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5TFe Table
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STO ZrO2Y Yttria Stabilized Zirconia YSZ
100 keV 74 keV Fe
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5Fe  63Cu a-Al:Os3  R-cut ¢Si10g
a-Al:03 Fe 100
keV Cu 105 keV cSi02 Fe 74 keV  Cu 80 keV
1.7 2.0<10'ions/cm? Cu 25at.% 4l at.%
Table
Fe-Co 5Fe  59Co
a-Al20s  R-cut MgO 100 Table
Fe Co 100 keV Fe Co
1.0 2.0><10'7 ions/cm? Co 0 100 at.%
5< A/cm?
TRIM 50 nm
MR 0.75><10'7ions/cm? Fe/STO  Fe/YSZ

12



Ar 30 200 1000 FeCo/MgO

Ar 1 210

Table Implantation conditions for sample preparation.

Matri Orientation Energy Ion Range Ion Dose

(keV) (nm) (x1017 ions/cm?2)
a-AlzO3 1-102  R-cut 49 0.3 0.4 0.8 12 1.5
STO (100) 50 0.75 0.8 1.2 1.5
YSZ (100) 100 48 0.75 0.8 1.2 1.5
TiOz (110) 52 03 04 08 12 15
ZnO (0001) Zn face 48 0.3 0.8 12 15
c-SiOg (0001) 74 54 0.7 1.0 1.2 1.5 2.0 25
a-Si02 Amorphous 54 1.5

Table Subsequent implantation conditions for sample preparation.

Total Dose

Matrix Cu Concentration (at.%)
(x1017 ions/cm?2)
2.0 25 40
a-Al20s3
1.9 37
¢Si02 1.7 41

Table Subsequent implantation conditions for sample preparation.

. Total Dose )
Matrix Co Concentration (at.%)
(X1017ions/cm?2)

10 25
1.1 11 12 20

a-Al20s 1.2 21 25 38 100
1.5 25 33 45 47 80
2.0 25 60
1.5 25 80 - - -

MgO

2.0 25 - - - -

13



3-2

3-2-1
Transmission Electron Microscope TEM X
(Energy Dispersive X-ray Spectrometer EDX) X (X-Ray Diffraction
XRD)
XRD Cu 30kV 150 mA X-Ray e 25<
X Glancing Angle
X-Ray Diffraction GXRD (S)
20 © 3-1
Scherre 3-2
Fig.3-1
N(6)= exp[— 12 (9—90)2} 3-1
2o 20
(o]
t:% 32
t A X-Ray B ©s Bragg

Fe/Al203 1.5><1017 ions/cm?

Intensity (a.u.)

20
Fig.1 GXRD peaks analyzed by the least-squares fitting assuming Gaussian curves.
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Fig.1 GXRD patterns from the 5"Fe ions implanted o-Al203 with total dose of 0.3>< 107 ions/cm? , 0.4

>< 1017 ions/cm2, 0.8>< 1017 ions/cm2, 1.2>< 1017 ions/cm?, and 1.5>10'7 ions/cm2.

Table GXRD analysis for Fe/Al203 samples prepared by Fe implanted to a total dose of
0.3><1017 1ons/cm?2, 0.4><10'7 ions/cm2, 0.8><1017 ions/cm?2, 1.2><10'7 ions/cm2, and 1.5><

1017 ions/cm?.

Fe/Al203 20 Peak Width Lattice Parameter Granule's Diameter
Dose (ions/cm?) (degree) (degree) (nm) (nm)

0.3x1017

0.4x1017

0.8x1017 44.808 1.963 0.2858 4.4

1.2x1017 44.631 1.197 0.2869 7.2

1.5x1017 44.589 1.039 0.2871 8.3

Bulk a-Fe 44.670 - 0.2866
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Fig.2 Cross-sectioned TEM micrographs for 5Fe implanted o-Al:0s with 0.8><1017 ions/cm2(A) and
1.5>1017 ions/cm2(B).
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Fig.3 Bright field image and corresponding energy-dispersive X-Ray map for the 57Fe implanted o
-Al203 with 0.8>< 1017 ions/cm2.
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bright field

Fig.4 Bright field image and corresponding energy-dispersive X-Ray map for the 57Fe implanted o
-Al2Os with 1.5><1017 ions/cm?.
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Fig.5 Bright field image and corresponding energy-dispersive X-Ray for the 57Fe implanted o-Al203
with 0.8>1017 ions/cm? (A),(C) and 1.5>10'7 ions/cm? (B),(D).
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Fig.6 CEMS spectra from the 57Fe implanted ot-AloO3 with total doses of 0.3> 1017 ions/cm? (A), 0.4><

1017 jons/cm? (B), 0.8><1017 ions/cm? (C), 1.2>< 1017 ions/cm? (D), and 1.5> 1017 ions/cm? (E).
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Fig.6 CEMS spectra from the 57Fe implanted ot-AloO3 with total doses of 0.3> 1017 ions/cm? (A), 0.4><

1017 jons/cm? (B), 0.8><1017 ions/cm? (C), 1.2>< 1017 ions/cm? (D), and 1.5> 1017 ions/cm? (E).
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Table Mossbauer parameters for components in CEMS spectra for 57Fe implanted in a-Al2Os.

Fe/Al203 Dose (ions/cm?)

Component
0.3x1017  0.4x1017  0.8x10'7  1.2x1017 1.5x1017

Feor LS. & mm/s) -0.07 -0.05 -0.04 0.01 0.04
Singlet W mm/s 0.64 0.68 0.70 0.76 0.75
superpara R 41.20 51.10 65.70 60.90 36.20
. LS. & mm/s) 0.71 0.77 0.71 0.75 0.77

e
@.S. AEeg mm/s 2.01 2.13 1.91 2.03 2.05

Doublet

W mm/s 0.56 0.66 0.63 0.51 0.68

para
R 27.70 23.40 11.80 15.90 21.00
LS. 8§ mm/s) 1.35 1.47 1.45 1.55 1.56

Fe2+
@.S. AEeg mm/s 1.57 1.50 1.28 1.17 1.20

Doublet

W mm/s 0.69 0.66 0.68 0.71 0.63

para
R 31.10 25.60 22.40 23.20 13.90
Feorn LS. & mm/s) - - - - -0.05
Sextet R - - - - 29.00
ferro HF T - - - - 29.23

LS =Isomer Shift, §.5=Quadrupole Splitting, W=Line Width, R=Relative Area, H.F.=Hyperfine Field
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Fig.8 Magnetization curves for the Fe/AloOs granules with a dose of 0.8><1017 ions/cm? (A), 1.2>10'7

ions/cm? (B), and 1.5>1017 ions/cm? (C), in perpendicular (90<) and in-plane field (0=).
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Fig.9 MR curves for the Fe/Al:O3 granules with a dose of 0.8><1017 ions/cm? (A), 1.2>1017 ions/cm?

(B), 1.5>10'7 jons/cm? (C), and 2.0>< 1017 ions/cm? with applied in-plane field (0=).
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Fig.9 MR curves for the Fe/Al:Os granules with a dose of 0.8><1017 ions/cm? (A), 1.2>10'7 ions/cm?

(B), 1.5>10'7 ions/cm? (C), and 2.0>< 1017 ions/cm? with applied in-plane field (0=).

Table MR Ratio in Fe/AloOs granules with changing dose of Fe implanted.

Dose (ions/cm?2) Ro (zero applied field) MR Ratio (%)
0.8x1017 101 (GQ) 8.0
1.1x1017 19 (GQ) 7.8
1.2x1017 12 (GQ) 7.5
1.5%1017 750 (MQ) 6.0
2.0x1017 490 (MQ) 5.8
3.0x1017 13 (MQ) 3.5
3.5x1017 1.4 (MQ) 2.2
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4-2 Fe/STO

CEMS VSM XRD TEM 100 keV  Fe
SrTiOs STO Fe/STO Fe
4-2-1 X
Fe 1.5>=<1017 ions/cm? Fe/STO GXRD Fig.1
Fe/STO Fe 30< STO 100
0.8>=<10'7 ions/cm? 44.5< bce
a-Fe 110 44.5<
GXRD 4-1-1 Fe/Al20O3
Scherre Table
Bulk o-Fe 2.866 nm
Fe/Al203 1 2 nm

Fe/STO a-Al:Os Fe

Table GXRD analysis for Fe/STO samples prepared by Fe implanted to a total dose of

0.8><1017 1ons/cm?2, 1.2>1017 ions/cm?2, and 1.5><1017 ions/cm?.

Fe/STO 20 Peak Width Lattice Parameter Granule's Diameter
Dose (ions/cm?) (degree) (degree) (nm) (nm)
0.8x1017 44.734 1.730 0.2863 5.0
1.2x1017 44.532 0.919 0.2875 9.3
1.5x1017 44.569 0.859 0.2873 10.0
Bulk o-Fe 44.670 - 0.2866
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Fig.1 GXRD patterns from the 57Fe ions implanted STO with total dose of 0.8>1017 ions/cm?2, 1.2>

1017 ions/cm2, and 1.5> 1017 ions/cm?2.
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4-2-2 TEM

Fig.2 0.8><107ions/cm? A 1.56><10'7ions/cm? B Fe
Fe/STO TEM Fe/STO TRIM code
100 nm XRD

0.8><10'7 ions/cm? A 1.5><10'7 ions/cm? B

Fe/STO A B C 3
A A
4-1-1 Fe/Al:Os B 1.4 76 nm
Fe/STO B Fe
C STO Fig.2
B Fe  1.5>=<10'7 ions/cm? 3
10 nm 0.9 5.5 nm
GXRD VSM
(A) 0.8>1017 ions/cm? (B) 1.5>1017 ions/cm?2

(A) Layer

57Fe implanted layer

(B) Layer
(C) Layer
Fig.2 Cross-sectioned TEM micrographs for 57Fe implanted STO with 0.8>1017 ions/cm2(A)and 1.5><

1017 ions/cm2(B).
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4-2-3 EDX

Fig.3 0.8><10'7 ions/cm? Fig.4 1.5><10'7 ions/cm? Fe/STO
EDX C Fe
Sr Ti 0 Fig.3 Fig.4
70 nm Fe
Fe TEM
Fig.5 Fe/STO  0.8><10!7 ions/cm? A 1.5><10%7 ions/cm2 B
EDX C
Fe Sr Ti 0)
TEM TRIM code
50 nm Fe
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bright field

Fig.3 Bright field image and corresponding energy-dispersive X-Ray map for the 57Fe implanted STO

with 0.8><1017 ions/cm?2.
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bright field

Fig.4 Bright field image and corresponding energy-dispersive X-Ray map for the 57Fe implanted STO

with 1.5>1017 ions/cm?2.
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Fig.5 Bright field image and corresponding energy-dispersive X-Ray for the >’Fe implanted STO with
0.8><1017 ions/cm? (A),(C) and 1.5> 1017 ions/cm? (B),(D).
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4-2-4 RBS PIXE

0.8><10'7 ions/cm? 1.5>=10'7 ions/cm? Fe Fe/STO
RBS Fig.6 PIXE Fig.7
Fig.6 Fe/STO Fe
Fe 0.8><107 ions/cm? A
87nm 1.2><10'7ions/cm? B 89 nm 1.56><10' ions/cm? C
93 nm TEM TRIM code
Fe Sr
Count
STO B.G.
Count Fe/STO
STO B.G. Fe Sr
PIXE Fe  Count
Fe Fe
PIXE X
Fe Count
100 keV  1.5><10'7 ions/cm? Fe Fe/STO
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Fig.6 RBS-ion channeling spectra for the 5’Fe implanted STO with 0.8><10'7 ions/cm? (A), 1.2><10'7

ions/cm? (B), and 1.5><1017 jons/cm? (C).
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Fig.7 PIXE spectra of 57Fe implanted STO with 0.8><1017 ions/cm? (A), 1.2><10'7 ions/cm? (B), and 1.5

<1017 ions/cm2 (C).
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4-2-5 CEM

Fig.8 STO 0.8><10'7ions/cm2 A 1.2><10'7ions/cm? B 1.5>=10%7
ions/cm? Fe Fe/STO CEM 0.8>=<10'7 ions/cm?
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Fig.8 CEMS spectra from the 57Fe implanted STO with total doses of 0.8>< 1017 ions/cm? (A), 1.2><1017

ions/cm? (B), and 1.5> 1017 ions/cm? (C).
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Table Mossbauer parameters for components in CEMS spectra for 57Fe implanted in STO.
Fe/STO Dose (ions/cm?)
Component
0.8x1017 1.2x1017 1.5x1017
Fe0r 1S 6 mm/s) -0.03 0.00 0.01
Singlet W mm/s 0.68 0.70 0.68
superpara R 69.70 45.90 23.20
L.8.§ mm/s) 1.43 1.48 1.36
Fez+
@.S. AEe; mm/s 1.04 1.01 1.09
Doublet
W mm/s 0.64 0.61 0.63
(para)
R 5.40 6.70 5.20
1S 6 mm/s) 0.58 0.62 0.57
Fe2tn
@.S. AEe; mm/s 1.81 1.80 1.93
Doublet
W mm/s 0.64 0.61 0.68
(para)
R 7.30 11.00 8.40
L85 mm/s) 0.22 0.21 0.28
Fe3+
@.S. AEe; mm/s 0.87 0.96 1.10
Doublet
W mm/s 0.45 0.57 0.69
(para)
R 17.60 14.30 12.80
Feln L.8.§ mm/s) 0.02 0.03
Sextet R 22.20 50.40
ferro HF T 27.86 29.66

LS =Isomer Shift, ¢.5=Quadrupole Splitting, W=Line Width, R=Relative Area, H.F.=Hyperfine Field
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Fig.10 CEMS spectra of 5Fe implanted with 1.2>1017 ions/cm?; (A) measured in a zero applied field,

(B) measured in an applied field of 0.4 T.
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Fig.11 Magnetization curves for the Fe/STO granules with a dose of 0.8><1017 ions/cm? (A), 1.2>10'7

ions/cm? (B), and 1.5> 1017 ions/cm? (C), in perpendicular (90=) and in-plane field (0=).
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4-2-8 TMR
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Fig.12 GXRD pattern from the Fe/STO granules at annealing 30 min in Ar. Annealing temperatures

for each step is indicated in the Figure.
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Fig.13 CEMS spectra for 57Fe implanted STO with 0.75>1017 ions/cm? at annealed 30 min in Ar.
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Fig.13 CEMS spectra for 5"Fe implanted STO with 0.75><1017 ions/cm? at annealed 30 min in Ar.
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Fig.13 CEMS spectra for Fe5” implanted STO with 0.75> 1017 ions/cm? at annealed 30 min in Ar.
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Fig.13 CEMS spectra for 57Fe implanted STO with 0.75> 1017 ions/cm? at annealed 30 min in Ar.
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Table Mossbauer parameters for components in CEMS spectra for 57Fe implanted in

STO and subsequently annealed 30 min in Ar at the indicated temperatures.

Anneal (0.75%1017 ions/cm?)

Component as implanted
200 300 400 500
Feo LS. 6 mm/s) -0.02 -0.03
Singlet W mm/s 0.69 0.70
superpara R 66.90 63.30
LS. & mm/s) 0.57 0.64 0.92
Fe2+
@.S. AEeg mm/s 1.99 1.78 1.32
Doublet
W mm/s 0.63 0.63 0.70
para
R 9.20 7.10 10.50
1.5 & mm/s) 1.49 1.46
Fe2+p
@.S. AEeg mm/s 1.07 0.82
Doublet
W mm/s 0.65 0.64
para
R 5.30 8.00
. LS. 6 mm/s) 0.21 0.19 0.35 0.30 0.30
est
@.S. AEeg mm/s 0.82 0.90 0.76 0.80 0.80
Doublet
W mm/s 0.46 0.45 0.47 0.42 0.43
para
R 18.60 21.60 43.20 52.00 57.80
LS. & mm/s) 0.31 0.27 0.27
Fe3+n
@.S. AEeg mm/s 1.27 1.31 1.31
Doublet
W mm/s 0.51 0.45 0.44
para
R 46.30 48.00 42.20

LS=Isomer Shift, ¢.S5.=Quadrupole Splitting, W=Line Width, R=Relative Area
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Table Mossbauer parameters for components in CEMS spectra for 57Fe implanted in

STO and subsequently annealed 30 min in Ar at the indicated temperatures.

Anneal (0.75%1017 jons/cm?2)

Component

600 700 800 900 1000
. LS. & mm/s) 0.34 0.35 0.35 0.35 0.36

edt
Q.S. AEeg mm/s 0.65 0.58 0.56 0.56 0.57

Doublet

W mm/s 0.44 0.38 0.38 0.43 0.42

para
R 58.60 61.80 60.10 60.76 34.99
LS. § mm/s) 0.29 0.33 0.33 0.33 0.35

Fe3+
Q.S. AEeg mm/s 1.18 1.03 1.01 1.04 1.04

Doublet

W mm/s 0.47 0.44 0.44 0.52 0.50

para
R 41.40 38.20 39.90 33.96 24.29
LS. & mm/s) - - - 0.54 0.50
a-FeaOs3 @.S. AEeg mm/s - - - 0.31 0.24
Sextet W mm/s - - - 0.33 0.45
ferro R - - - 52.88 40.72
HF T - - - 5.29 51.90

IL.S=Isomer Shift, @.S=Quadrupole Splitting, W=Line Width, R=Relative Area,
H.F.=Hyperfine Field
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4-3 Fe/YSZ
Yttria Stabilized Zirconia YSZ 5TFe
GXRD TEM CEMS VSM
Fe/YSZ

1.2><10'7 1ons/cm?

Fe
TMR
4-3-1 X
Fe/YSZ X O 25°< GXRD
A 20 © XRD B C Fig.1
(S GXRD Fe B.G.YSZ 60
YSZ 311 Fe
59< Fe
Fe
Zr*t  Fett
b
X e 25° Fe/YSZ GXRD 4-1-1
Fe/Al203 4-1-2 Fe/STO Bulk o-Fe
110 44.5<
20 © B C 1.2>10'7 ions/cm?
44.5< a-Fe YSZ
Fe
al 35< 74< YSZ 200 400

61



1.5><10'7 ions/cm?2 Fe/YSZ 1.2><10'7 10s/cm?2

44.5< XRD
Table
1.2><107ions/cm?2 9nm 1.5><10'7ions/cm? 10nm VSM
Bulk o-Fe YSZ Fe

Fe

Table XRD analysis for Fe/YSZ samples prepared by Fe implanted to a total dose of 0.8

> 1017 1ons/cm2, 1.2>1017 ions/cm2, and 1.5> 1017 ions/cm?2.

Fe/YSZ 20 Peak Width Lattice Parameter Granule's Diameter
Dose (ions/cm?) (degree) (degree) (nm) (nm)
0.8x1017
1.2x1017 44.524 0.997 0.2875 8.6
1.56x1017 44.528 0.882 0.2875 9.7
Bulk o-Fe 44.670 - 0.2866
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Fig.1 GXRD and XRD patterns from the 5’Fe ions implanted YSZ with total dose of 0.8><107
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Fig.2 Cross-sectioned TEM micrographs for Fe implanted YSZ with 0.8> 1017 ions/cm2(A),(C) and 1.5><

1017 ions/cm2(B),(D).
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Fig.3 Bright field image and corresponding energy-dispersive X-Ray map for the Fe implanted YSZ

with 0.8>10'7 ions/cm?2.
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Fig.4 Bright field image and corresponding energy-dispersive X-Ray for the Fe implanted YSZ with
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70



60 5 34
superpara Fe’,
50 N
oxide Fe™ [ +Fe™’, 133

40 | T E/
< 30 | R 132 ¢
e 0 % By =
= ferro Fe", o
‘_U 20 B d F 3+ >
3 oxide Fe™_ 13 I

10

0 30

0.4 0.8 12 1.6

Dose >10" ions/cm’
Fig.6 Fractional proportions of iron states present in implanted Fe/YSZ granules.

Table Mossbauer parameters for components in CEMS spectra for 57Fe implanted in YSZ.

Fe/YSZ Dose (Gons/cm?2)

Component

0.8x1017 1.2x1017 1.5x1017

FeOr 156 mm/s) 0.02 0.02 0.02

Singlet W mm/s 0.67 0.65 0.66

superpara R 55.70 39.30 37.30

1.5 8 mm/s) 0.79 0.71 0.70

Fe2* }.S. AEeg mm/s 2.05 1.95 1.95

Doublet W mm/s 0.65 0.64 0.63

R 12.90 10.10 8.80

156 mm/s) 1.62 1.51 1.50

Fe2+ @.S. AEeg mm/s 1.01 1.20 1.20

Doublet W mm/s 0.70 0.69 0.68

R 18.80 21.60 20.00

L.5.6 mm/s) 0.28 0.29 0.29

Fe3+ @.S. AEeg mm/s 1.08 1.14 1.17

Doublet W mm/s 0.43 0.53 0.56

R 12.60 13.90 14.00

FeOr LS. 6 mm/s) - 0.04 0.02

Sextet R - 15.10 19.90

ferro H.F. (T) - 31.78 31.99

L.S=Isomer Shift, §.S5.=Quadrupole Splitting, W=Line Width, R=Relative Area, H.F.=Hyperfine Field
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Fig.7 Magnetization curves for the Fe/YSZ granules with a dose of 0.8>10!7 ions/cm? (A), 1.2>1017
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Fig.9 CEMS spectra for 57Fe implanted YSZ with 0.75><1017 ions/cm? at annealed 30 min in Ar.
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Fig.9 CEMS spectra for 5"Fe implanted YSZ with 0.75>1017 ions/cm? at annealed 30 min in Ar.
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Fig.9 CEMS spectra for 57Fe implanted YSZ with 0.75><1017 ions/cm? at annealed 30 min in Ar.
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Table Mossbauer parameters for components in CEMS spectra for >”Fe implanted

in YSZ and subsequently annealed 30 min in Ar at the indicated temperatures.

Anneal (0.75%101'7 ions/cm?)

Component as implanted
200 300 400 500
Fe0 1.5 8 mm/s) 0.02 0.02
Singlet W mm/s 0.71 0.57
superpara R 53.60 38.50
156 mm/s) 0.86 0.60
Fe2+; @.S. AEeg mm/s 2.07 1.80
Doublet W mm/s 0.64 0.57
R 21.70 6.10
156 mm/s) 1.64 1.41
Fezty Q.S. AEeg mm/s 1.10 1.33
Doublet W mm/s 0.69 0.63
R 18.20 18.80
LS. 6 mm/s) 0.31 0.38 0.38 0.36 0.36
Fed* Q.S. AEeg mm/s 1.03 1.25 0.85 0.87 0.88
Doublet W mm/s 0.43 0.54 0.44 041 0.41
R 6.60 36.70 51.80 53.40 51.50
156 mm/s) - - 0.39 0.36 0.37
Fesd+ @.S. AEeg mm/s - - 1.40 1.43 1.44
Doublet W mm/s - - 0.48 0.45 0.46
R - - 48.20 46.60 48.50

L.S=Isomer Shift, §.S.=Quadrupole Splitting, W=Line Width, R=Relative Area
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Table Mossbauer parameters for components in CEMS spectra for 5"Fe implanted in YSZ and

subsequently annealed 30 min in Ar at the indicated temperatures.

Anneal (0.75%1017 jons/cm?2)

Component

600 700 800 900 1000

156 mm/s) 0.36 0.36 0.36 0.37 0.38

Fed*r Q.S. AEeg mm/s 0.86 0.90 0.91 0.95 1.04
Doublet W mm/s 0.39 0.41 0.41 0.41 0.47
R 47.30 54.70 54.40 46.67 23.96

L.5.6 mm/s) 0.36 0.37 0.37 0.37 0.40

Fe3*n Q.S. AEeg mm/s 1.42 1.48 1.48 1.52 1.31
Doublet W mm/s 0.47 0.45 0.46 0.46 0.62
R 52.70 45.30 45.60 37.59 39.69

1.5 8 mm/s) - - - 0.43 0.49

a-FeaOs3 Q.S. AEeg mm/s - - - 0.24 0.24
Sextet W mm/s - - - 1.30 0.24
ferro R - - - 15.74 36.35
HF T - - - 47.20 51.15

LS=Isomer Shift, ¢.S=Quadrupole Splitting, W=Line Width, R=Relative Area, H.F.=Hyperfine Field
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Fig.1 GXRD and XRD patterns from the 5’Fe ions implanted TiOz with total dose of 0.3><10!7

ions/cm?, 0.4><1017 ions/cm2, 0.8>< 107 ions/cm?2, 1.2>10!7 ions/cm2, and 1.5><1017 ions/cm?2.
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Table XRD analysis for Fe/TiOz samples prepared by Fe implanted to a total dose of 0.3

> 1017 1ons/cm?, 0.4>< 1017 jons/cm2, 0.8>< 1017 ions/cm?2, 1.2><1017 1ons/cm?2, and 1.5><1017

ions/cm2.

Fe/TiO¢ 20 Peak Width Lattice Parameter Granule's Diameter

Dose (Gons/cm2) (degree) (degree) (nm) (nm)
0.3x1017
0.4x1017
0.8x1017 44.858 1.203 0.2855 7.1
1.2x1017 44.569 0.921 0.2873 9.3
1.56x1017 44.602 0.865 0.2871 9.9

Bulk o-Fe 44.670 - 0.2866
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Fig.3 Bright field and Dark field image for the Fe implanted TiO2 with 1.5>10'7 ions/cm2.
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Fig.4 Bright field image and corresponding energy-dispersive X-Ray map for the Fe implanted TiO2

with 0.8>10'7 ions/cm?2.
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Table Madssbauer parameters for components in CEMS spectra for 57Fe implanted in TiOs.

Fe/TiO2 Dose (ions/cm?)

Component
0.3x1017  0.4x10'7 0.8x1017 1.2x1017  1.5x1017
Feop LS. 8 mm/s) - 0.01 0.03 0.03 0.02
Singlet W mm/s - 0.17 0.72 0.71 0.70
superpara R - 2.50 34.70 11.90 10.00
158 mm/s) 0.98 0.98 1.20 1.01 1.00
Fe2*r @.S. AEeg mm/s 1.67 1.53 1.70 1.34 1.33
Doublet W mm/s 0.51 0.49 0.59 0.72 0.70
R 47.80 49.70 27.50 18.30 17.70
LS. 8 mm/s) 0.98 0.97 0.74 0.91 0.89
Fe2t @.S. AEeg mm/s 2.40 2.33 1.84 2.18 2.22
Doublet W mm/s 0.46 0.45 0.61 0.73 0.70
R 52.20 47.80 30.20 17.70 14.10
Feorr 156 mm/s) - - 0.05 0.03 0.02
Sextet R - - 7.60 13.80 25.60
ferro HF T - - 30.76 32.81 32.53
[Fe-Til1 1586 mm/s) - - - 0.00 0.01
Sextet R - - - 11.70 10.10
ferro HF. T - - - 31.13 30.83
[Fe-Tilu LS. 6 mm/s) - - - -0.02 -0.07
Sextet R - - - 26.50 22.60
ferro HF T - - - 28.31 28.04

LS=Isomer Shift, ¢.S=Quadrupole Splitting, W=Line Width, R=Relative Area, H.F.=Hyperfine Field
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Fig.8 Magnetization curves for the Fe/TiO: granules with a dose of 0.8><10'7 ions/cm? (A), 1.2><1017

ions/cm? (B), and 1.5>1017 ions/cm? (C), in perpendicular (90<) and in-plane field (0=).

97



4-4-7

CEMS XRD VSM TEM Fe/TiOq
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Fe-Ti
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4-5 Fe/Si02

CEMS GXRD VSM cSi02 aSi0z
74keV  57Fe Fe Fe/Si0q
Si Fe
Fe-Si
4-5-1 X
Fig.1 ¢Si0z aSi102 Si02
GXRD 20 44.5 bcc o-Fe 110
Fig.1
Table a-Fe Bulk  0.287
nm
Fe a-Fe
Fe-Si
Fe-Si
Fe Si Fig.1
Table cSi02 aSiOq Fe 1.5>10'7 ions/cm?
o-Fe
1.5><10'7 ions/cm?  Fe/Al203
Si0g Si0z  a-Al:0s a-Fe
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cSi0,(A)

0.7x10'" ions/cm?

Intensity (a.u.)
]

40

cSi04(B) 1.0x10'7 ions/cm®
WMMW

cSi04(C) 1.2x10"" jons/cm®

cSi0,(D) MW/”\\\N“ 1.5x10"" jons/cm®
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20

Fig.1 GXRD patterns from the Fe implanted layers in Fe/cSiOz; A, B, C, D, F and Fe/aSiO2;G.

Table GXRD parameters obtained for the Fe/cSiO2 and the Fe/ aSiO2 sample in Fig.1.

Sample Dose 20 Peak width Lattice Granule's Clusters
Matrix
Number (ions/cm?) (degree) (degree)  Parameter (nm) Diameter (nm)
A 0.7x1017  44.37 1.536 0.2885 5.6
B 1.0x1017  44.63 0.789 0.2869 10.9
C . 1.2x1017 44.66 0.595 0.2867 14.4
¢SiOz
D 1.5x1017 44.67 0.486 0.2866 17.7
E 2.0x1017  44.67 0.354 0.2866 24.2
F 2.56X1017  44.67 0.292 0.2866 29.4
G aSi0z  1.5x1017  44.69 0.524 0.2865 16.4
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4-5-2 CEM

Fig.2 51Fe 1.0><10'7ions/cm? (A) 1.2><1017ions/cm? (C) 2.0
107 ions/cm? (C) cSi0: CEM Fig.2(D)
1.5><10'7ions/cm? aSi10:2 Fig.2 (A)
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Fe Singlet
o-Fe T
%4 T
T=1, exp(i:—\_:_] 7, =1ns 1
K ks
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Fig.2 (B) 0.2><10'7 ions/cm?
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Fig.2 (A) 2.0>1017

ions/cm?  Fig.2(C) Fe
Fig.2(D)
Fe/aSi02 0 mm/s Singlet(ax-Fe) (Fe2) Doublet
Sextet Fe/cSi02
Fe/Al2O3 a-Fe
1.5>< 1017 1ons/cm?
Fe/Si02 Fe/Al2Os 0.5>< 1017 ions/cm?
Fe S102
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Fig.2 CEM spectra of the Fe/cSiOz granules for 1.0><1017 ions/cm?2 (A) and 1.2>10'7 ions/cm? (B), 2.0

=107 ions/cm? (C), and the Fe/aSiO2 granules for 1.5> 1017 ions/cm?2 (D). The spectra are composed of

singlet, doublet, and a set sextet peaks.
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Fig.2 CEM spectra of the Fe/cSiOz granules for 1.0><10'7 ions/cm2 (A) and 1.2><10'7 ions/cm?2 (B), 2.0

<1017 ions/cm? (C), and the Fe/aSiO2 granules for 1.5>1017 ions/cm?2 (D). The spectra are composed of

singlet, doublet, and a set sextet peaks.
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Table Mossbauer parameters of ion nano-particles present in implanted the Fe/cSiOz2 and the Fe/aSiOs

sample, obtained from Fig.2 (A), (B), (C) and (D). The column* shows the Bi change relative to the site 1.

Implantation Hyperfine parameters
Sample name Fe ions Bit (T) Bam/ Buel* Isomer Shift (mm/s)
(ions/cm?) Site 1 Site2 Site3 Sitel Site2 Site3 Site1l Site2 Site 3
1.0x1017 29.5 24.1 156 1.000 0.818 0.529 0.024 0.060 0.073
Fe/cSi02 1.2x1017 31.0 281 24.0 1.000 0.905 0.773 0.033 0.073 0.076
2.0x1017 32.7 30.3 274 1.000 0.926 0.838 0.021 0.056 0.075
Fe/aS102 1.5x1017 32.1 29.6 25.6 1.000 0.920 0.797 0.023 0.058 0.091
Bulk Fe-Si alloy 1.000 0.917 0.834 0.010 0.030 0.090
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4-5-3 VSM

Fig.3 0.7>=10'7 1.5>< 1017 ions/cm? Fe Fe/cSiOq
1.5>10'7 ions/cm? Fe Fe/aSiOq
O o
90< Fig.3 A 0.7><10'7 ions/cm?  Fe/cSi02
Fig.3(B) 1.5>10'7 ions/cm2?  Fe/cSiO2

Fig.3(C)  1.5><10'7ions/cm?
Fe/aSi02
SiOq
CEMS

Fig.3
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Fig.3 Magnetization curves for the Fe/cSiOz granules with a dose of 0.7>1017 ions/cm? (A), 1.5><1017

ions/cm? (B), and the Fe/aSiO: granules for 1.5>10'7 ions/cm? (C), in perpendicular (90<) and

in-plane field (0=).
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4-5-4 MR
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4-6 Fe/ZnO
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6=25<
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Fig.1 GXRD and XRD patterns from the 5’Fe ions implanted ZnO with total dose of 0.3><107

ions/cm2, 0.8>< 107 ions/cm2, 1.2><107 ions/cm2, and 1.5> 1017 ions/cm?2.
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4-6-2 EDX

Fig.2 Fe 0.8><10'7 ions/cm? Fe/ZnO  EDX
C Fe
Zn O Fe 75 nm
TRIM code Fe
Fe/Al:Os Fe/STO Fe/YSZ Fe/TiOq
Fe/ZnO
Zn
Fe 0.8=<10'7 ions/cm? A C 1.5><10'7 ions/cm2 B D
Fe/ZnO EDX Fig.3 C
Fe Zn O
TRIM code 50 nm
Fig.3 C Fe/ZnO  0.8><10'7ions/cm?  Fe 80 nm
Zn O 11
Fe 1.5>< 107 ions/cm? Fig.3 D Fe
Fe
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bright field

Fig.2 Bright field image and corresponding energy-dispersive X-Ray map for the Fe implanted ZnO

with 0.8><1017 ions/cm?2.
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Fig.3 Micrograph of cross-sectioned specimen and corresponding energy-dispersive X-Ray for the Fe
implanted ZnO with 0.8>10'7 ions/cm? (A),(C) and 1.5>10'7 ions/cm? (B),(D).
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4-6-3 CEM

Fig.4 Fe 0.3 1.5><10'7 ions/cm? Fe/ZnO CEMS
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Fig.5

115



1.28

0.3>10"" ions/cm’ A

118

1.08

Relative Intensity

0.98

1.62

141

119

Relative Intensity

0.98

Velocity (mm/s)

1.88

1.2><10" ions/cm? ). C

158

1.28

Relative Intensity

0.98
-10 -8 -6 -4 -2 0 2 4 6 8 10
Velocity (mm/s)
Fig.4 CEMS spectra from the Fe implanted ZnO layers with total doses of 0.3><1017 ions/cm? (A), 0.8

<1017 ions/cm? (B), 1.2><10'7 ions/cm? (C), and 1.5> 1017 ions/cm? (D).
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Fig.5 CEMS spectra from the Fe implanted ZnO layers with total doses of 0.3><10'7 ions/cm? (A), 0.8

1017 jons/cm2 (B), 1.2> 1017 ions/cm? (C), and 1.5><1017 ions/cm? (D).
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Fig.5 Fractional proportions of iron states present in implanted Fe/ZnO.
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Table Mossbauer parameters for components in CEMS spectra for 57Fe implanted in ZnO.
Component Fe/ZnO Dose (ions/cm?) ZFesOn 1 Fe/ZnO 15!
0.3x1017 0.8x1017 1.2x1017 1.5%1017 4.0x1016
1586 mm/s) 0.93 0.95 0.93 0.93 0.69
Fe2 Q.S. AEeg mm/s 0.84 0.99 1.03 1.08 0.60
Doublet W mm/s 0.42 0.48 0.48 0.52
R 49.70 41.80 35.60 43.80
L1586 mm/s) 0.74 0.78 0.81 0.84 0.78
Feztyy @.S. AEe; mm/s 1.80 2.04 1.95 1.97 1.30
Doublet W mm/s 0.46 0.33 0.37 0.35
R 18.70 12.20 17.30 13.10
LS8 mm/s) 0.43 0.34 0.36 0.36 0.35 0.53
Fes+ Q.S. AEeg mm/s 0.35 0.55 0.52 0.53 0.43
Doublet W mm/s 0.39 0.48 0.47 0.45 0.39
R 31.60 46.00 47.10 43.10 100.00
Feo LS. 6 mm/s) 0.06
Sextet
forro HEF T 30.50

I.S5=Isomer Shift, §.S5.=Quadrupole Splitting, W=Line Width, R=Relative Area, H.F.=Hyperfine Field
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Fig.6 Magnetization curves for the Fe/ZnO with a dose of 0.8>1017 ions/cm?2 (A), 1.2><1017 ions/cm?

(B), and 1.5><10'7 ions/cm? (C), in perpendicular (90<) and in-plane field (0=).
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4-6-5
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5-1 FeCu/SiOq

cSi02 5Fe  6Cu FeCu/cSiOq
CEMS GXRD ¢S102
Fe-Cu
5-1-1 X
Fig.1 1.0 1.2><10'7ions/cm? Fe Fe/cS102
Cu 0.7><10'7 ions/cm? 1.7
1.9>< 107 ions/cm? GXRD Fe/cSiO2
FeCu/cSiOq 20 445 bcc o-Fe 110
20 434 fec  Cu(111)
Cu
Fig.1 GXRD
Table 1 Table
a-Fe bee 110 Cu fec 111
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(A) 1.0>=<10" Fe/cm?

(B) 1.7><10*" Fe+Cu/cm?

e (C) 1.2<10" Fe/cm?

(D) 1.9<10 Fe+Cu/cm?

Intensity (a.u.)

40 41 42 43 44 45 46 47 48 49 50

20
Fig.1 GXRD patterns from the Fe and Cu implanted ¢SiOz layers with total doses of 1.0>< 107 Fe/cm?

(A), 1.7><1017 Fe+Cu/cm2 (B), 1.2><1017 Fe/em2 (C), and 1.9><10!7 Fe+Cu/cm?2 (D).

Table GXRD parameters obtained for the Fe/ and FeCu/cSiO2 sample in Fig.1.

Sample Implantation ions 260 Lattice parameter
Number  Fe [ions/cm?] Cu [ions/cm2?]  Fe (1100 Cu(111) Fe[nm] Cu [nm]
A 1.0x1017 - 44.63° - 0.2869
B 1.0%x1017 0.7x1017 44.46° 43.33° 0.2879 0.3614
C 1.2x1017 - 44.66° - 0.2867
D 1.2x1017 0.7x1017 44.40° 43.40° 0.2883 0.3609
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5-1-2 CEM

Fig.2 Fe 1.0<10'ions/cm?2 1.2>< 1017 ions/cm? Fe/cSi02
0.7><10'7 ions/cm? Cu FeCu/cSi0q CEM
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Table Fig.2(A) Fig.2(B) CEM 4-1-5
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Fig.3 3
Table
FeCu/cSiOq Cu 0 mm/s Singlet
Feo Doublet Fe?* Fedt
Sextet Fe?
Cu Cu
Pereira de Azevedo Cu Fe
1
Fe Cu CMES (l Singlet
Cu Fe
GXRD Fe-Al-O
[2]
Fig.3 Fig.2(A) (B) CEM Bt
270 T
Bt
22.3 T 235 T DBt

124



Cu

Fe-Cu

81 Fe-Cu

Cu

GXRD

4-1-5

Fe-Si-Cu

125

Fe/Si02



1.23

(A) Cu(41%)
118 | 1.7>10Y Fe+Cu/cm?
)
2
o 1.13
I=
(6]
S 1.08
k
(6]
[a'e
1.03
0.98
10 -8 -6 -4 -2 0 2 4 6 8 10
Velocity (mm/s)
123
(B) Cu37%)
118 I 1.9>10Y Fe+Cu/cm?
2
o 1.13
=
(6]
S 1.08
=
(6]
[a'e
1.03
0.98

-10 -8 -6 -4 -2 0 2 4 6 8 10
Velocity (mm/s)
Fig.2 CEM spectra from the Fe and Cu implanted ¢SiO2 layers with total doses of 1.7>1017

Fe+Cu/cm? (A), and 1.9><10'7 Fe+Cu/cm? (B).
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Fig.3 The distribution of internal fields in the Fe and Cu implanted ¢Si102 layers with doses of 1.7>

1017 Fe+Cu/cm? (solid curve) and 1.9 1017 Fe+Cu/cm? (broken curve).
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Table Mossbauer parameters for components in CEMS spectra for 57Fe and ¢2Cu implanted in ¢SiOa.

Fe/ and FeCu/cSiO2 Dose (ions/cm?)

Component
1.0[Felx1017 (1.0[Fel+0.7[Cul)x1017 1.2[Fe]x1017 (1.2[Fel+0.7[Cul)x1017

Feor 1.5.6 mm/s) 0.03 0.02 0.01 0.02

Singlet W mm/s 0.70 0.50 0.88 0.40

superpara R 16.70 3.60 12.80 2.80

156 mm/s) 1.22 1.15 1.13 1.52

Fe2* Q.S. AEeg mm/s 1.59 1.70 1.44 1.05

Doublet W mm/s 0.70 0.71 0.89 0.70

R 12.10 14.50 16.40 9.20

1.5.6 mm/s) 0.40 0.50 0.29 0.66

Fe2*p Q.S. AEeg mm/s 1.65 1.40 1.96 1.81

Doublet W mm/s 0.70 0.71 0.80 0.70

R 19.10 9.30 7.70 5.10

LS. 8 mm/s) 0.32 0.32 0.42 0.29

Fes+ @.S. AEcg mm/s 0.40 0.34 0.45 0.22

Doublet W mm/s 0.70 0.70 0.71 0.34

R 16.30 4.60 2.80 3.60

Feort LS. 8 mm/s) 0.02 0.09 0.03 0.08

Sextet R 8.30 68.00 27.30 79.30

ferro HF T 29.49 22.28 31.04 23.47
Feom 1.5.6 mm/s) 0.06 - 0.07
Sextet R 11.80 - 21.20
ferro HF T 24.13 - 28.10
Felry LS. & mml/s) 0.07 - 0.08
Sextet R 15.60 - 11.90
ferro HF T 17.53 - 24.00

L.S=Isomer Shift, §.S.=Quadrupole Splitting, W=Line Width, R=Relative Area, H.F.=Hyperfine Field
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5-1-3 MR
4-1-5

==x12T

MR

Cu

5-1-4

Cu

CEMS

Reference

Fe/cSi02 MR H
1.5 % MR Fe/cSi02 Fe
Cu
MR Cu
FeCu/cSi0q
Fe-Cu
Fe/cSiO2
GXRD X
Cu Fe
Fe-Cu

[1] M.M. Pereira de Azevedo, J.B. Sousa, J.A. Mendes, B.G. Almeida, M.S. Rogalski, Y.G.

Poborelov, I. Bibicu, L.M. Redondo, M.F.da Silva, C.M.Jesus, J.G.Marques, and J.C.

Soares, J. Mag. Mag. Mater., Vol.173, No.3, pp.230-240 (1997).

[2] N. Hayashi, T. Moriwaki, I. Sakamoto, T. Toriyama, and H. Wakabayashi, Nucl Instr

and Meth. in Phys. Res. B 206, 1066-1071 (2003).

[3] F. Gonella, Nucl. Instru. Meth. B, Vol.166/167, pp.831-839 (2000).
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5-2 FeCu/Al:O3

CEMS GXRD VSM 5TFe 63Cu
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5-2-1 X
Fe/Al203 FeCu/Al203 GXRD Fig.1 Fe 1.2
><10'7 ions/cm? 20 44.5< Dbcc a-Fe 110
Cu 20 43.1< fec Cu 111
Cu a-Fe 110
FeCu Fe 1.2>
10'7ions/cm? Cu 0.8><1071ions/cm? Fig.1 D
Fe Cu
bce a-Fe 110 0.288 nm
fee Cu(111) 0.363nm
Bulk o-Fe 0.287nm Bulk Cu  0.365nm
Fe Cu Fig.1 D
4 nm Cu Fe
Cu Fe/Al203 Cu
Fe a-Fe  bce
Cu Fe-Cu
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Fig.1 GXRD patterns from the Fe and Cu implanted a-Al:0slayers with total doses of 1.0><1017

Felem? (A), 2.0 1017 Cu(50at.%)/cm2 (B), 1.2><1017 Fe/em2 (C), 2.0>< 1017 Cu(40at.%)/cm?2 (D), 1.5>< 1017
Fe/cmz2 (E), and 2.0>=<1017 Cu(25at.%)/cm2 (F).
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5-2-2 CEM

Fig.2 A B Fe Cu 2.0><10'7 ions/cm?
CEM Cu A 40 at.%
0.8><10'7 ions/cm? B 25 at.% 0.5><10'7 ions/cm? Fe
Cu CEM Cu
Fe
Table I
Fig.2 CEM
Fig.2(A) 0 mm/s Fe0 Singlet
Fe?t Doublet Fe? Sextet
LS. Isomer Shift Singlet

0 mm/s Singlet
Sestet
o-Fe
LS. Siglet  wy-Fe
Doublet
[ 4-1-1
Fe/Al:03 Cu
Sextet
Singlet
Cu Fe
Fe0 Bt Cu
4-2-1 FeCu/SiOz CEM
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4-1-1
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Fig.2 CEMS spectra from the Fe and Cu implanted Al:Os layers with total doses of (1.2+0.8)> 1017

Fe+Cu/cm? (A) and (1.5+0.5)>< 1017 Fe+Cu/cm? (B).
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Mossbauer parameters for components in CEMS spectra for 57Fe and 63Cu implanted in a-Al2Os.

Table
Fe/ and FeCuw/Al20s Dose (ions/cm?)
Component
1.2[Fe]x1017 (1.2[Fel+0.8[Cul)x1017 1.5[Fe]x1017 (1.5[Fe]+0.5[Cul)x1017
Feor 1.5 8§ mm/s) 0.01 0.02 0.04 0.03
Singlet W mm/s 0.76 0.88 0.71 0.70
superpara R 60.50 40.10 32.00 20.40
y-Fe LS. 8 mm/s) -0.11 -0.10 -0.10 -0.09
Singlet W mm/s 0.60 0.61 0.70 0.62
para R 3.10 0.60 4.10 0.30
1.5 8§ mm/s) 1.56 1.59 1.52 1.46
Fe2+
@.S. AEeg mm/s 1.21 1.07 1.21 1.17
Doublet
W mm/s 0.64 0.55 0.68 0.71
para
R 16.20 12.70 16.10 16.60
LS. & mm/s) 0.80 0.94 0.75 0.74
Fe2+
@.S. AEeg mm/s 2.02 1.69 2.05 2.02
Doublet
W mm/s 0.61 0.86 0.71 0.72
para
R 19.80 40.00 20.10 14.70
Feor LS. 8§ mm/s) 0.02 0.11 -0.05 0.03
Sextet R 0.50 6.60 27.70 48.00
ferro HF T 20.07 22.80 29.21 28.10

L.S=Isomer Shift, ¢.S=Quadrupole Splitting, W=Line Width, R=Relative Area, H.F.=Hyperfine Field
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5-2-3 VSM

Fig.3 1.240.8 >=<10!7 Fe+Cu/cm? Fe Cu FeCu/Al203

0= 90° 4-1-1
1.2 107 ions/cm2  Fe/Al20s3
FeCu/Al20s

0= 90°<

12
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Fig.3 Magnetization curves for the FeCu/Al:03 granules with a dose of (1.2+0.8)>< 1017 Fe+Cu/cm?2, in

perpendicular (90<) and in-plan field (0=).
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5-2-4 MR

Fig4 A 1.2><10'7 Fe/cm? Fe/Al203 B 1.2+0.8
=107 Fe+Cu/cm2?2 FeCu/Al:03 MR MR
H MR
Fo Rx
H=12T Fe/Al:0s MR 7.5
Cu 1.7 Cu MR
Table 2.0><10'7 ions/cm? Cu
Cu MR
TMR
MR
Fe-Co Fe
MR
FeCu/Al203 MR
Cu
Cu Fe/Al:Os
Cu MR FeCu/Al20s
Cu
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(B)
(1.2+0.8)>< 10" Fe+Cu/cm?

(A)
1.2><10Y" Fe/cm?

MR Ratio (%)
A

-08 -06 -04  -02 0 0.2 0.4 0.6 0.8
External Field (T)

Fig.4 MR curves from Fe//Als0s (1.2><10'7 Fe/lcm?) and FeCo/AlzOs (2.0>< 1017 Cu(40at.%)/cm?).

Table MR Ratio in Fe-Cu granules with changing dose of Cu implanted.

Dose .
MR Ratio (%) Ru=0 (GQ)
Fe (ions/cm?)  Cu (ions/cm?)
1.0x1017 1.0x1017 0.9 3.34
1.2%x1017 0.8x1017 1.7 0.56
1.5x1017 0.5%x1017 3.7 2.68
1.2x1017 - 7.5 11.8
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5-2-5

5TFe 63Cu a-Al20s
FeCu/Al203 Fe Fe-Cu
FeCu CEMS X
GXRD VSM Cu
Fe-Cu
MR Cu FeCu/Al:Os
Cu

Reference

[1] H. Wakabayashi, T. Hirai, T. Toriyama, N. Hayashi, and I. Sakamoto, Phys. Stat. Sol. (a),
189/170, 515-520 (2002).

[2] Xing-zhao Ding, B.K. Tay, X.Shi, M.F. Chiah, W.Y. Cheung, S.P. Wong, J.B. Xu, and I.H.
Wilson, . Appl. Phys., 88, 2745-49 (2000).

[38] F. Gonella, Nucl. Instru. Meth. B, 166/167, 831 (2000).
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5-3 FeCo/Al203
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(A) 1.1><10" ions/cm?

Co 12at.%

Co 20at.%

Intensity (a.u.)

40 41 42 43 44 45 46 47 48 49 50

20
(B) 1.2><10" ions/cm?
Co Only
5
.
2 Co 25at %
2
e
=
Co 38at.%
38 41 44 47 50 53
20

Fig.1 GXRD patterns from the 5"Fe and 59Co ions implanted o-Al203 with total dose of 1.1><1017

ions/cm? and 1.2><1017 ions/cm?.

Table GXRD analysis for Fe/ and FeCo/Al203 samples prepared by Fe and Co implanted to a total dose of

1.2x1017 1ons/cm? and 2.0>< 1017 ions/cm?2.

FeCo/Al20s3 Concentration 26 Peak Width Lattice Parameter Granule's Diameter

Dose (ijons/cm?2) Co at.% (degree)  (degree) (nm) (nm)
25 44.403 1.946 0.2883 4.4
1.2x1017
38 44.692 2.106 0.2865 4.1
0 44.678 0.3794 0.2866 19.3
2.0x1017 25 44.794 0.5673 0.2859 12.9
60 45.155 0.6172 0.2837 11.9
30 - - 0.286

Bulk Fe-Co alloy
70 - - 0.284
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5-3-2 CEM

Fig.2 CEMS Co 25at.% 1.0><10'7ions/cm? A B 21 at.%
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35T Bt Vincze 1.1 Fe
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Fig.2 CEMS spectra of FeCo/Al:Os from 1.0 < 107 FeCo(25at%)/cm? (A),(B) and 1.2 > 1017

FeCo(21at.%)/cm? (C),(D);(A) and (C) measured in a zero applied field, (B) and (D) measured in an
applied field of 0.4 T.

142



1.23

(B) Co(25%) |
118 | 1.0><10Y jons/cm?
> 04T
[72]
@ 1.13
-
1=
(6]
= 1.08
=
(6]
[a'e
1.03
0.98
10 -8 -6 -4 -2 0 2 4 6 8 10
Velocity (mm/s
155 y ( )
(C) Co(21%)
1.2><10 jons/cm?
iy MR = 11.2%
S 1.38
c
g
1=
(6]
=
= 118
[a'e
0.98
Velocity (mm/s
15 y ( )
(D) Co(21%)
1.14 1.2><10" ions/cm?
> 04T
(7]
@ 1.10
+—
IS
e
E 1.06
[¢D]
[a e
1.02
0.98

-10 -8 -6 -4 -2 0 2 4 6 8 10
Velocity (mm/s)
Fig.2 CEMS spectra of FeCo/Al:Os from 1.0 < 1017 FeCo(25at%)/cm? (A),(B) and 1.2 >< 107

FeCo(21at.%)/cm? (C),(D);(A) and (C) measured in a zero applied field, (B) and (D) measured in an
applied field of 0.4 T.
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Fig.3 1.0><10'7 Co(25at.%)/cm?2  CEMS
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Fig.3 Distribution of Byt in Fe-Co clusters at the total dose of 1.0><10'7 FeCo(25at%)/cm? (A), 1.2>1017
FeCo(21at.%)/cm? (B) and 1.2><1017 FeCo(21at.%)/cm?2 (C);(A) and (B) measured in an applied field of

04T
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Fig.4 Zero field CEMS spectra for 57Fe and %°Co ions implanted o-Al:Os to dose of 1.1>1017

FeCo(11at.%)/cm2(A), 1.2><10'7 FeCo(25at.%)/cm2(B) and 1.2>< 1017 FeCo(38at.%)/cm2(C).
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Fig.5 Fractional proportions of iron states present in Co concentration changed FeCo/Al203 granules.

The total dose of the 57Fe and 5°Co implantation is 1.2><1017 ions/cm?2.
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Table Mossbauer parameters for components in CEMS spectra for 57Fe and 59Co co-implanted in or-Al20s.

Dose Co at.% External a-Fer (Singlet) y-Fe (Singlet) Fe2+1 (Doublet) Fe2+1 (Doublet) a-Fern (Sextet)
(ions/cm?) Field (T) Is. W R LS. W R |LS. QS W R LS. QS. W R LS. R H.F.
L OX1017 o 0.04 0.92 60.80 | -0.10 0.55 3.80|0.68 191 0.55 11.60 [ 1.45 1.28 0.67 23.80
0.4 -0.01 0.81 18.40 | -0.11 0.60 0.50(0.76 1.93 0.77 15.10|1.46 1.31 0.65 15.80 [ 0.11 50.20 27.48
1.1x1017 11 0.00 0.84 65.50 | -0.10 0.60 3.80]|0.66 1.90 0.60 10.80 [ 1.38 1.41 0.66 19.90
o1 0.04 094 54.20 |-0.10 0.70 1.90|0.74 197 0.64 15.10 [ 1.50 1.18 0.74 23.20 [0.04 5.60 13.67
L ox1017 0.4 0.04 0.62 13.60 | -0.14 0.71 1.20|0.74 2.07 0.61 12.60 [ 1.48 1.30 0.66 15.40 [ 0.10 57.20 29.60
25 0.01 0.85 62.80 |-0.10 0.61 6.30|0.67 191 0.65 11.70 [ 1.38 1.41 0.65 19.10
38 0.05 0.99 5540 |-0.11 0.55 3.30|0.75 1.96 0.53 13.10 [1.52 1.16 0.70 24.40 [ 0.04 3.90 24.43

I.S.=Isomer Shift mm/s , Q.S.=Quadrupole Splitting
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5-3-3 MR

Fe Co 1.0 1.5><10'7 ions/cm? Co 0 100 at%
MR Fig.6 Fig.6 A 1.2>1017
ions/cm? Co Co/Al20s MR
+1.1T 6.1 % MR
MR Ratio = MxlOO% 1.4
R,
R, Ry
Fig6 B 1.0><1017 Co(12at.%)/cm2  1.1><1017
Co(12at.%)/cm?  FeCo/Al:03 +1.1T 13.2% 8.5 % MR
5% MR Fe
Co FeCo-Al203
MR Co 32.8at.% 6.9% (11]
FeCo/Al203 2 1.2><10'7 ions/cm?  Co 0 at.%
21 at.% 25 at.% 38 at.% 4 MR
Fig6 C Fe 7.6% Co 21 at.% 11.2 12.9% MR
MR Fe-Co
Fig6 D 1.5>=<1017 ions/cm?
Co 0 80 at.% MR 1.5>1017
ions/cm? Co 47 at.% MR 12.7 % Fe
Fe/Al203 2 Fig.6 D
Co 33at% Co 80at.% MR
Bulk  Fe-Co Co
30 at.% Fe 2.5B 80 at.% 1.9
MR Co 45 at.% Fe

149



C D Co
Fig.7
Co MR
at.% MR

1.5><10'7 jons/cm?2 Co

MR Fe Co
Fig.7 A 1.2>1017 ions/cm?
Fig.6 D
33 at% MR 45 at.%

MR [12]
MR
MR Ratio (%) = Z[— A {uf L(H ,T)}2 } 1.5
A i MR
L(H,T) Langevin
Co
MR
B Fe Co MR
FeCo/Al2O3 Fe 0.9>< 1017 jons/cm?
ions/cm? Fe 10% MR
Fe Fe

Fig.6

MR

Co 25 40

Co

Hi i
Fe-Co
MR
33 at.% 45at.%
Fig.7
12 %
1.0><107

MR

4-1-1 Fe/Al:Os  0.8><10'7 ions/cm? 8%

150



MR

Fe/Al2Os

Co

MR

Fe-Co

151

Fe

Fe/Al2Os

MR

GXRD



(A) Co Only
1.2><10" ions/cm?

I
[EN
T

MR Ratio (%)
&

-5 |
-7
-1.2 -0.8 -0.4 0 0.4 0.8 12
External Field (T)
0 .vvo
(B)
2l FeCo(12%)
3 17 . 2
1.1>=10"" ions/cm
s v
x -9  FeCo(25%)
= 1.0><10" ions/cm®
-12 t & :
-15
-1.2 -0.8 -0.4 0 0.4 0.8 12
External Field (T)
0
-3
s P N T
E .........
o
x -9
=
-12 . >
Co 38 at%
-15 :

-1.2 -0.8 -0.4 0 0.4 0.8 12
External Field (T)

Fig.6 MR curves from Fe/, Co/ and FeCo/Al:03 granules changed Co concentration (0~100 at.%) and

total implantation dose.
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Fig.6 MR curves from Fe/, Co/ and FeCo/Al:03 granules changed Co concentration (0~100 at.%) and

total implantation dose.
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Fig.7 Co Concentration dependence of the MR ratio for total dose 1.2><1017 ions/cm? and 1.5>1017

ions/cm?2.
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5-4 FeCo/MgO
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as-implanted FeCo(80%)
A 1.5>10" ions/cm?
5 B ,\ FeCo(25%)
& 1.5>10* ions/cm?
>
=
2 C FeCo(25%)
£ 2.0><10" ions/cm?
D
B.G. MgO
Anneal 210 FeCo(80%)
A ‘ 1.5>10" ions/cm?
= 5 FeCo(25%)
N2 1.5>10" ions/cm?
>
@ FeCo(25%)
2 c 2.0><10" jons/cm?
D
B.G. MgO

40 41 42 43 44 45 46 47 48 49 50
20

Fig.1 GXRD pattern from FeCo/MgO samples (1.5>1017 Co(80at%)/cm?2, 1.5>1017 Co(25at%)/cm? and
2.0><1017 Co(25at%)/cm?) as-implanted and annealed in Ar.
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5-4-2 CEM

Fe 0.8><10'7ions/cm? Fe/MgO Fe Co
1.56><1017 ios/ecm2  2.0><10'7 ions/cm? FeCo/MgO CEM
Fig.2 CEMS
FeCo/MgO Table Fig.2 A 0.8><10'7ions/cm?
CEMS 0 mm/s o-Fe Fe0 Singlet
Fe?+ ferrous Fe3+(ferric) Doublet
Fe® Singlet a-Fe nm
(3]
Fest Fed*-vacancy
Fe2t Mgi<FexO magnesiowiistite Fe?n MgO
Fe 4 Co 80 at.% 25at% 1.5
1017 ions/cm?2 CEMS Fig2 B C Fe
Singlet Feo Doublet Fe?t1 Fe?tn Fe3*
Fig.2 D 2.0><10'7 Co(25at.%)/cm?
Fe? Sextet
o-Fe
But 32T Table as-implanted
Fe 2.0><10'7 ions/cm? Fe/MgO
3.0><10'7 ions/cm? Fe (5,61 Table
Fe Co as-implanted  Singlet Sextet LS. o-Fe
0.00 mm/s B 33T 4-2-3
Fe-Co (1,7
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Fig.2 CEMS spectra for Fe/MgO sample implanted to 0.8><1017 ions/cm? and FeCo/MgO samples
implanted to 1.5>1017 Co(80at%)/cm?, 1.5> 1017 Co(25at%)/cm? and 2.0>< 1017 Co(25at%)/cm?2.
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143
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113

0.98

Velocity (mm/s)

Fig.2 CEMS spectra for Fe/MgO sample implanted to 0.8><10'7 ions/cm? and FeCo/MgO samples
implanted to 1.5>1017 Co(80at%)/cm2, 1.5><1017 Co(25at%)/cm? and 2.0>< 1017 Co(25at%)/cm?2.
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Figd3 A C Ar 1 210 FeCo/MgO
CEM CEMS
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Fig.3 CEMS spectra for FeCo/MgO samples annealed (Ar, 1h, 210 ) to 1.5>10'7 Co(80at%)/cm2, 1.5
<1017 Co(25at%)/cm? and 2.0>< 1017 Co(25at%)/cm?.
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Table Hyperfine parameters obtained from CEMS spectra of as-implanted Fe/and FeCo/MgO samples and annealed FeCo/MgO samples.
Fe or FeCo/MgO Dose (ions/cm?)
Component Fe Only Co 80 (at.%) Co 25 (at.%) Co 25 (at.%)
0.8%1017ions/cm? 1.5%1017 ions/cm? 1.5%1017 ions/cm? 2.0%10%7 ions/cm?
as-implanted as-implanted 210 as-implanted 210 as-implanted 210

Fel; IS8 mm/s) 0.01 0.00 0.00 0.03 -0.01 0.09 0.01
Singlet W mm/s 0.51 0.61 0.61 0.58 0.71 0.71 0.71
superpara R 32.10 42.30 16.90 24.20 15.00 25.80 27.10
1586 mm/s) 1.01 1.05 0.87 0.91 0.85 1.02 1.09

Fe2t @.S. AEeg mm/s 0.94 1.10 1.19 1.27 1.43 1.00 0.96
Doublet W mm/s 0.55 0.57 0.68 0.54 0.60 0.73 0.68
R 39.20 27.00 25.90 20.90 21.50 19.30 24.30

LS8 mm/s) 0.76 0.86 0.85 0.81 0.83 0.69 1.08

FeZtnn Q.S. AEeg  mm/s 2.21 2.29 2.09 2.23 2.19 2.25 1.80
Doublet W  mm/s 0.46 0.31 0.68 0.48 0.45 0.68 0.35
R 20.90 8.20 19.10 11.30 6.40 14.00 2.90

LS. mm/s) 0.29 0.48 0.34 0.29 0.30 0.31 0.21

Fes+ Q.S. AEeg  mm/s 0.90 0.57 0.65 0.76 0.72 0.83 1.06
Doublet W  mm/s 0.31 0.61 0.53 0.65 0.70 0.48 0.70
R 7.80 22.50 38.10 43.60 57.10 14.90 16.80

Feor 158 mm/s) 0.09 0.08
Sextet R 26.10 28.90
ferro HF T 31.90 32.17

LS =Isomer Shift, ¢.5=Quadrupole Splitting, W=Line Width, R=Relative Area, H.F.=Hyperfine Field
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Table Hyperfine parameters obtained from CEMS spectra of as-implanted and annealed Fe/MgO samples5.6l. * There is no data.

2.0x1017 1ons/cm?

2.5%1017 10ns/cm?

3.0x1017 1ons/cm?

Component
as-implanted 300 as-implanted 300 as-implanted
Feor Singlet | 5.6 mm/s) -0.08 -0.09 -0.06 0.03 0.00
superpara R 31.40 34.30 21.20 24.60 12.40
Fe2+ 1585 mm/s) 0.87 1.12 0.87 1.04 -
Doublet R 13.10 21.50 27.80 23.30 -*
Fe2+y 1586 mm/s) 0.78 0.98 0.90 0.84 -¥
Doublet R 14.20 15.70 7.40 7.50 -*
Fes+ 1586 mm/s) 0.37 0.35 0.28 0.40 -*
Doublet R 36.60 19.40 24.60 9.40 -*
IS 6 mm/s) 0.10 0.01 0.01 0.01 0.01
Felr Sextet
R 4.70 9.20 19.10 35.30 49.40
ferro
HF T 9.90 17.80 29.80 30.80 31.90

L.S=Isomer Shift, W=Line Width, R=Relative Area, H.F.=Hyperfine Field
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CEMS Table Fe
Fig.4 CEMS
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1.5>1017 Co(80at%)/cm?  0.3><10'7 ions/cm? 1.5><1017 Co(25at%)/cm? 1.125>
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l l Co 25 ath
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Co 80 at.%

8 &
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o

0.8 15 15 15 15 2.0 2.0
as-impla | as-impla | anneal | as-impla | anneal | as-impla | anneal
Dose(Fe+Co) >=<10"" (ions/cm?)

Fig.4 Absolute amounts of iron state (metallic iron Fe?, Fe2t;, Fe2+;1 and Fe3*) present in as-implanted

and annealed FeCo/MgO samples.
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5-4-3 MR

Fig.5 as-implanted anneal 1.5>< 1017 Co(80at%)/cm? 2.0>10%7
Co(25at%)/cm? MR 0=
90<
MR anneal 1.0 1.5 % MR
MR
FeCo/MgO MR Table Fe/MgO
MR Table (5.6]  2.0>10'7 Co(25at%)/cm? 0= 90<
MR

1.56><10'7 ions/cm?  Co 25 at%
80 at.% 2.0><10!7 Co(25at%)/cm? MR Table Fe
1.5><10'7 ionscm? 2.0 107 ions/cm? Fe/MgO
MR Fe-Co Fe

Co 80 at.%

Fe 2.228B Fe/MgO
1.5><10'7ions/cm? MR 0% Table 1.5><1017
Co(80at%)/cm?  Co CEMS

Fe/MgO Fe0 Fe3t
MR (5.6l FeCo/MgO 1.5> 1017
Co(25at%)/cm?  Fe® Fe3+ MR
1.5><1017 Co(80at%)/cm2  Fe® Fes*
MR Co 80 at.% Fe 0.3><10'7 ions/cm?
17% 5.1><10%ions/cm? FeCo/MgO
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3.5 % MR R.
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Fe/ FeCo/MgO Table R
Fe?t Site Fe3*
[10] MgO
MR
Fe/STO 4-1-2 Fe/YSZ 4-1-3 GQ
MR Fe/Al203 Fes+
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as-implanted

MR Ratio (%)
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Fig.5 MR curve for FeCo/MgO samples as-implanted and annealed to 1.5>10'7 Co(25at%)/cm? and
2.0 1017 Co(25at%)/cm? when applying in-plane (0=) and perpendicular (90 =) fields, respectively.

170



as-implanted
=27 90
.0
)
©
@
@
= 4 r 0
(C) FeCo(25%)/MgO
2.0><10" ions/cm?
-6
-1 -0.5 0 05 1
External Field (T)
0
(D) FeCo(25%)/MgO anneal 210
2.0><10" ions/cm?
=27
je)
T
@
@
= 4
00
° O
-6
-1 -0.5 0 05 1

External Field (T)

Fig.5 MR curve for FeCo/MgO samples as-implanted and annealed to 1.5>1017 Co(25at%)/cm? and
2.0><1017 Co(25at%)/cm2 when applying in-plane (0=) and perpendicular (90 <) fields, respectively.
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Table

MR ratio obtained from Fe/MgO (as-implated) and FeCo/MgO (as-implanted and annealed).

Fe and Co Co

‘ MR Ratio (%)
Resistance A, (MQ)

Total Dose Concentration

as-implanted anneal 210
(ions/cm?) (at.%) as-implanted anneal 210 0° 90° 0° 90°
0.8x1017 0 246.2
1.5x1017 80 8.3 22.1 2.5 1.0 3.5 1.4
1.5x1017 25 3.7 2.4 1.2
2.0x1017 25 0.6 0.5 3.9 1.8 5.6 2.7

External Field in-plane(0°)=+0.8 (T), perpendicular(90°)= +0.4 (T)

Table MR ratio at room temperature obtained from Fe implanted MgO!5:6!,
MR Ratio (%)
Fe/MgO
. ) anneal
(ions/cm?2) as-implanted
300 450
1.5%1017 0.2 0.2
2.0x1017 1.4 3.5 2.4
2.5x1017 0.6 0.3

External Field in-plane(0=)=+1.2T
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5-4-4

Fe Co FeCo/MgO GXRD
CEMS FeCo/MgO CEMS 2.0><10'7 Co(25at%)/cm?
LS. Fe-Co
2.0><10'7 Co(25at%)/cm? MR 5.6 % TMR
MR Co 80 at%

1.5>10'7 Co(80at%)/cm?2 Co

Reference

[1]
(2]
(3]

H. Moumeni, S. Alleg and J.M. Greneche, J. All. Comp., Vol.386, pp.12-19, 2005.

M Sorescu and A. Grabias, Intermetallics, Vol.10, pp.317-321 (2002).

F. Badker, S. Morup, M.S. Pedersen, P. Svedlindh, GT. Jonsson JL. Garcia-Palacios and
F.J Lazaro, J Mag. Mag. Mater., vol.177-181, pp.925-927 (1998).

A. Perez, G. Marest, B.D. Sawicka, J.A. Sawicki and T. Tyliszczak, Phys. Rev.,, Vol.28,
No.3, pp.1227-1238 (1983).

N. Hayashi, I. Sakamoto, T. Okada, H. Tanoue, H. Wakabayashi and T. Toriyama, Phys.
Stat. Sol. (a), vol.189, No.3, pp.775-780 (2002).

N. Hayashi, I. Sakamoto, T. Toriyama, H. Wakabayashi, T. Okada and K. Kuriyama,
Surf. Coat. Tech., Vol.169-170, pp.540-543 (2003).

V. Mancier, J.-L. Delplancke, J. Delwiche, M.-J. Hubin-Franskin, C. Piquer, L. Rebbouh
and F. Grandjean, J. Mag. Mag. Mater., Vol.281, pp.27-35 (2004).

F. Bodker and S. Morup, Hyper. Inter., Vol.93, pp.1421-1425 (1994).

F. Bodker, S. Merup, C. A. Oxborrow, S. Linderoth, M. B. Madsen and J. W.

Niemantsverdriet, /. Phys.’ Condens. Matter, Vol.4, pp.6555-6568 (1992).

173



[10] R. Meaudre and A. Perez, Nucl. Instr. and Meth. in Phys. Res., B32, pp.75-78 (1988).

[11] A. M. Mebed and J. M. Howe, J. App. Phys. Vol.100, 074310 (20086).
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Fe 74 keV
Table
1 Fe
Fe/Al:Os Fe/STO Fe/YSZ
YSZ Zr
STO(SrTiOs)
CEMS
SrFeOs
2 Fe
Fe/Si02  Fe/TiO2
Fe/Si02  CEMS
Fe/TiO2 CEMS
3 Fe
Fe/MgO CEMS Mgi-xFexO
Mg
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100 keV

Table

Fe

2000

Sextet

FesTiO4

Fe-Si

Sr

0.3 2.5><10'7 1ons/cm?

o-Al2O3

Ti

FeTiOs

bee-FeTi

MgO



NaCl

0.414 <, /r, <0.732

FeO NaCl

Zn0O
Zn0O

Fe

2000

MgO 0.514
0.55 MgO
Table 4 Fe2+
Fe
Fe
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NaCl

Fe/ZnO



Table Oxide substrate of crystal-chemical parameters!2,

Matrix Crystal Structure Melting Point ( ) Coordination number Cation Radius ( )

a-Al20s Hexagonal (Corundum) 2040 6 (Al3+), 4 (0O2) 0.53 (Al), 1.29 (O)
SrTiOs Cubic (Perovskite) 2080 12 (Sr2¥), 6 (Ti**), 6 (029)  1.35 (Sr), 0.61 (TY), 1.4 (O)

ZrO2-Y (9.5% Y) Cubic (Fluorte) 2780 8 (Zr+), 4 (02Y) 0.8 (Zr), 1.29 (O)

TiO: Tetragonal (Rutile) 1840 6 (Ti4*), 3 (02+) 0.61 (Ti), 1.21 (O)
¢S102 Hexagonal (Silica) 1610 4 (Si*), 2 (02+) 0.29 (Si), 1.09 (0)
Zn0O Hexagonal (Wurtzite) 1975 4 (Zn2+), 4 (02+) 0.64 (Zn), 1.29 (O)
MgO Cubic (NaCl) 2800 6 (Mg2+), 6 (02) 0.72 Mg), 1.4 (0)

Table Fe ion of crystal-chemical parameter.2],

Ions Coordination number Cation Radius ( )
4 0.66
Fe2+
6 0.77
4 0.54
Fes+
6 0.65
Fed+ 6 0.53
Fest 4 0.30
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Reference
[1] , , , 4 ,pp.27, (2000).

(2] , , , , 3 ,pp.237,(1979).
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