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free_electron_band.py

Si M Bravaist§ FOkmiIzxtLT7Ovk L © L e
a =5.4064 A . A
m* = 1.0m, 8]
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7075.L: BHEBF/ VR

free_electron_band.py
from pprint import pprint #) ARZFZE R L TH A

a =5.4064 # angstrom, lattice parameter
#% & F DmetricsEETE

rg = np.zeros([3, 3])

rg[0][0] =2.0 *pi/a

rg[1][1] = rg[0][C]

rg[2][2] = rg[0][0]

# N REEETOYNT BkE QLB
# [kx, ky, kz, k% #]
klist = [
[0.5, 0.0, 1.0, "W"]

,[0.5, 0.5,0.5, "L"]

,[0.0, 0.0, 0.0, "$¥Gamma$']

,[0.0, 0.0, 1.0, "X"]

,[0.5, 0.0,1.0, "W"]

,[0.75, 0.0, 0.75, "K"]

]
# Ty B\ RREEEK) DK R D #EEK
nk = 101

# Ehkl(k)Z &1 &9 ShkI#i B
hrange = [-3, 3]
krange = [-3, 3]
Irange = [-3, 3]

#7093 5T RILT—HHE
Erange =[0.0, 10.0] #eV

# WA F Dmetrixh 5. 2R DKRE D FERZEETE
def cal_kdistance(rg, kO, k1):

dkx = k1[0] - kO[O]

dky = k1[1] - kO[1]

dkz = k1[2] - kO[2]

r2 =rg[0][0] * dkx*dkx + rg[1][1] * dky*dky +
rg[2][2] * dkz*dkz

r2 += 2.0 * (rg[0][1] * dkx*dky + rg[1][2] *
dky*dkz + rg[2][0] * dky*dkx)

return sqrt(r2)



7075.L: BHEBF/ VR

free_electron_band.py

AKRESATHABFOIFUYT—ZEE 4 iE0YRNNKIFEEE S . EnKI(K)EETE

def cal_E(k, Ghkl): def get_cal_Elist(xkvec, hrange, krange, Irange):

global rg vE =]

for i in range(len(xkvec)):

kabs2 = rg[O0][0] * (k[O] + GhkI[0])**2 kx = xkvec[i][0]

kabs2 +=rg[1][1] * (k[1] + GhkI[1])**2 ky = xkvec[i][1]

kabs2 +=rg[2][2] * (k[2] + GhkI[2])**2 kz = xkvec[i][2]

Elist =[]
return KE * kabs2 #in eV for ih in range(hrange[0], hrange[1]+1):
for ik in range(krange[0], krange[1]+1):

# 70ybhg BkE Rk klistek S EDEEE nk H S, for il in range(lrange[0], Irange[1]+1):
# 7o~ KkRERMNFRRIZEDH LI, E = cal_E([kx, ky, kz], [ih, ik, il])
# S E T AKAGEFIRNTYT TS Elist,ap_pend(E)
#INVREBETOYMNMIBER)AMRT
def get_cal klist(klist, nk): yE.append(Elist)

return yE



7075.L: BHEBF/ VR

free_electron_band.py

#N\UREEETOVE

def plot_band(axis, xk, yE, Erange, ktotallist,

ktotal namelist):

# RREF(TIROITH
axis.set_xlim([min(xk), max(xk)])
axis.set_ylim(Erange)

#N\UFEEZTAVE
axis.plot(xk, yE, linestyle = 'none’,
marker ='0', markerfacecolor = 'none’,
markeredgecolor = 'black’,
markeredgewidth = 0.5, markersize = 2.0)

#I'm. BZIRSR DiitERZE51<
for i in range(1, len(ktotallist)):
axis.plot([ktotallist[i-1], ktotallist[i-1]], Erange,
linestyle ="'-', color = 'black’, linewidth =
0.5)

# kEADEREY ICKRDBAFMZERTI D
#9578 N—DTHNIL plt.xtics)THETES
# axisIZ®t L TIX. .setpTattribute* EIEEEZHZ 5
WENHAHLLLY
plt.setp(axis, xticks = ktotallist, xticklabels =
ktotal _namelist)
axis.set_xlabel("'k", fontsize = fontsize)
axis.set_ylabel("E (eV)", fontsize = fontsize)
axis.tick_params(labelsize = fontsize)
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BEZSATEShrodinger FEEX DB REH

a0 =2 09-EW (1)

mX)IE x,—h~%x, &E X, ~ X, +h DEFET—FEEL.
Mm% x,—h Mo x,+h ODEEI’CE 2 N IS

h* ' (X, + h) ( . h) w'(x,—h)= szojhh(v (X) — E w(x)dx

2m(x, +h)
=h[(V (% +h) = EJy (% +h)+{V (x,—h) ~ EJy (%, ~h)]
~h|V (X, +h) +V (x, —h) Jr(x,)

REDERT. X [TBEVLTYP(X) MEROEHERL=,

SHIZ [V(xe+ h) +V(xg — h)] D 1/h KYE+H/NESITAIE . h=>0T
m(xo + h)_li”'(xo + h): m(Xo - h)_ll//'(xo N h)

BEODHFERTUOVILTIEh=>0ThV,=>0 THHAMD.
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H. Mizuta and T. Tanoue, The physics and applications of resonant tunneling diodes,
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H. Mizuta and T. Tanoue, The physics and applications of resonant tunneling diodes,
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W.H. Butler, X.-G. Zhang and T.C. Schulthess, Spin-dependent tunneling conductance of Fe|MgO|Fe sandwiches
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FIG. 7. Tunneling DOS for k=0 for Fe(100)|8MgO|Fe(100). The four panels show the tunneling DOS for majority (upper left)
minority (upper right), and antiparallel alignment of the moments in the two electrodes (lower panels). Additional Fe layers are included in
the lower panels to show the TDOS variation in the Fe. Each TDOS curve is labeled by the symmetry of the incident Bloch state in the left
Fe electrode.
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THEHREE
FourierZ 4

I 2 DEEMIE . R K =2—”|o>ﬁﬁ5&oﬁuﬁeém

1k f(x)= ZAexp(i%zlxj
3XRTT: f(r ZAhklexp hkl r)
h,k,|=—0
-EREOFEHEEEZEZNIL,

EDSHLTEAMLIERHICRIETES

ST EERE. AE)—OFIRN . BREOFER:ZITZ2ED

h° h°
om kcut2 = R‘thl,cut

CUt-OFf TRILF—DAEEDKEZ RO D
(WIEN2KDIB S Rk, =Min(Ry,7)*k_)

2

E

cut —



NalRFD3sENZEREH (DV-XoiZTEH)

0.8
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=
=04
>
2 0.2 |
© WHEITTEmEDE: (2a/L)3
— OF a~05nmm L~0.01nm
a | ~(2*50)3 = 1,000,000
0.2 VASP: E_ . = 400eV
L ~0.064 nm
o4l
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WEGRIEERZELI X

‘B 31t F @ L (OPW: Orthogonalized Plane Wave Method)
[RFORNFEIREMZEL . AREEICER T SFmEETED

R T4 JLiE (PP: Pseudo Potential Method)
BRFEOBERTL v ILANREFICE->TEBILEN MRS
MBERT o)L IELTIRICEISRY . ZERMEEBD/NSWERRT U OvILE
fEFEEZERY KD
CASTEP, VASP, PWscf

RSN - EHIKE
(L/APW: Linearlized/Augumented Plane Wave Method)
JRF D KRENBIH TRER SNSRI (Muffin-Tin(MT)Ek) & RE7%GUVRIEIC
ST BEFNEZMTERADRFEE THESN-FEKRTRY
WIEN2k

RFEED—XES!

(LCAO: Linear Combination of Atomic Orbitals)
TEHREEODT . BRFORBBEREES

CRYSTAL, Gaussian, Atomistic Toolkit (VNL), DV-Xa.




LCAO/N\VFDEHE: — BB



LCAONVEREDOEER
u;(r + R,)) = u; (1) R, & FRIKIL
ui(r) — Zj in cell Cj¢j(r _ 1‘]-)

BIOChEg;& lle(T) — eiern l(r n)
Yr(r) = elernZJ in cell C](p](r r; R,)

_Z] in celt Ci€ lkT] ZnelkRnelk (r— r] n)¢ (T r; n)

l/)k(r) — Zn eik.Rneik.(r_Rn)ui(r T Rn) = Zn eik.Rnui’(r o Rn)
u;(r —R,) = e‘k'(r‘Rn)ui(r —R,) = Z]- in cell c]-’c[)j(r —7j)

YN\ 1 Jlr R .. Y A o N\



LCAONVKRDEES

u;(r + R,)) = u; (1) R, & FRIKIL
ui(r) — Zj in cell Cj¢j(r _ 1‘]-)

BlochBa% v, (r) = ™" ¥, u;(r — Ry,)
Pr(r) = Tp e*Ruek =Ry, (r — Ry) = 3, e Fuuy/(r — Ry,)
u;(r—R,) = elk°(r_R")ui(7‘ —R,) = Zj in cell Cj'¢j(r —T;)

Yr(r) = Zn etk Rn Zj in cell Cj’¢j (r — rj— Ry)

Yr(r) =2n ellRn 2]' in cell C]'”elk.rjqb]' (r— rj— R,)

1 _ —ikr;
Cj = e ]Cj
<l/)k(r)|H|l/)k(r)> Z]] lTl Cell CjI,F}j’,k,

!/
Fijrk



LCAONVKRDEES

unitcell

¥ (r)= > exp(ik-&)( D¢ exp(ik-rim(nmn)]

nx,ny,nz

||||||||||||||||

unitcell

(P (r)H¥,(r)) = Zc* Ze‘k'(R“‘R"'>e‘k‘(”"”)<¢i.(ri.+Rn.)\H\¢i(ri+Rn)>

unitcell

<\Ifk(r)|‘lfk(r)>: ; C*ilcig;eik-(Ran.)

unitcell

(P (rJH[¥,(r)) = NZc* ¢, Y. e R g ()| HIg (r +R,))

unnceH

(P, (r)| ¥ (r))=N Z‘C*i C




"HC =

Hll
H21

Hnl

Roothaan-Hall A=
> Cofu,Hju, ) —E> C (u, |u,)=0

m

ESC
o ESll H12 _ ESlZ

~ES,, H,,—ES

o ESnl Hn2 o ESnZ

FIEFE % (Fock matrix)
515354 (transfer matrix)

E

=5 7Y #5497 (transfer integral

Hnm
) S

Hln - ESln
H2n o ESZn

Hn

n ESnn

(up[Hu,,)
(Up [Upy )



Fock{THIDE+ &

Es,s :VSSG Ex,x — IZVppcs T (1_ Iz)vpprc
Ex=WNgs E, , =ImV,_—ImV



% 20-1 [EFM4T7IEFE D Slater & Koster (1954) ©#F T, ZEDIREHNHHDIRE
Eh 5 <2 b AOFKRSFE Lma OEELTRLTHS. ThbltofT
FIEEIIEEY ANRBE L AL KED. chboxRE, f RU g UE2EA
72 B R e R T 5 — BRI, &I Sharma (1979) 5.2 TW%.

Es= Vsse

E .= Vspa

E,x= le”, + (1 — lz)me

E.,= ImV,pe — MV,

E;:= Ve — V..

E;.,= 3V2ImV,,,

Eovop= 43V - m),

E; 3:1-2= [n? = (P + m?)]V.s,

Ei xy= 3V2mV,y, + m(1 = 212)V,y,

Ei = 3Y2ImnV,y, — 2ImnV,,

Ey :x= 3V2P20Vg + n(1 = 212)Vps

Eiicg= 32U — m? Vg + 1(1 — P+ m?)Vpy,
E. i = $312m(P — m? )Wy — m(1 + 12 — m?)V,y,
$320(12 — m?*)Vu, — n(> — m?)V,4,

E ,3:2-2= [n* =A% + m*)[V,0o = 3'2IR7V,,

Ey 3:-p2= mn® = (12 + m*)|Vuy — 3V2mn?V,,,



Tight-bindingi&: /\TA—4
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4 1 2 I a4 1
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ats | 664 || 897 4 299
4 194 27276 8 T
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030 | 016 146 | 133 =] o098 | o065

195 p g —
42 7 -1 %
Efpid=d W im=762¢V-A?
ftoppid=rn+n o' = 1440 ev-A
@ M ki =9nZ/4
& # 2 d=1120
LS Riisedlk =
) I . Wt :
Vi = Mim o View = Nm md? View = 114
Nuwe = — 1.40 o = —3.16 .
Hope = 1.84 Nota = =295 0y
Nppe = 324 Npue = 136 "
Hape = —081
Vy = (e, = 5,04 Vi = 2.16h%/(md?) Vy= (g
VE w8370 (md?) W, =68

REEF ok

 —4nZe* cos gr, 2 4ekem
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WK (22 W3S
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it ) RN

2]l b P oo
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IRFIETZEBNBFICETEHS

SO TR T
J@) Jen) s ({3)

J\I@?) J‘I(ra) ‘J\I@f?) ..

fE e E
Yoolk,r)= > e "¥(r-r)

equivalent atoms
in all lattice



J‘P (ry)

Py (r 1)Q

le(rz)

¥,(r',) <9

J‘P (rs)

\I"Z(I’ 3)a

3‘1’1(&)

Fy(r'y Q

QTI(rS)

\Pz(rls)Q

3‘1’1“‘6)

¥,(r's) <9

qul(ﬁ)

¥y(r'y) 9

Jkyl('b)

Y, (r'g) Q

P (k,r) =D " (r-
HaEE

)

¥, (k,r)=> """, (r-r,)

Yoo (K, 1) =

>q

Fi(k,r)

all independent atoms

Hy, (k)

Hll(k)_g(k)
Hy, (k)

sz(k)—g(k
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