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3 Uoooboon

000o0oo0oO00o0o0o0o00o0o0o0o0o0o00o0o00o0o0000oo00ooO0oo0ooo
VASP(Vienna Ab-initio Simulation Package) 0 000000000000 000000O0O0OOOO
00bo00oo0o0b0000000000000000000O0O00O0O0O0O0OO0O0O0O0O0O0O0O
00000000000 0000000000000 GGA(Generalized Gradient Approximation)
0000000000000 000D00OOPAW(Projector Augmented Wave) 000000000
BlochlOOOOOOOOOOOOOOOLAPWOOOOOOOOOOOOOOODOOOODOOO
00000000000 000000 Fe267.883[eV],Cu273.214[eV],Si245.345[eV] D 0 O O

3.1 pureFelUOOUOOOOO

bec Fe 00000000000 0000000O0DD0 kxO0000000000000000

000000000000 0pueFe000000000000becFel (1x 1x 1), (2% 2x
2),(3x 3x 3)00000total ] 0000000000000000 100000000Fe20
O[(1x 1x 1))01600 [(2x 2x 2)]05400 [(3x 3x 3)]010000000000000
00000000 (0 7000000000000 1000000000000000000k0O
000000000

O 1: pureFe O total energy 0 0 0O 00O

Fe2 Fel6 Feb4
Lattice Constant[0] total energy[eV] total energy[eV] total energyleV]
2.58030 -15.23613 -121.85049 -411.41331
2.72365 -16.44314 -131.18688 -442.99513
2.86700 -16.63209 -132.68417 -448.20624
3.01035 -16.32632 -129.07633 -438.49832
3.15370 -15.74602 -122.71767 -419.07506

3.2 pure CulOODOOODOO

Oo00O0O000000FeD CuO0O00000O00CO0OD0O000O0O0O0O0C0OO0ODOOpure Cu
ooooboooooano

3.3 Fe-CulOODOODOOO

0000000000 Fel6OOODODOOOOOOOOOODOOODD SCALEODOOOOOO
O0O0OOFeleO0D0OD0O0O 1000 CuO00ODO0OCOOtetal DOODOOO0ODODODOOODOOOrelaxO

l00D000000000000000000000000000000INCAR,KPOINTSOOO0OO0OOO0OO
ooo0o0ooooOO0o0oooOo0o0oooOo0ooooooOooooooooooon
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O 2: pureFe 0 100000 total energy

Fe2/atom Fel6/atom Feb4 /atom
Lattice Constant[0J] total energy[eV/atom] total energy[eV/atom] total energy[eV/atom]
2.58030 -7.618067000 -7.615655625 -7.618765000
2.72365 -8.221567500 -8.199180000 -8.203613518
2.86700 -8.316047000 -8.292760625 -8.300115555
3.01035 -8.163161500 -8.067270625 -8.120339259
3.15370 -7.873008500 -7.669854375 -7.760649259
Volume [A3/atom]
e
271\ -Fel6
\ Fe54
%
—_ 73 \ ! oFe2
& s
g U \\.. iy /
E ‘c;.”,’ ; ’ //"
ez AN L /
. 0\\‘_\ - :; - J/

O7 Er.—V0ODO

O 3: pureCu O total energy 0 000 O

Cu2 Cu2/atom Cul6 Cul6/atom

Lattice Constant[0] total energy[eV] total energy[eV/atom] total energy[eV] total energy[eV /atom]
2.58030 -5.55345 -2.77672385 -45.16521 -2.82282568
2.72365 -6.87547 -3.43773625 -59.63852 -3.47740731
2.86700 -7.27900 -3.63950150 -58.79327 -3.67457962
3.01035 -7.17204 -3.58602225 -57.86046 -3.61627881
3.15370 -6.78581 -3.39290255 -54.72248 -3.42015500
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Volume [A3/atom]

Energy [eV]
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00000000 (04,09 00002
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Fe-CulOOODOFel6e OOOO 1000 Si000000Otetal0O0DODOOOCOOOOO0OO
O0relax D0 0000 relax 0000000000000 0O0O0O0O (05,0100 000000000
gboooooobooooobooboooooom

3.5 Fe-Cu-SiODODOODOOOO

FeloOOOODO 1000 CulOOOCOCDODODODODO FelODODO SI1IODO0D0O0O0O0O0OOtotald
gooooO0oOoooooo cnO0oooooooosibooooooooooooooooOoOoo
gboooobooboooooboboogoenod 110000

200000000000000000000000000000000000000000000000000000
00 p—-viOooooOopooooooooooooo
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0 4: FeloOOOOOO CulDOOOOOOOOO total energy

Fel6 Fel5-Cul Fel5-Cul(relax)
Lattice Constant[0]] total energy[eV] total energy[eV] total energy[eV]
2.58030 -121.85049 -116.33917 -116.38633
2.65198 -131.18688 -125.75374 -125.78618
2.78099 -132.28819 -127.54217
2.79533 -132.57655
2.80966 -132.53775 -127.52780 -127.54217
2.82400 -132.74085 -127.63514 -127.65030
2.83833 -132.69335 -127.68848 -127.70638
2.85267 -132.58626 -127.71541 -127.73801
2.86700 -132.68418 -127.67319 -127.71242
2.88134 -132.45829 -127.51283 -127.65712
2.89567 -132.16988 -127.52707 -127.57429
2.91001 -127.35977 -127.43188
2.92434 -127.12371 -127.27026
3.01035 -129.07633 -125.13323 -125.69832
3.15370 -122.71767 -119.95819 -121.05918

Lattice Constant [A]
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n
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28 29 3 an
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)

Fe15-Cul
o
/4' o Fe15-Cul(relax)

Fel6

Energy [eV]

OOMBO’a

w
&

1
| U VS W W WS W W T W W " V" —- y Y TS - . 4
e a o
P
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/

@
f

09 CuO0O0O0O0DOOOODOODOOODOODOOO
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0 5:FeloOOOOOOSI1IOO000000O00OQO total energy

Fel6 Fel5-Sil Fel5-Sil(relax)
Lattice Constant[d] total energy[eV] total energy[eV] total energy[eV]
2.58030 -121.85049 -120.52204 -120.52454
2.65198 -131.18688 -126.31924 -126.31963
2.72365 -129.68696 -129.68740
2.78099 -132.28819
2.79533 -132.57655 -131.08948 -131.09006
2.80966 -132.53775 -131.19174 -131.19242
2.82400 -132.74085 -131.23901 -131.23971
2.83833 -132.69335 -131.23487 -131.23541
2.85267 -132.58626 -131.20185 -131.20229
2.86700 -132.68418 -131.13001 -131.13049
2.88134 -132.45829 -131.02123 -131.02211
2.89567 -132.16988 -130.86517 -130.86894
2.91001 -130.69181 -130.70045
2.92434 -130.50346 -130.51343
3.01035 -129.07633 -128.57338 -128.67190
3.08203 -126.21463 -126.40333
3.15370 -122.71767 -123.46912 -123.76222

Lattice Constant [A]

26 27 28 29 3 a
n PR " : X Ly "

T 3\ Fel6
1\ \ 7,
A\ /Fel5-si1
fond ‘\‘\ /< “Fe15-Si1(relax)

Energy [eV]
-

128 4

0 10:Si10000000000DO0O000DO0OO
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O 6: Fel4-Cul-Sil O total energy

Cul-Fel4-Sil ~ Cul-Fel4-Sil(relax) Cul-Sil-Fel4(relax)

Lattice Constant[0]] total energyl[eV] total energyleV] total energyleV]
2.58030 -114.90858 -114.96542 -115.01706
2.65198 -120.81576 -120.86167 -120.75389
2.72365 -124.28117 -124.32612 -124.13620
2.78099 -125.61651 -125.66019 -125.52829
2.79533 -125.71537
2.80966 -125.91639 -125.95698 -125.85387
2.82400 -125.99991 -126.04269 -125.94452
2.83833 -126.04205 -126.08362 -125.98450
2.85267 -126.05987 -126.10271 -126.00013
2.86700 -126.02145 -126.06541 -125.96068
2.88134 -125.93934 -125.99696 -125.89209
2.89567 -125.85172 -125.89674 -125.79368
2.91001 -125.68784 -125.73397 -125.63420
2.92434 -125.49949 -125.54565 -125.44944
3.01035 -123.63513 -123.78551 -123.72122
3.08203 -121.08818 -121.59705 -121.56733
3.15370 -118.23972 -119.09245 -119.10883

Lattice Constant[A]
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N
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Cul-Fel14-Si1
meeeeeeeeeees Cu1-Fe14-Sil(relax)
e weeeee CuT-Sil-Fel4(relax) /S

Energy [eV]

w
kN

N
o
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15



4 00
41 0000(0OO0)0000

Fel60 Fel5-Cul(relax)0 Fel5-Sil(relax) 00 000000000000 O0OO0OO 120000
total 00O OOOOO0OODOOCOCOOOO00O0OO0OOOOO0OO0OOODOOOOOOOOOODOOO
gobooboobooobooooboobobooooboooDo0 Bmoobobeb oo O 130

Lattice Constant [A]

286 27 28 29 3 a1

\ oFe15-Cul(relax)

Felé
©Fel15-Sil(relax)

Energy [eV]

128

e
$o000007
132

0 12: Fel6,Fel5-Cul,Fel5-Si1 0000000000000

gooopooooooOoOoOoSiooooooooooocubOoOoOoOoOoooooooDOoOOon
0000000000000 0000 14000becFel6e00O0O CuD 1000000000 SiO
100000000000cCuESi00O0 Fed00O0OO0O0O0ODOOOODOOCUODOOOOODO
00000000000 0000OFel60 Fel5-Cul(relax)0 Cul-Fel4-Sil(relax) DO OO0OO0O00O0O
gboooobooboobooboooog 1stm

01600 Fel6O00OCuO0O0O0O0OOODOODODODOOOOOOOOQOOODOODOOOOOOOOOO
goooooo siboooooooboooooooobooooooooboOooDpooOono oo
gboooopoooooleoboboboobooboooooDbo

g 7oo00obooooogan

ooooo Lattice Constant[ ]
Fel6 2.83492
Fel5-Cul(relax) 2.85982
Cul-Fel4-Sil (relax) 2.85427
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Energy[eV]

Lattice Constant[A]

26 27 28 29 3 31

PSS S TS WY Y W LA Vs SO [ MM 1od Y Y A N oy I PN ACY A o T b AL Y okl 14

Wy +Cul-Fe14-Sil(relax)

NS L7 eFels-Cul(relax)
Felé

O 15: Fel6,Fel5-Cul,Cul-Fel4-Si1 0000000000000

Fel6

.- Cul-Fe14-Sil(relax)
_ . Fel5-Cul(relax)

Lattice Constant[A]

2.865

016100000000
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Fel6
ceeemmmeee--. FE15-Cul(relax)

enledeniankal

8

e s e e CUT-Fe14-Sil(relax)

n n n
3 8 &
llllllllllllllll‘llll
/

8

' PR FEE T SN BNc EES Omn PR v STN BN BN FEm PLE v SN BNS DEN Pmm pm T BUC mm T

8 282 284 286 288 239
x

N

ol 200000000

00000000000000 10000000 V0400000 »0]00000000000
80000000007 purere D rewinre 000000 12553827 0000000000 0 Hume
RotheryD 150 00000000000000000000000000000000000 10
000000000000 10000000000000000F15-S100000000000
0000000000000007siumre 0 14.48211[0] 00 00 rpyrere 1000000 8.32954
000000000000000000000 1600000000pure Fe0000Cu0000

08 000o00boooog

00000 00 V[O3/atom] 0000 0]
Fel 11.39177157 1.395835533
Cul 16.2364829 1.570849146

g0ooo0o0o0o0ooOoOoOoOQoOOOQ0OOOODO0QoDOODODOODOODODODODO Sibo
gbooooboobooboooobooobooooboooboboooboooboboooboooobooooooboooon
gbbodobdobobOO0ODOOODOODOOOODOOODOODOOODOOOOOODOOO
gboboe20b00oooooboboobooboobooboboooooboobobooobooonog
gbooooooooobooboooooo
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4.2 POSTIONOODOO

relaxO0 00000000 foree000000000O00OO0O0OOOO0OOOODOOO OUTCAR
gbooooboooboooogooboo
Oo0O000OOpweFeOOOODO becOODOOODODODOOOOOOOOOCuOOOOOOOO

-

-

Cu

(2)Cul-Fel5

5
3
012 4Y

0 18 2x 2x 2000000 Fels-Cul(relax) 00 0O FORCE

007Z=1/2,2=3/40000 FeOOOUOOUODODOOOOOOOODOOOUOODODOOOOODO
gooooopoooo cwOboOOooOoOooooooooOooooooooooooooooog
0000000000 0000000000000000000 Cul-Fel4-Sil(relax) 00000
O0oc000OOOCuWOOOOODOOOOOZ=1/272=3/4000000000 FORCEOOOO
gOo0d00cCuOd Si00000O00000000o000 FORCEODOOOObecOOOOODODO
0000000ooooooog?r oUTCAROOOOOOOOOOOO0O0O0O0O0O0 POSITION

OO0ocOoOOOOODODO

O 9: pure Fe (2x 2x 2)000 POSITION(x,y,z)

(0.00000,0.00000,0.00000)
(1.43350,1.43350,1.43350)
(0.00000,0.00000,2.86700)
(1.43350,1.43350,4.30050)

2.86700,0.00000,0.00000)
4.30050,1.43350,1.43350)
2.86700,0.00000,2.86700)
4.30050,1.43350,4.30050)

o~ o~~~
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0.00000,2.86700,0.00000
1.43350,4.30050,1.43350
0.00000,2.86700,2.86700
1.43350,4.30050,4.30050

~—~ o~ —~
_ O U =

(2.86700,2.86700,0.00000
(4.30050,4.30050,1.43350
(2.86700,2.86700,2.86700
(4.30050,4.30050,4.30050
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0 19: Z0D0O0 0000 pure Fe O Fel5-Cul(relax) O POSITION
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(b)Cul-Fel4-Si|

0 20: 2x 2x 2000000 Cul-Fel4-Sil(relax) 000 O FORCE
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0 10: Cuin Fe (2x 2x 2) 000 POSITION(x.y.z)

(0.00000,0.00000,0.00000
(1.44441,1.44441,1.44441
(0.00000,0.00000,2.86700
(1.44441,1.44441,4.28959

—_ T — —

2.86700,0.00000,0.00000
4.28959,1.44441,1.44441
2.86700,0.00000,2.86700
4.28959,1.44441,4.28959

—~ o~~~
—_ T — —

(0.00000,2.86700,0.00000)
(1.44441,4.28959,1.44441)
(0.00000,2.86700,2.86700)
(1.44441,4.28959,4.28959)

O 11: Cul-Fel4-Sil (2x 2x 2) 000 POSITION(x,y,z)

(-0.02640,-0.02640,-0.02640)

(1.43201,1.43201,1.43201)
(0.00105,0.00105,2.88770)

2.88770,0.00105,0.00105

0.00105,2.88770,0.00105

2.86700,2.86700,0.00000
4.28959,4.28959,1.44441
2.86700,2.86700,2.86700
4.28959,4.28959,4.28959

—~ ~~ —~
—_ T — —

2.87835,2.87835,0.01039

2.87835,0.01039,2.87835

0.01039,2.87835,2.87835

2.85713,2.85713,2.85713

( )
(4.30676,1.43987,1.43987)
( )
( )

—~ ~~ —~

) )
1.43987,4.30676,1.43987)  (4.27942,4.27942,1.47119)
) )
) )

(1.43987,1.43987,4.30676) 4.27942,1.47119,4.27942 1.47119,4.27942,4.27942 4.26782,4.26782,4.26782

5 U0
A 00O
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0000000000000 0000000000000000000000 (x)000000
0 (V)0oooo

=V (11)
O00000000Vpe_c, O Ve, OOOODOODOO
15
VF@—Cu = EVFe“i’VCu (12)
ogdo
15
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000000000
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A.2 MapleOOOOQOO

> with(Maplets[Examples]):

Warning, the protected name LinearAlgebra has been redefined and unprotected
> filel:=GetFile();

filel := "/Users/atsushi/Desktop/GraduationThesis/data/pureFe/Fel6(detail)"
> file2:=GetFile();

file2 := "/Users/atsushi/Desktop/GraduationThesis/data/Fe-Cu/Fel5-Culrelax"
> file3:=GetFile();

file3 := "/Users/atsushi/Desktop/GraduationThesis/data/Fe-Cu-Si/Cul-Fel4-Silrelax"
> Tl:=readdata(filel,2):

> T2:=readdata(file2,2):

> T3:=readdata(file3,2):

> with(plots):

Warning, the name changecoords has been redefined

pll:=pointplot(T1):

p21:=pointplot(T2):

p31:=pointplot(T3):

with(stats):

with(linalg):

V V V V V

Warning, the protected names norm and trace have been redefined and unprotected

> datal:=convert(transpose(T1),listlist);

> data2:=convert (transpose(T2),listlist);

> data3:=convert (transpose(T3),listlist);

datal := [[2.58030, 2.72365, 2.78099, 2.79533, 2.80966, 2.82400, 2.83833,
2.85267, 2.86700, 2.88134, 2.89567, 3.01035, 3.15370], [-121.8504900,
-131.1868800, -132.2881900, -132.5765500, -132.5377500, -132.7408500,

-132.6933500, -132.5862600, -132.6841800, -132.4582900, -132.1698800,

-129.0763300, -122.7176700]]
data2 := [[2.58030, 2.72365, 2.80966, 2.82400, 2.83833, 2.85267, 2.86700,

2.88134, 2.89567, 2.91001, 2.92434, 3.01035, 3.15370], [-116.3863300,

-125.7861800, -127.5421700, -127.6503000, -127.7063800, -127.7380100,

-127.7124200, -127.6571200, -127.5742900, -127.4318800, -127.2702600,

-125.6983200, -121.0591800]]
data3 := [[2.58030, 2.65198, 2.72365, 2.78099, 2.80966, 2.82400, 2.83833,
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2.85267, 2.86700, 2.88134, 2.89567, 2.91001, 2.92434, 3.01035, 3.08203,

3.15370], [-114.9654200, -120.8616700, -124.3261200, -125.6601900,

-125.9569800, -126.0426900, -126.0836200, -126.1027100, -126.0654100,

-125.9969600, -125.8967400, -125.7339700, -125.5456500, -123.7855100,

-121.5970500, -119.0924500]]

#datal:=convert (transpose(convert(pll,array)),listlist):
fitl:=fit[leastsquare[[x,y], y=cO+cl*x+c2*x"2+c3*x"3, {c0,cl,c2,c3}]](datal):
f1:=unapply(rhs(fitl),x);

#data2:=convert (transpose(convert (p21,array)),listlist):
fit2:=fit[leastsquare[[x,y], y=cO+cl*x+c2*x"2+c3*x"3, {c0,cl,c2,c3}]](data2):
f£2:=unapply(rhs(£fit2),x);

#data3:=convert (transpose(convert(p31l,array)),listlist):
fit3:=fit[leastsquare[[x,y], y=cO+cl*x+c2*x~2+c3*x"3, {c0,cl,c2,c3}]] (data3):
£3:=unapply(rhs(fit3),x);

V V V VvV VvV V V V V

2 3
f1 := x -> 3614.483573 - 3579.130078 x + 1126.254771 x - 116.4046872 x
2 3
x —> 3459.376833 - 3442.959797 x + 1092.002616 x - 114.2376120 x
2 3
£3 := x -> 3400.589279 - 3382.564467 x + 1071.487385 x - 111.8657839 x
pl2:=plot(£f1(x),x=2.58030..3.15370,color=black,linestyle=1):
p22:=plot (£2(x),x=2.58030..3.15370,color=black,linestyle=3):
p32:=plot (£3(x),x=2.58030..3.15370,color=black,linestyle=4):
display(pll,pl12,p21,p22,p31,p32);

VvV V V V Hh
N
]

\4

d1:=unapply(diff (£f1(x),x),x);
> d2:=unapply(diff (£2(x),x),x);
> d3:=unapply(diff (£3(x),x),x);

2
dl := x -> -3579.130078 + 2252.509542 x - 349.2140616 x
2
d2 := x -> -3442.959797 + 2184.005232 x - 342.7128360 x
2
d3 := x -> -3382.564467 + 2142.974770 x - 335.5973517 x

+
> fsolve(d1(x)=0,x=2.58030..3.15370);
> fsolve(d2(x)=0,x=2.58030..3.15370);
> fsolve(d3(x)=0,x=2.58030..3.15370);

2.834917476
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2.859815629

2.854268161
pdl:=plot(di(x),x=2.830..2.865,color=black,linestyle=1):
pd2:=plot(d2(x),x=2.830..2.865,color=black,linestyle=3):
pd3:=plot(d3(x),x=2.830..2.865,color=black,linestyle=4):
display(pdl,pd2,pd3);

vV V V V

\4

dd1:=unappl!y(diff(d1(x),x),x);
> dd2:=unapply(diff(d2(x),x),x);
> dd3:=unapply(diff (d3(x),x),x);

ddl := x -> 2252.509542 - 698.4281232 x

dd2 := x -> 2184.005232 - 685.4256720 x

dd3 := x -> 2142.974770 - 671.1947034 x
pdd1:=plot(ddi(x),x=2.58030..3.15370,color=black,linestyle=1):
pdd2:=plot(dd2(x),x=2.58030..3.15370,color=black,linestyle=3):
pdd3:=plot(dd3(x),x=2.58030..3.15370,color=black,linestyle=4):
display(pddl,pdd2,pdd3);

vV V V V

pdd4:=plot(dd1(x),x=2.8..2.9,color=black,linestyle=1):
pdd5:=plot(dd2(x),x=2.8..2.9,color=black,linestyle=3):
pdd6:=plot(dd3(x),x=2.8..2.9,color=black,linestyle=4):
display(pdd4,pdd5,pdd6) ;

vV V V V

A3 VASpPOUOOOOOOODODOOOOOOODODO
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