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Abstract: The properties of polycrystalline materials are strongly determined by structural and morphological parameters of
the grain population such as the orientation distribution function. This effect becomes especially important if the material ex-
hibits an anisotropic crystal structure or in the case of electronic properties of thin films, such as a typical material system—
magnetite Fe; O, films. As a typical half metallic material, Fe,;O, magnetic films have attracted much attention in semicon-
ductor spintronics due to its appropriate conductivity and theoretically 100% spin polarization at Femi level. As (111) tex-
ture is a common structure in Fe; O, films, the paper introduced the current studies on (111) — textured correlated spin

transport and magnetic dynamics ( magnetic anisotropy) in Fe;O, films.
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Fig. 1  Structural analysis of Fe;0, film: (a) X - ray diffraction pattern of as prepared film; (b) Cross — sectional bright — field TEM image

of the film on Si; (c¢) and (d) High resolution TEM images of different Fe; O, nanograins marked in C and D areas in Fig. 1b and

their corresponding fast Fourier transformation (FFT) patterns (the insets) ; (e) High resolution TEM image of a grain boundary
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Fig. 2 Surface image of as prepared Fe;0, film (a) and 3D surface

plot of as prepared Fe; O, film (b) observed by AFM
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Fig. 3 XAS and XMCD spectrum of as prepared Fe; O, film

3 BN HEAR Y R IR PR S A
Fe, 0, 22 4 B HH GUREMLORE, b gt oty LB 5 41

TR A7 B BE IR /)N o PR A 38 155 D0 %o 22 i i
HE R Fey O, 50000, o HLBH 32 %2 th ARAE Hi BELFT 0 55 % 25
FLBEL P S A0 2H A o AN R BEL P 48\ T A B b Fe BT
M Fe'* Z AT RO BRI D s 19, ARG Bk
SR AT G e, DT (A5 F B RIS, st 2 Ui AAE
L BEL P s BEL SO 7 12 s B 110 o 28 F o S B 2 000 B A 1Y)
REHLRE, ST FORE BN, e . T DL 1
BT Fey O, 2 i RS A3 0 1% BELAKR 7 1% 02 B i) . A8
Uk, Fe, O, i 1E RN I8 20 5 AL (0 i ik, i) n 7 B
R Fe, 0, 40K 4817 LI Jr— 5 JE 3 N JE ) Fe, O, 8 A BE
il 20 P e R T RN o 3R R A A 1 e
B I AONE R A R o T BT P 9 R B AE PLD J7 vk i 4% 1Y
R Fey O, 22 it rhds 2 B T 25 MUY B4

] 4a 251 T1% Fe, O, #iEAE 300 K )&% 100 K BfE1L
Mgk, EMARET, 50 A5 #AE 5000 Oe A4+
300 K BRSO ARIREALSREE (Ms) #4974 450 emu/cm’, RY{I
TH A Fe, 0, ff) Ms (471 emu/em® ), I B 5 7 3
330 Oe, i 100 K BJFE SIS %] 513 Oe ., B4 5
700 75 ] R BRATK TR 98580 P R 45 ) SR O

VLSRR (5 1) R i IO R FH DORAET 1%, L IR AN 3
IFETEREETET PN, AN S 85 Kk 9000 Oe, P Ay Ha BH B /)N
EH B b, 7 DL e SCREFLEE MR N [p(H) -p
(He) /p(He) |, HHrp(H) | p(He) 53510 5w T Fi
Wiy A BHEE, [ 4b 45 H T 300 K 1100 K A2 0]
fira BH. ( Longitudinal MR, HL 3/ /% 3% ) A 9] 5 H, BHL
(Transverse MR, LT LHGYs) gk, MBI AT LI EI4E 300
K100 KR, A5 R HBEY R IER), H-HAE 50000
Oe 4M7 T I 1. 73% ST EN 9. 45% o VA8 I A5 1) 1 Fi B Hly
SARKCH , TEM T HRAR T LR 3R A B 22 i v LA T
XA MR=A (M/My)” #7404, FHrh 300 K Al 100
K I A 43 515 0.002 F10.011, 481445 5 L& 4 FlE 4d,
FEARY T RSB AT A 50 AR IUA RECA HIEfH,
7138 5 SCHRHRAE ) R A (e, SR B U BH R n] g
FEAERR T i BBE 2R 2 AN A AZ L] . o0 SME i %
T, RS R BE AR AR B 5 R S R s, O AR
50000 Oe Y FHSR A WA, A4S HM - HIGW A
HA4600 Oefidy, BXALTCTEH b AR 20N E A 7k o

P T2\ ) o L o 2 R R i) i BEL 2 24K I AL, i DA
WSR3 1) 5 G PR BELAT S vk B 4% ) S M i s BHL R 52 i
TifRe. WAk, e =B A0 25 1 T 300 Ha BH 3% 35 500
(CHREBHZAN. , ordinary MR ) 8 JC ¥ Xt 24 117 1) 1E 2 Hi BEL &K
REHEATAR RS, IR Y o.r > 0.1, RA82% I HIRE
FELBTRR A AT LA goUL 21, i % T Fe, 0,, H w7 ~1077,
DR b T ARG 6 il BELAORE 1) Bk 5



628 T E R 5536 %
600 0.4
E W Experment data li
400{ 300K 03 —— MR fitting -
£ 2004 —
3 0 'u 100K
g : j
= 200 '
E 2000 <1000 0 1000 2000

H {Oe)

-400 4

-600

10000 -5000 O 5000 10000

H (Oe)

] b
18 HLI
12

104

i

T=300 K

MR ratio (%)
e e e e

8
S
=2
g
)

H (Oe)

MR (%)

—— 300 K
——100 K

N © N & O O
i i i r i

0000 -40000 -20000 0O
H (Oe)

&

20000 40000 60000

044— : :
-2000 0 2000
H (Oe)
d
W Experiment data
2+ MR fitting
' -
5 -4
SERY ™
o
=
01 T=100K
2000 -1000 0 1000 2000

H (Oe)

P14 Fes O, WL S I REAL S REBHINZ : (a) 300 K 1 100 K A (g g i 0] 28 (A 181 A I35 R I REHIE IRI2k ) 5 (b) 300 K A1 100 K R
T BEL it £ (37 P D i 7 5 v e BN PR ) 5 () A1 (d) 300 KA1 100 K 7 BEL S 3600 () BRI (9 1615 Hh 2%
Fig.4 M —H and MR curves at different temperature: (a) Magnetization curve at 300 K and 100 K ( The insert is the low field M — H curve) ,
(b) Longitudinal MR behavior at 300 K and 100 K, the inset shows the transverse MR at 300 K, (¢) and (d) Low field MR data

(symbols) and the simulated result (solid line) at 300 K and 100 K, respectively

— TR S FL WL T 5 A A e WL 81 ) B i FHL
PR TR v R B AR A Y, 2 BT 44 K
ORI B TR R A KA (WL 1), If AR Y
SO 2) T RUULEE S0 980K b 78 015 207 1l R A —,
PRI AT KSR T (DL A T A — 2R R SR A
P TR A I R A — 3 BORE i 32 TR XA R, DR I 280
AR A i 8 ) A ) RIS A O T DAL 0, T LA
AT LATA R AR T L A B S T A, 430 1 S A AT fE
FEEALARGURFE N, RIS TR N R A% i (ULIET Sa) o A
I iz o T AT AR by SR AP K it PR A% i A it S B 2
SRy eRIkAL G, TR B AT AR (1)

L., b (1)

T o1al _O-I g,
H o o Mo 735108 BT GRARGIK A 1L
PAK fb B bE 2 it S R AT LA B RERH MR #9234,
4n(2)

(S S B

T Tw T _ ToMR + o MR,

1 1 1 1
+ +

O10)  Oyo) T10) O

MR = 2

T (0) T ()

=29 YR o+ (1 -
i) + Oy

Hr oy o) Bl o) AT ARG A P4 1) R 00 0 A R
TR, o) fl o WM T ZR1K G A i S
AR ARRZE R T, MR, FIl MR, 43 3 R SR A0 K 5 A H g
TSI AAN 5 | Ak P e FL L LA Rt R 2 Ry 5 B P 0 R B
ZNKLE P I BEUE DA B ARG B, i Liao 25 A 1E
FARLEA G Fe, O, 9K &I, 3k FLAT LAA Ry 000 [l A
6T ) Fe, O, HER SR GOK Sirh . BT Fey, O, H
A HIEmALE, EIMG T Fe, O, NG Sl F F 2
JEHEBER FRT, H2MNBERTPEANETFREIEA
TEM AL, R TEAN R, Wi AbEn
L HEFAEBREYE Fe,0, FHANZ DT T8 MWEL (RIHE) .
&Y TG A e bk & [ e m T 0 s #8mT DL A
F| Fe, O, 40K i (IRFHAR) o BBt B 1 8 908 8 5807 5 3
MIREHLBH MR, RZJRIEM . 2T AW MR, 2
PIF ERGER BERY, WH e, Bl SRR e MR
FIAF 5 B0 T2 (2) H 8 — 30 DL e 58 30 2 (0] 9 52 4
BCE UL MR, MR, DL e TR I 0 RO R g, T
T LUERT, 2 o0, B RAT, 205 U5 A RO 5

MR, (2)
Ty + Oy



559 1 X1

A R Fe, O, TR Th SUF 1 B ek s MG AL s 15 629

AL A H BN R B BEL A T RE R R Y, S AR
RERE [ — VR (LI Sb) T35 B RO RE 300 T
BAFEA0.5x107 Q- m, HASECHRETIZ
it Fe, O, Wi p s LA /N 1 ~ 3 AN g, Wit/
£ P SEL 5 FE 7 5 () T M 20 A 0, IO e REL AR,
M FEL o) 3T, BEBE R IE A3 30, 9723 s/,
HETT SO B RE L B IE A9 TR 25U B0 T & st
Sk L BB LA K, s B o, HO RN, B
(2) 55— I IE RE B 43 7T L) Z2 W, 33k T 38 o 7
% f Fe, O, TERE rf 0L 2] 67 R LI 42 1) JEE DAL

& B

I
q Electrode

spin polarization

Electrode

direction

Fes0: film

current direction

(o]
0.10
0.05 -
s
g» 0.00 4
2
-0.05 4
-0.10 4
6 4 2 0 2 4 6

I(mA)

PS5 i) Fey O, w0 7 0 AL AL R B8 (a) 5
R ] Fey O, HIEERY 1 -V FetkihZk (b)
Fig. 5 Mlustration of proposed conduction mechanism for
textured Fe; O, film (a); I -V characterization

curve for textured Fe; O, film (b)

4 ARFE SRS E S

4.1 EMKHEHIRNERIEBIEBE

AR S — ol o6 I 2 AR AR R Al 2 RO R T B
BREESEIRTT A TR 22 0 1 ol BE % EE 1 B E B 45 1
A FPREAS W SRR SRR, X T2 R, A g
L R e IR R RE LA R A% 1) S R R A
TIAESL TR R, T A AR, 3 o 20T 2% P
an A% ) PR RE A STRk . JEMRLAY, X T A A RO Rh AR IR
(22 SR &, T LT 05 1) A HEA B A
P, USRS 1) S P BB L 200K R 19 ) 1l RE
JEA P 5T o

N T BRFE LU R R A% 1) Sk R RS ), XA [ R
JEE Fe, O, W RHEAT T 1AM R REILIRI A (FMR) o 8 6 43
TSNS i T AN TR £ L B4 BT A R A EMR O3 3

2, BN R0 B BT R B IR I (B IS 2R 5T 0
ARG N R, BT IS B R SRR AN 1)
M A BRI oG R . X HLAE S 0y = 0° R B vk 2R T 1),
0y =90° M P . MK 6 TTLIAE 0, =0°4b i 4k
Wi 5 B L 8 P 8 o ) R VR R T RS, T 6, = 90°
MILIRIZGEN LT ARAE . i T 45 B0 1 RG4S 10 S5 4 AR
5L, K Smit - Beljers 77 v Xof H4i% 377 B 11 4 £ i 7%
PR i S B HEAT T U4, JF Hal g % Landau-Lifshitz'>"
AR AR B R 24
2 1 ‘FJF PF 2

(%) - Msinzﬂ[g?gigoz - ((?61’9(?2) ] (3)
Hrp o HIRIE, vy HEEE ¢ TR, M H
WAREALTR R, F o A AR, 0 MG Ib R 8 E
LTS, o MR B AT NEGE X TN S
WOy X B M R Fe, O, BYEE, FFLLH =
BEZRGM LS A HRREERSEX, T LLEITR () H
S AR RGP S B B 56 R FF X FMR (04 20805 13517 48
Ho HTREMEZ M, FE s e MR A
BB % 8 A0

F =-M-H -2uMsin’0 + K, sin’0 + K, ,sin'0  (4)
N IWE TN FEZRE, 5B 0 LR i ee, =
TS U T Ay e R 1 T B4 1) Stk fg . AP K RN K,
IR —G T — g T 1A ) SRR R 456 0(3) Mt
(4), BErTLISKR IR H, RIS RO OC & DL
AR B SF- o7 B P AR BE 0,0 BT 25 H T AHRE B9 HEL A B 28
BAMNAYIEITE RS LA R A LB E A — 2
2=, T Ek Ml 22 b A B f 3 hnmi i 2 B . T
JEGRRJE , LAV S5 R UK B &, SRRl A R 25 R th T
ARG B RBE AP A B AU 5 T (W #E 45 1) 57 1
B, RE, XL SRR, (111) 814
5 I REAS 7] S e B AT A Te i =ik =,

Intensity (a.u)

t=50 nm

90° 72052° 42°32° 26° 2204,
12°
P

T T T T L} T T
0 2000 4000 6000 8000 10000 12000

H (Oe)

6 RIRIEERE Fey O, RS (Y T MK 3L 4R P35
Fig. 6 Out — of — plane angular dependence of FMR spectra

of Fe;0, films with different thicknesses



630

Hh A e ik

L]
O experiment data
= Fitting curve

e (O€)

§ 8 8 8

0 20 40 60 80
0,, degrees)

5536 45
90004 5
7500 4 O experiment data
= Fitting curve
o 6000
- |
24500
- o
3000 4
1500 4
0 20 40 60 80 100
0, (degrees)
9000
Ld]
75001 O experiment data
= Fitting curve
_ 60004
-
o
=, 45004 =50 nm
=
- o
3000
1500 4
0 20 40 60 80 100

6,, (degrees)

B 7 R rpRe i RS R A 0 8 R B (a) , 10, 30 LK 50 nm JELRE Fey O, FEBE A T AMANR] £ B2 T 0 LR A 0008 K AR N

WAL (b ~d)

Fig. 7 Ferromagnetic resonance: sample geometries and relative orientations of equilibrium magnetization (a) , out — of — plane angular dependence

of resonance field obtained from measurement (blue circle) and simulation for 10, 30 and 50 nm - thick Fe;0, films (b ~d)

4.2 HWEAHZEERRERERIER

MR TEM Jz XRD X U4 i B i) 45 4 1) SR AE 45
AT LU, it 25 i S PE g 3 2 v 4 5 10 SR - ) 45 o)
SPERERIA A . X T AL S5 M B AR, LR A 1)
kst IR (5) ™

F, =K +K(ajod +oba +oial) + K,aiaaas (5)
St K W HOT, KR K R0 R B e o 57
PERH o, a1 oy 5000 L RIE A 383 26 Bk MRS T
3L T ARk (B 8b B «, v, 2 Bl .

XPF(UL) U R, k2 Ty 1] (2 b7 1e] )
P g, A (5) & A 2 flioh (001) & 1
HOFEAS F, P AT R A (S) AT AR bR 48, AR
(1) SR R Y 25 K 7 450, Pl 8b N7 17— ST Ay A
FR&(x', y', 2') o TERBYARRR FR b 2 A7 T [ 111 ] dh i,
SATFL110] S, o WAL T-(110) T HaRE T« Fl 2,
T [ WA A A 2 RS B 1 5 (6)

ks

(6)

= s‘l‘_ %\‘v—t

/5
1
/6
2
3

TS EUHT IH A b R 7 A sz i e R A, mai(7)
I -

o = Loz' + 1*oz’ + 1*oz' = 1*sinﬂcosq{)
R N
1 1
+ —sinfsin + —cosf
/6 B3
a, =- La' + La' + La/ =- Lsinecosqb (7)
R R Y B
| P 1
+ —sinfsin + —cosf
/6 B3
a, =-— Qa'z + Lag = @sinesin¢ + L0050
BB B B3

FLr o], o) i1l 43 5 LR RG A 3R 4% Bk MLARGE T 7
NEBR R R AN AR ERE L R 2 BT T 434 (UL 8b) . 6
Syt AL S AR T 2 L1 ) i A, & Rk
SARAE T I EE AR T 2/l ([110] J7 i) (e fir. 454
A5 FAR(T) I L2 HOT, 57T LSBT AL b 2
R A T R RE R AL, nat(8) ;

2K,

K
Fow = ?( —sin’f + %sin40 + gsinzﬂcos fsin 34)) + 697i2

[48cos 26 + T2cos 46 + 48cos 60 — 18/2cos(33¢ - 260) +



559 1 X1

A R Fe, O, TR Th SUF 1 B ek s MG AL s 15 631

z[001] @

y[010]

K8 (111) 48U Fey O W SRS 7R K] () 5 BTEESL (Y AL BR
(', ¥, ) SIHBRRREE(D), Ha//[110] ,
2//[111]

Fig. 8 Schematic illustration of the (111) — textured Fe; O, film

structure (a) and new cubic coordinate system (&', y', z")

with x'//[110] and z'//[ 1117 (b)

18/2cos(3 +26) +24/2cos(3p —46) —24/2cos(3¢ +46) —
10/2cos(3¢p — 60) + 10/2cos(3 + 660) + cos(6¢ +60) +
cos(6¢p —60) —6cos(6¢ +40) —6cos(6¢p —40) +15cos(6¢
+260) + 15cos(6¢ —20) —20cos 6¢ ] (8)

X (8) 3 T B 2 5 [l Sy (111 ) i T ) 4 it v
JBE, ABJEXS T (11L) UMY % 22 A, 76 v T 1 49 oK
Fn I R BENL A A0 1, B s A (8) HEE ¢
HYIUECE- 8, ARy BRI (9)

2w
1 7
Fyy = E!Fcllldd) = K, (cos 26 + o8 40) +
K,(cos 20 + %cos 40 + cos 60) (9)
XHRE S F,, R RESURE 45 7] 514 BE ( magneto — texture ani-

. 1 K
sotropy energy) . Ax(9)H K, =ﬂK1 , K, = ﬁé}%’ﬂ%

SR — BRI B Uk 45 1) S P B R S O G 21
£ SRR A R GE A th BE% R IA, RZ&E 5
T ) B EERY  A thae % B Rk, n=X(10)
F=-M-H- 2mM*sin’9 + K sin®0 + K, (cos 260 +
%cos 40) + K,(cos2 6 + %cos40 + cos 66) |

(10)
1E(10) T AU i Sk Pl & 1 T
AT LA 26— af B4 ) PR RE . LI, 25 P A

F 4] Sl S,
0 =0, WEFHIARD
H[ sin fcos 6, — cos Bsin G,cos(d — ¢y) ] — 4aM

sin fcos O + H, (2sin 20 + 7sin 40) + H,(2sin 26 + 6sin 40

+ 6sin 60) =0 (11)
ZKLI N TN _Kﬂ
H dnM ;= 4=M - In A AR, H, = M’

_K
H, =— R8s 1 St
2 H YA, KA (3) mREIR(12)
(%)2 = [Hcos(6 - 6,) —4mM 4cos 20 + H,, (4cos 26

+28cos 40) + H,(4cos 20 + 24cos 40 + 36¢cos
60)] x [Hcos(0 - 6,) - 4nM_cos’0 +
H, (16cos 20 +7cos 40 +9) + H, (14 +26c0s20
+ 18cos46 + 6¢0s60) | (12)
M0 C12) TR ARG 1T (111) 24 (1 Fe, O, i
IR H, BETH MO 0, RIS O R it 2k, #1545
WE 9a, 9b F19c YKL/, R THET LA, [FET4
T HHIHEY A e B A S B 45 45 2R (18 9a, 9b
Fi19c HHERZ) . 9 W LIFE H, 5IA T #ESUR 45 i)
SrERe AR Z G LG S5 RS s v SR L, A
RN BAAREPESEUES) TR 1, 18 9a ~ ¢ tRfRI A T
10 ~50 nm JEEEMERY = 4ERTIES IR R, HAT LIRIES:
MRSy T NS S P o AR Pl T LWL ) B 7 T
JEREREE N, HERAE R AR Lok B, AT
AR5 1) A L) 145 0] Stk BRI ZAh, G
Ay 2T S 2SS i A S U5 B P B A T o, SR
FEE ARG S5 1 W F VS8 T 1 5 . D) G s R R
Wk A 25 1) SRR AU G i R bR mT Bk, 181 9d 25
T B RS A 1 S PRI R A L, AT DL B R T R
PR 7N B X BRI 5 1) S o
x1 EEHE FMR BiRE2HAN Fe, 0, BIEMEIESH
Table 1 Magnetic parameters of textured Fe; O, films obtained

from the simulation of FMR

10 nm Fe;0, 30 nm Fe;0, 50 nm Fe;0,
film film film
4mM 5 (Oe) 7194 6445 6365
K, (10* erg em~?) -27.9 -9.9 -8.0
K, (10* erg cm %) -0.5 -3.16 -3.38
K, (10* erg em ~?) 0.15 0. 68 0.84

5 & iE

Fey O, M ph T AR R AR O il 468 — A
FEFL T2 9 BRAEURE R o T 95 PR 0 ) oL AR T 35
LSS Z RN ORI R 3 A7 pRBUR R JEE T DR S 2 IR
TIEMKRA I ZERE, i mifksh e, Jf
FLGS Ik SR RE (945 i) S M D7 T A S I8 DR 56t o AR SR
X Fe, O, WS 8 b 22 LA (111) By AR REESK, A
28T — TR i AL A BB RE AIR S0 S DR IRl (111)
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Fig. 9 Out - of — plane angular dependence of resonance field obtained from measurement (blue circle) and simulation with magneto — texture

anisotropy ( solid line) and without magneto — texture anisotropy ( dashed dot line) for (a) 10 nm, (b) 30 nm and (c¢) 50 nm - thick

Fe; 0, films, the corresponding three dimension surface morphologies are shown in the inserts; Polar diagram of the second order

magneto — texture anisotropy energy (d)
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