o] 2, o [A) p g AR, A RR R 41
(wasp-waisted) fliii[nl2k . HAT AR
(G 40 o 2 3 25 T A R 88 P i
Wik, (SP+MD B, SD+SP) 41 &1 A 1K
LR AT B 3R R AL . B RT AR AR T
~120 K (Verwey ¥4 )%, Ty) N RORL e s 75
TEANT T B S5 R T AR 5, Y Re e AR AN G
i [F] 2k (Roberts et al., 1995; Tauxe et al.,
1996). [Klith, F5ELRE HAh A A 2 71
TEM EAXTHEVER DI Ap e BRI & 555
AT ERG 70 AT A R 1 38 S0 s [ 286 e 5 [1)
HARJF A

fEA39: = 072, Day 1 Dunlop X} Day
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] 110 A5 UL U1 55 R0 S 56 4 0 7% RS R 2 [A]
B G AR ELAE B 52 M9 . Muxworthy 25 58 1 =
Y UGB A I, RRURE 2 T) (1) #  AH LA
FH o B R F 7 2K RE I 25 1 s o BF S 1) 1
i R 2R TR AR L 4 AE Day B L8
'H (Muxworthy et al., 2003). L2, Ffi SD 4
Wi 2 18] = A A B (A g A B A
FHD #5K, Mis/Ms A1 B FRAR, 1] Ber/Be 9K,
FEah7E Day & E G2 AN 7] PSD A1 MD
X, mEERAESI) PSD Hiki, REHEN
UKL (1) i A0 AR FH 38, Mi/Ms Fil B 3
K, 1M Be/Be 98/, #£in{r Day Bl E#E
Bl SD 5 MD X % 3.

B2, MR R 2 BE 4 R e i S
AL ZH (Msy B F1 Ber)  FEFRH I Sz Ik
40 B G W R A o 38 ) i s [ 4 1 AT 2= AR
%, BWIEHETET R R RS 40
TEAS i W DR 25 R0 B0RE [) (%) AH B A FH 5%
T [Pl 26 A1 Day ] REAH I UK & 16
Mk %) 2> fE SD. PSD Al MD X, JFAfE
A X 4 W) i R S L & PSD M
SD+MD. SP+SD. SP+MD %5 % 1) V& &Ik
. Bk, N Day P WL Y 6 G
W N i AR, T B B A A A WA S
e a ) BT B AT SR T

(b)

(d)

M.IM,

¢ X 0 2 10
Field {mT) BB,

Bl 1 s [l 2 A0 Day Ko (a) i BURE A [l el o
B, AR WG M R g ey, B

ABCDEDFGBA, M. M. Bev Hs 23 5IACEAB AR
ety VAN Hrmi ) ALY s (b) LRI
RETR S 1) S R M M e, B SR A it — 1 ) 3 3K
FRHUMIEIEL (M), SR INFETFAA S In) it on I 328 20
WKWk, R R BB R 37 5 TR AR A it 2%

T 1k Ay 2 s T I 1 4 7 5 A R TRV I ) (Bep) s
(O EEA P AMB-1 41 JRE & (1) = i ks [ 2 Cith
2k 1) M miziEwgihs (g 2) K5 (d) Dunlop
BIEJE ) Day ¥ & AMB-1 40 R fh e H i #%

(LA S)

2.3 FORC

FORC $iAR Tk K ALK —F 2
fds M 2 B AR o AL G I Rl e A L,
FORC AN REAEN (18 & WE R P i g
1) 53 A FURURE 2 [ A AH T A F 9 S5, i H.
RE DU ) 2o~ B P ) R 1 W IR 2 (Pikee et all.,
1999; Roberts et al., 2000; Z&#£U% et al., 2008;
kA and 43, 2007). IT4ESK, FORC K
Wi 2 2 kB, ORI U i 4 R /N
(RIREW RS TG/ NAA ) 23 8] HE 21 5 g AH T A
FH « CA RGN A el R 55 AH 5% 1) 7 (Carvallo
et al., 2009; Chen et al., 2007; Ding et al., 2010;
Egli et al., 2010; Li et al., 2009; Li et al., 2010a;
Li et al., 2010b; Lin and Pan, 2009; Pan et al.,
2005; Zhu et al., 2010).

FORC [yl fz At A ¥ A2 & 2
Frome T SEHE AT AR IE 1) 37 v g AL
SRIG RSN e 23— He (gD,
WA H, FFG6 220 10 v A i i Ak s s (MD
BEAN A AR 2k, XA SR —4% FORC
thek. #4~ FORC Mg Akean sl (RIS 1D
BT E RGP Ze 0 B30, ARG EAMEE 17 IE
) VR 3 2 A ek R A il 2, DALt 2
— A TERE A I Ze (K] 2a). A TR EEAS
i s [0 e Jr 5 PAD P DX S R0 S A N, IR AN [
(B v, RIS X md He, BLEESRAG—A
FORC k4l (/& 2b). FORC k4] I AT—
moHa (He S Hg) IR 5 FH % 55 IR A I
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Yy S 1% S AL SR, SRRl M

(Hr, Ha) o K4S I A HEAL S8R BE M (Hy, HaD
XTI AR B He I Ha 3K Z B i 5, 4321 M (H,,
Ha) 7E (Hy, Ha) -1 B 1% BE 3 A 2 (Hy, Ha) s
Rk FORC 5 & /3 Afi

_ 9*M (H, H,)
OH 0H
D)

H TSR A (H, Ha) ) FORC % %
G3AT, e E Loz s L B R T TE M
Fs SR JE N IX L8 SR A% s P BT A B 1R AT
A (B 20) o AT TE MRS BT AL s 4k
Hy (2xSF+1)*, Hop ) SF 2 P I
(smoothing factor), A i BTt A4 KR
MK goe, MEIEH 12 30 &
FH B4UL 5 07 22 K FH ik 22 T ek Hon) Heak
TR, HIBAN:
M(H, Hy) = a1+8.2Hr +8.3H|’2+a4Ha+a5H§+a6HrHa
(2)

K 2 1 B /I 36 1 g vk ml sk e 22 T 5
R M flas, 1A (1) w0
HIFORC/M i o (Hy, Ha) i M-a60

2zt FORC AV 5, 7 J7 W
2, B E AR AR AR (Hy, H) #4624 (He = (Ha
-H)/2, Hp = (Ha + H)/2). FORC 1% 8% A LA
He IBEAAER, Ho HAALRZ: Hi Y FORC 43 A1
VA LR ER I (K 2d) . il S E 2k 4 A
HLb g KM (FORC ZhARUEAE) il 77
) (PP, AT SRAR e 3 B AT %)
TEAMEAEH K SD kil % FE s, |
FORC $i ARG B A 3% 43 A7 B 7 5
I 1) 37 1R R 1 2R 3RAS e i HAT AR G () —
M, FORC MIEMEHT W )] (Herore) 5
TR0 Be (ERE BB HL, E—EFfE
F b s WA i 1) 1 2 3 4 0 i g (L et al,
2010b; Z=4:fE, 2010). BRLIEEHFW S CEN

p(H. ,H ) =

He = Herore) AT HE H 7 1) (1351 1 B AT LAZR
FHEHEGAR TAE 37 1 20 A o 380 K Bt Ak 11
G AH BATE 3 B AR/ 21— = I I 6
1) W 3 e Xk WG AH B AE H 35 09 o 56
(Hp1) > HRRAEFHEAN B AE 5855 o

FORC [t A0 4 Ry s 82 Js bl R 480 I
WEAHEAEH Y SD BikifE FORC K b=/
PG S e VR Rl 7 mg A, i FLEE ) iR
AR A . THE AR SR LSS 4
BB E R, 4355 B FORC EIhH7 K
IGIETE, AR ERHT In CaniEl 2d). 4
SD FUkE 2 [A] B R AR B A B 8 3 o iy, 3L
FORC WS MR T In) EABTF a6 B
JEAT, REATRTSE, 2 WIBURE [A] () A BAR
FH 5 (Muxworthy et al.,, 2004; Pike et al.,
1999; Roberts et al., 2000; Z #£& et al.,
2008) . M FE A A KB K SD UKL
(viscous SD, VSD)O I}, # sl 2 111X £ VSD
WURLEB 2> LI — € 1 SP 4T 4, 1&E A FORC
SR IR e R E), H A Hy PliAHAS (Pike et
al., 2001). MD Foif % mi ) — e, H
FORC S5H 2k EAR VR AT — 2 M AT, 2R
MmHAWA, 11 H 5 %0 LRI H R J7 XA
A2 .PSD kit FORC KA A5 SD fil MD
WORLRAAE, BRI ) AE 5 55 (H 2k (SD %
b, AMEEEAN G L S AL,
HHEA KT m g A (Carvallo et al., 2003;
Roberts et al., 2000). SP ki & T A Wi g4k,
T Ak 98 B T AN DR A S 3 r M A2 A A2 4k, B
M (Hy, Ha) 5 H 6ok, BidL FORC &% 7>
i o (H, Ho A%, Kk, SP kAL FORC
SRR A i TME N

34k, SD UKL AR A 1] R 7 2 AR
2w . FORC BRI, W, TAIHARE
) USD ki bl HLAE 51 20 Bl P A, 3L
FORC I E Al 77 n) Jé A Je WS i g () 43 A
FE N TT W B AT . BRI, AR 2 T 0w
3 (bias field), JWFE Ak i e AR A0 ()i
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F& 44 #11: (Newell, 2005; Winklhofer et al.,
2008). XA MEAHTAER ) USD Rk, i
L () TEAR - 1) S 1 e 55 R[] ) A A
R 564+, 23 FREARRURE (] (10 5k AH HAT
(Carvallo et al., 2004). Ebhn, Wi/ MARE B
(R TEAR 25 ) S Pk 3 5 A 408 PR 1 /S A Bl A 418
T /AT (R I AE BAE 564, AT 280
BEEARS T/ INA B (R (R A HARE T, BoE T
H/ NA IR BEIR 25 K (L et al., 2010b) . 5T i 5%
KW, FORC XS il INMA A vE ik /MRS 7 1)
SRICREAN BAER CEAHEAEH, 3ok
TEAR A m) e Pk B R 1) ) ANBEUER, A LAl
(1) 2 B J AT L RE T s R i P SR
W)y R /N R) 1) — e R AT BAE L (Al
HAFH]) (Chen et al., 2007; Li et al., 2009; Li et
al., 2010b; Pan et al., 2005).

H, (mT)

K 2 FORC AR KR . (@) R Al 2k X 4 7 () FORC
el B B AR, FE S e IE I R S, PR
WA H, WEH H, B E AR R
FREILTEE, 3RF5—4% FORC i<k, Mk ML
— 1 Ha MIREAL B M (H,, Ha) /1 H R Hg JE A o
5Es (b)) HREaNE AMB-1 — /N IHUAE ) FORC
Mhkdl; (c) FORC Wl H FH R I S WAL 5 BE 1) Ha
HH, AE AL H R, FORC 155 (M) 21 16 [X dsf i
M (He, Hy) AFRRFIR, ROX BRI T
A 2 IV P S ) FORC %5 8 43 A1 AR 1 Jd i 10 A 4
P 4 (d) 1 (b) Bl FORC 4k i1-54.453 ) FORC
K, ST oA 2, FORC KBS IS5 251

A7 IR 3 ) REAAR B () s T H/MA TR SD IR LA
J% 55 TR 240 1 1) et /IMABE TR A BAE . (a) A
(b) FE& 2 H SCHik(Harrison and Feinberg, 2008)
2.4 KR FMNERAK

I A P 00 B A O o A i T IR
PEARARRAE o 55 % 4 1) 2 3l v e A 2 )
FHLG, AR ML 2= 0 B e 3R A3 — LS e
I WL N 1 RE AE B S R BT, N R AT AR
~120-125 K ] Verwey % #:, 7584 1F
~250-260 K [ Morin ¥4, DL R RESCERAT 7
34 K [R%i # 425 (Dunlop and Ozdemir, 1997;
Harrison and Feinberg, 2009) . %} T — S8 A
SE TGN RV EDRENEN ), InHGL FE R 5
A IR A EA, R T
X IX S ) T R S AIF 9 T 5 A e A
LR A SR T ClnBkER D) BT
W 10 BN AR AR BAN B, RIS (T
< Tn) S EIMAING, BARRH
T, PEAR R ANt T AN REIA B A,
BEULRE Ty, WL IR G B R, R
ROERMGNE . PR, R E E AR IR
Fg A o 1) T B (Gilles et al., 2002). It
Ak, MR B HOR, BT K
WG IR R £ % (Allen et al., 1998; Brem et
al., 2006; Moskowitz et al., 1997).

WERAT (A 22 0k Fea® [Fe? Fe®1g0.,
U I 2 AT ST S A S5 Ceubic spinel
structure) (& 3a), HAEKBFHAide A (PUTH
frbe) A B ONHHE L) AN T Csites),
1/3 1f] Fe (Fe*") 4 A-site, #IUMEE T
L, M4 213 () Fe (54 B-site, Fe*"
Fe* %2, 16 NMAR . Asite HEkE
T B AR B APAT, B-site R T H
BERLEAE HARAT, (HF T A . ik,
Fe** (Rt 52 44, HBIR B ALi) Fe
T, DRI T REAN G R il A2 I A U R R 7
ZUR IS B A7) Fe® I Fed (1) 3d R TR L
RS He, IHEBRER Chopping), 1My JE ik FEL A G
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FeS A, £T~120-125 K i, #bED,
Fe® Rl Fe® Wik gy, JL 3d il T ARFEBEER, 1M
T AT P A ds . b & JE -4 A
AR, AT 1) AS IR AL TT AR Al G R e AR
h LA ZE R (monoclinic lattice structure)
(Kl 3b) o XM AR S5 R 1) 284k, 5 3T
— RANVYEEVE O AR B AR b,
PRI 50 A S SR MR B, SR RE
SHEREARRIN . E R HEAL TR W 5 )
P K A UM 4 280 . 45 AR A6 (Muxworthy
and McClelland, 2000; Piekarz et al., 2006;
Piekarz et al., 2007; Rozenberg et al., 2006;
Walz, 2002). KR N RS b A4 2 44
MR PR IR AN ST B Verwey 45 1939
SERHRI, AR Z A Verwey #5¥k, 5 H#
RURJEFCA Verwey FE3 % (T,) (Verwey,
1939),

HHET, % Verwey 3 [1) H {8 A B AR nf
DL 4> A &5 # L A 8 ( Structural-electronic
model ) Al HLF LAY ( Magneto-electronic
model ) (Muxworthy and McClelland, 2000;
Piekarz et al., 2007). 45 RN 7E T,
LAR, B D Fe* M Fe** 2 1Al 1 T EAE e
IERAES A (1000 TH_EARSH 7, Mk
K H S Hi Pk (Huang et al., 2006; Jeng et al.,
2006; Zuo et al., 1990). i HL T A5 7R = FH o5
WA, BREEIT, DURE, B T28 A7 A B
fr BREE T (NZEHT) 1 Vonsovskii A2
B AE RIS, 5 B AL L IBEERFL T (R
D BRI AR A T, SRS
B R e 2 CPAT. Ik, B ik Fe®
AP FEARIR T 14T 45 AN 3 B0 k™

SRR BERE, AR I3 IR AR T S LR (Belov,

1996) . X PN AR MR AR YL Verwey
e s B ) L 2R RO 2 P T B B B
ELHE, (EAIARESS H— N UER I B K
ffERE Verwey 3l EHLEE . R Qi

Verwey #5455 Jm B E —FF,  [R)J@ M0 (1)

P EEVEREAE, #%) 12 R S IR FO 5T
e S AARAL 2 4B (Muxworthy and McClelland,

B 3 B A (T > Ty MIST TR A4
) Ca) FMRIEAH (T < Ty BIRRMSARS R (b)),
4951 B http://www.ruf.rice.edu/~natelson/ research.
html F13C ik (Huang et al., 2006)

WA AR 2 A WA 9T i — A R 2T
A2 BT T Verwey F 460 Hopd R Ak R 5% i,
DL A o g R AR 2 Verwey B 4 5 ()48 4k,
KW FCHEDN I REWRIRAS . TBAR ali g
5] HE %1 7 X 4 (King and  Williams, 2000;
Muxworthy and McClelland, 2000). Sz4r,
T A FH VR A5 e T AOR L it 2 (thermal
demagnetization curve, TDC) i & HiAkH" 1)
Tvo WHUZVL, RKEFE S TG N 200 v 50 2T
L Cin 5 KD, JtinAMigly (n 2.5 T) AR s
SRR ARG (W1 SIRMs k 25 1), Hil
WA a5 S i s A e e T v 3
= (40 300 KO kR AR . A il (R FLvA 1)
LL#E %Y (zero-field cooling, ZFC) B{ iR M1

(field cooling, FC) " #t4T, 4 Jl k15
ZFC-SIRMs i 2575 FC-SIRMs k_o.5 7 #E#4 i
2k, JE T A2k L 90-130 K . [ F8 i b %
ISF T RIS A Ty KT Verwey #6445 5
A GERES, — B0 SIRMs 51 HUE G 2
AT — B sk T, LA 1) e AR I 0T B (1)
WPEA Tye S, ] il v R AU AT
AT R A R i) Ty, RIFESIR R

(41300 KO Jitinsmyy (4n 2.5 T) A4S SR
RN G (it SIRMsgo k257D, FAUEH AR
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WG, EEgHNERE (3005 K) FHE
Brohi (5—300 K) Al A b e 1 A2 AL o
W RLGIR AR, BEERH I 0 A e e 4
P2 BIWIERIRAS, RILH AR R LR RLY,
PRI SIRMsog k_2.5 7 IR A i 26 45 Bk A1
IEAB L 28 (low-temperature demagnetization
curve, LTDC).

— R, R AR H R T kA
Verwey Fainy,  Hodh Al s A it Aa SE T A
G5 (T > 1) ¥AR N SR AR S Ky (T < Ty,
T8 FSCREAT  R 1 Zp WA 0 1122 cuvic 278
J%[100]mono»  BI SR ST 7 i 45 460 HH —4>< 100>
AR LR AR ORI el GRr i) 2 A i
(Muxworthy and McClelland, 2000). iX /™44
S RGN G FRFAE I BEAZ, G TDC Hh 2k
A LTDC B h 4 ol om B i BE R . 1k
A IR A A B A B B 1 ) 7. (FesxOa)
Al Fe #iHABJR T (40 Tiv Co. Al. Zn. Mg
1 Ga %5 AR (FesyzZyO4), AT Ty B
AN Verwey #4247 55 A8 . B x Al y #4°K,
Ty AR TR, 24 x>0.035 F1y > 0.039

I, Verwey %44 5642 2% (Antonov et al., 2003;

Aragon et al., 1985; Brabers et al., 1998;

Dunlop and Ozdemir, 1997; Guigue-Millot et al.,

2001; Honig, 1995; Kakol et al.,, 1992;
Muxworthy and McClelland, 2000; Ozdemir et
al., 1993; Shepherd et al., 1991; Walz, 2002).
BEAh, BRI A0 S B ) (I B A% oy
BB SR BB R REE K Ty FEARAN
Verwey #e #ifs 5 A& %A &k, HEH K
(Muxworthy and McClelland, 2000; Ramasesha
etal., 1994),

U7, REBRATRURL KL RS . AR B
SORURE 22 0] ) AR AR T BE 2 Verwey
AP IE FR FR AR AR IE LA K LTDC AR
5 FK i £ 1 A] 356 R E (Dunlop and Ozdemir,
1997; Ozdemir et al., 2002), —fkif, XT
SD. PSD HI MD AN RORL, 7rHGB R Hh 2

by Verwey At 18 R R 5 TS AR 2 Bl
WA WURL R ] 38 KT+ i 55775 % SD it
KA EL, USD ki (1) Verwey #% 34> 52 51 AN ]
FEPE I IR ANIE fE, Bk Verwey 3645 B
5 | ) e i T RS P AR AT 241G &
IRIRAEFR, PSD H1 MD kL2s 5357 T il i
REIE BRIfG B, ML LTDC #hek—MmeAn
A3, T JCREAH EAE R () SD Sk K ik,
LTDC fi# £ AT, Ftisg SD Mikiz [A]
F A LA AR 88 T IS A B R 3 3 2
££), H LTDC #h£k £ 4> PSD F1 MD
WG FRE A, BRI PR I, FES &
AN R R (AR

BRI, K 2 B T 40 o7 (1) e /N AR T
WL S AR ) — AN <112> )7 1) 7 K I HEB R
B o KPPl AR ) FOHEZIE RGN A BE B A
FITEAR % 1) S RE(Posfai et al., 2007).
I, AEFFRERET, kA Verwey H it
I, TGRS 7 b A 45 ) v e 3 /N A
J7 I EIRAS a-fhg ek s, IR A SRR
SRR -l CErr il o x4~
RHE AR AN, R AT, 4 T< T,y
I, BEAS ARSI g T n) B L ) —
AN<100>1F A Dy Al MR T 253k 45
—ANHIXT SR SIRM . 22 J5 1 & 47 THE
R, 9T > Ty i, fh/IMARE 2% TR IR 25 )
S P e A MR (1) 2o T A i T [ ] 1)
INREETT IR o B R P S A B AN [ i
Pl &3k il FC 1 ZFC M2k fr Ty FIOWI B2
X T, L E A (Moskowitz et al., 1993).
Moskowitz 5538 ixt %t A= 4 e IR AT (R4
WA MS-1. MV-1 Fil MV-2 & B PIidG /MA
WERH™, SRR ERIE IR B GS-15 7EARAME
SE RSN A=A I G AT
T RGHNTLEREIT,  RIAG S AT
I GS-15 ¥ T M G211 FC Fi ZFC if
IR EREES, H Orcldzre LT BRHK
T 1, WRENRREERA R Secldzec IR T 2,

25



PGL Letters

H 24 (BE8)\UH)  2010.08

PRI Orcldzec>2 & Ot IMARE T 224k
ARG IMATR EEL A 2 —, Bl Moskowitz £
iy (Moskowitz et al., 1993). % TR/ MimEk
R Ty AbF 90-110 K 2 [8], /EE KR k¢, zrc
= (Mec, zrc_sok — Mec, zrc _150 k)/MEc, zrc_ 80 k
o, Hh, My K FC H ZFC 2k
YRR 80 K A 150 Kl £ () FR g oo i
Moskowitz 56 85 i1k B X K 2 20nT 5 557 g
I TR RN L3 N AR BAEE 43 5 IR R B 7 i 4
BRI G PRT R /I A i L 22 0 35 Ak (L et
al., 2009; Lin and Pan, 2009; Moskowitz et al.,
1993; Moskowitz et al.,, 2008; Pan et al.,
2005).

SePr b, AER A Verwey #E ], WS
Ir (R PAY /N A T PR e R A B AR FH BRI /)N
BE W2 AR S 1a) S 1 e 2 5 AR 1P i o
&) e PERE TR A, AT AT /N A 1) 2 Tl A B
ANT] B8 564 i B /N AEE DT ), BV ) T A
ST AR GE A R R [LLL] A B 45 K v 1 [100]
A Z Rk AP R (Moskowitz et al.,
1993; Simpson et al., 2005). Hit, HHH[E R
SEIIAL 2E G R RO P 2 G /N AR R S A
b, AT 50 R /N 45 e () G T 4 T A AT
i H A WA R FE i) Verwey 46 DL
FIXS AL Src T Szec {E(Kopp et al., 2006;
Moskowitz et al., 1993; Pan et al., 2005; 44>
1€ etal., 2009),

HAFERENE, FEM IR A AN RIS
1) 68 AT R R R, 2 i e S T v i 328 0
fiERHAZ B SP RS, MG % TDC i £k fak
5 ETFMZENE T, XA FREE S5 Verwey
A5 53N, &1k Verwey #0555 48 58
IS5 Z AT AC e BE L
A 2 mT DL R PEAS AR R SPOTRE I TT
Hik ot 1T LA B (%) Fi] ZFC-SIRMs o5 7 3B #
S AT AN R E B () AR 2R VP Ak At BHL s R 4k T
% LI SPRURL ) DTk, 140, Moskowitz
25 H ritd (120-220 KO #1% (high-temperature

slope, HTS) SRITAL B H M A SR8 73 B 1
R BEIF O Wk a0 RE TP BE R A T
120-220 K Z[H]f¥) SP ik i1 va ik (Moskowitz
etal., 2008). 534k, WL/ MARLZA 1 TDC il
2 (U FC-SIRMs k 257) EAGT 30 K I, i
WOEAFAE 7y — D RIREBERRE X B, B T S
RIORE IR 18 2 il BHAT A1, 38 mT e B N 1k /)y
AARURE (7] 5 AH TAE FH BORORE R T A A T 1l
(15844 5% (Li et al., 2010b; Moskowitz et al.,
1993; Prozorov et al., 2007).

AT

55— Jmdak 547 B A E brt
e IhEE 75
(K151

2010 4£ 7 JJ 7-10 H, e ERR= B 5t
5 Rk BT AR 28 75 7568 — Jm ik 54T A2
W 8 & B #F i 4> (the Beijing Earth’s and
Planetary Interior Symposium, BEPIS). 43334
2 Bl G iy il 2 FAT S 2 1RO R B 1 A5
U2 K 1) # (Observations and Numerical
Models of Paleomagnetism and Planetary
Magnetism), MKBHEY AT 1LY 21 U
R s, UL 5T R WA T T
HAT T T2 HIRN A AR

ARV E R B B 1 R H AT
FRES BT Bt 2870 BEPIS WU H
PR AL D AR R T R R A
3 A R 2 RN MRl 2 R R, NS
EOK AT BRI SRR BBk Y, Y
e UL R 3 1 Sk HE B M il 3 5 o R R B))
TG T A SR R R,
ek 547 22 P BRAE i 2 3 R R = AR
Ir—

AR VORE, AFE 0 E 2R o b+
D. Gubbins ##2. KEFB¥Fit: G Schubert
HPZH P Olson % S WAVEILH LT K.
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Zhang 7. KE MR PR S
Hili oy 2 (AGU-GP) 1 EJiE L. Tauxe #
$%. C. Constable Z(#%. J. Channell ##%%5k
HIEE . vLE. fEE. SE. EYE .
D M RORNE AT P [E 9 AN 5K 40 4740
RPE M T R kiR, 1T 40 f7 27 A
THERAC T . R A EBHEOR L A
KA JERURY . TEHRA . R 5
NTESRE By BRI T A R VA S Y BTN
DR ESN T W SO, B
BIEZW T 1T R BTGP T G 2
b U A SR . B R S = A
PSR =55 . il Bl
ﬁﬁ%i%%ﬁni?M%@TE%ﬁ%\
B R ERE R ROR T H, I T
I T

IR B4k 2007 4F R D) 28 73 5 Jm b sk
54T N bRt 25 2 5 B9 X — IR K
2o U R BRI E 5K B SRR A
e viesvell, o ERL B i sk P
WS A P s A [ 5K i R S = R R R
R S S AW S RN 2E M
HERUIN R T B BRAeR A, s 2HES) T3
] M 2 B M R ERER A (R R e, R T
R K F B A 12 2 L s 1) 1] o s i) HL A FE
=X

PAR A3

peTrrye—

281 (BEE/\H) 2010.08

S o ] o A SR
L 8

SARIEN, ARMI M. — i (ffHRHE)
AR TR Wb ki
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SR CRRRASRBN AEIK
Je NIRRT
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Aot b AE I 5 2 e R RSO

AAE, AR R R . HATA L,
FEIEAE IR SO 41T 13 4, I £ 5 IEAE# e
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2010 BeNpAE BNV =
(kA Y Wbt

FRT:

CHL A PR RHSE 75 ek ey S S S i o 4 )i

N, N2 A BUW 5¢ S RTER
SE D BRI SEEHANE A
prBU G, MERELE, B4iaHk, B
A4 5 SE AT G A IR AT RE, XL
XKV AG S o AR A RIXA AR,
A — AR R AR DS T#IE
FENEKMEBR, NG, F e a5 XA
NSRRI EDR B T B R Bt i i
BRPy P T BT R B AR S R XM
o 110 SRR KRS BE

UL, BIXNRARTCEN, el it
TETZ AT A B O JeH. HEA—K,
F# T Geifr), L CYBEE=) R
2. “yH: HHALMETSE, =iz,
Ut i AN gk, dot sy, st E,
g TPV /PR RS 75 K | P 0.0 o
AN R AR DA 2 il AN, (HEERERS
TR BRI NI AZ o IXLURT, 3oxt
XEERE A, HEEE A, R AhEh R
K, RKr[RERAL AT A ANAER S E 4
IR HA 70 AR B Bee 5 LU ARk
XA AN AT IR, B OSSR RH
NT—FR PR AR IR AR
PR BEOR A O AT HURR, R I
BN, RIS AT N AEAF
B BeBE TAFEI H AR, ANAEAEAT IR AR ARA
REMAN1Z B, X IEE H DN ixSs J15
(Ridhs o S =N AR IR 27 20 A A 3 32 2 HE
e, XHEANE. WRBE. 7o B K g A
i RA S . 7R B IRANIT LM% 5
TR, EREE RS TIRZ N
B, 4, FthRPROE HIXA S0 =,
JF LA 22 23X AN S0 & P 1 DL K
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o
=}

Ko

&R

(B Ry R Bg b o 5 HhBR A 5T BT i1 )

[a A A R B S R A DR, B
WA, (HBGRE . R e br,
MO T A48 TRIE 2. ORI )
PN

XEE

(B g ] 5% 7% Jmy b S 50 BT 1))

I R, AR ) T AF A 90 A AR Y
BEEWRT, ERITEMUNEF X AT R
MES I o IR SN A T — N R A,
i 80 « FLRGNI JLASE PLIRIL) /N Ui Lk FR AR
ANAEAE, BCRIEANMH I F A B AR K
HERIRR Y, T, Tl T — N KIEYUE,
HARMER B Tk, A RIEAEA H O
MY RACAAE

M LE A e FRATT PGL 1 W 56 A 4k
11, EXBEFUERARS, AURER
Ko, BN RS, 1K AU
XS B A9 R 22 7Kg B2

BRZE L

(IR RSt i R PRI 0T 1 )

= MR, LWHEFET, R, —
IR PR IR M 5 o AEIXAN LU 2T B, RAE
W bt T e — N DT TRELAN 2&
MBEOARINIR, F12ELLUE W k7% . bifi
FHi XML, oA T dr b 2l 56 14
ARSI, FRAE, X —REH =

VUAEIERT, BTk i AU foin =+ )&
R, S F AR AE P 1. S PR 77
R RGE T RARRE R R LS . AR IR
RLEAER BB TV 2 RNt &, TEiR (e
b A B R TR ERG T T RERN
H WAL R BB, LR FRAE S 2 7 IR T
A SR A A LU R S R, i DR A
S VR B foe 2 e R AL o

K T -

(HL A b At 5 -5 Bt 52 1 1)

6 RHETUIAR . FAERT 12 8k 1
] Aok o 1t i 5 b e B P oty i 5 AR
SR, FEIRTE], RIS, LA
e % T . BreE, AR AT PR
IR, IR AT LA BT ARG
I, WA H O EARTRIR L Lt H
FEABAEANWT R o IR Y 3 S
PRSI AL b TERRAEIXAN RS
JEH, ERFHRE . P w4 ik 3k
FEXHPTR R 2, 13 DUBUR 58 AR 18 3

ER=Y)A

CHLAE b A il == M 3 BT AF)

REI2 [ BEAE i i 7 5 AN S =
FERL M K =PSRRI
M=%, WERANEREEN=F.

AT

(LA Hh R e o 5 BRI 5 BT 112

SRR, ORI AR,
ARHEEMLE — RGO, [RIPER A5 AENL
by BLMERES, ROCE; BNV, Hig
Mg i B R, /R BLAE 2 ARl
N, 2R ABILE, R, BUIRE
Mo BRI, REIFAL D NFE
FEIXBCIN ) B, Seiir s 22 i R 2 BAR K
NG5 I3 Bh AN SC Ol 3R E 5 2 RS 70 56 1k
w3,

T PAE T B8 24 A AT ERD 1 S
J B DAy

BE=EHERKHHA
(@ZRIED

RPURAE R = E gL, BRI, A4
. AR H/N S = O — A,
fErAUG DR

A B

TV PR

S R TR ) NS R
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= BaVW PR T SCHL N VR B
R EAN Vi

R GEAAD SR g AR,
RS NI & NI\ O N G N | S VNI | SN
L BRRE. VA, SCHS . 30, L AR
HEC WP SRAE BRI, RS, P XL
LYERE

R GERADIERD: i, T2, &
W . KA. Bl SRR, TR AR
L R S M. B 0% K
fi, gKFL gKEE. Bb. . R A
T R A

s IE

o R, BSOS 2SR
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