
Anexo: Códigos python

0.1. Programa principal

0.2

# −*− coding : u t f−8 −*−

"""

Created on Mon Apr 24 14 :39 :46 2023

@author : pab lo

"""

import numpy as np

import math as ma

import numpy . l i n a l g as l a

from s c ipy . l i n a l g import e ig , e igh

from s c ipy . i n t e r p o l a t e import make_interp_spline

from matp lo t l i b import pyplot as p l t

from mpl_toolk i ts . mplot3d import Axes3D #3D p l o t s

#import time

#star t_t ime = time . time ()

# Datos de l a red

nAx=4#Num de ce l da s unidad en e l s en t i do d e l v e c t o r p r im i t i v o ax

nAy=1#Idem para ay . Para una cadena monoa t mica dimerizada nAy=1

nAz=1 #Num de p lanos x−y .

ax=np . array ( [ 0 , 1 , 0 ] ) #Vector ax de l a red d i r e c t a .
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ay=np . array ( [ 0 , 1 , 0 ] ) #Vector ay de l a red d i r e c t a

#Grafeno : ax =[1 .42*1.5 ,1 .42*np . s q r t (3 )/2 ,0 ] ay=[1.42*1.5 ,−1.42*np . s q r t (3 )/2 ,0 ]

#Red cuadrada : ax =[1 ,0 ,0 ] ay=[0 ,1 ,0 ]

#Cadena monoa t mica dimerizada : ax =[1 ,0 ,0 ] ay=[0 ,0 ,0 ]

ZstepA=0 #s e p a r a c i n en t re p lanos x−y

az=np . array ( [ 0 , 0 , ZstepA ] ) #Vector s e p a r a c i n ent re dos capas x−y

ang=0 # ngulo de r o t a c i n d e l p lano supe r i o r r e spec t o a l i n f e r i o r ( en grados )

i f nAx==1:

ax=np . array ( [ 0 , 0 , 0 ] )

i f nAz==1:

az=np . array ( [ 0 , 0 , 0 ] )

i f nAy==1:

ay=np . array ( [ 0 , 0 , 0 ] )

nAu=1 #N mero de t por c . u .

#Grafeno y l a cadena monoat . dim : nAu=2

U=np . array ( [ [ − 0 . 2 7 , 0 , 0 ] , [ 0 . 2 7 , 0 , 0 ] ] ) #Matriz d e l motivo en l a c . u .

#Grafeno : [ [ −1 . 42/2 , 0 , 0 ] , [ 1 . 42/2 , 0 , 0 ] ]

#Cadena monoat . dim . s in prop . t opo l o g . e s p e c i a l e s [ [ −0 . 2 3 , 0 , 0 ] , [ 0 . 2 3 , 0 , 0 ] ]

#Cadena monoat . dim con prop . t opo l o g . e s p e c i a l e s [ [ −0 . 2 7 , 0 , 0 ] , [ 0 . 2 7 , 0 , 0 ] ]

nAxy=nAx*nAy #num t o t a l de c . u . por capa x−y

nAxyz=nAxy*nAz #num t o t a l de c . u .

nA=nAxyz*nAu #N mero t o t a l de tomos

i f nAu==1: #Si s l o hub i e s e un t . por c . u . l o consideramos centrado

U=np . array ( [ 0 , 0 , 0 ] )

#Datos de l a s i n t e r a c c i on e s a t m i c a s

e0 =0.0 ; t =2.8 #En e r g a on−s i t e e i n t e g r a l de s a l t o

V=0.5 #En e r g a de en lace de VdW
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alpha=3

de l t a =0.01 #Di f e r en c i a l de e n e r g a sobre e l que c a l c u l a r l a DOS

#Para g f i c a s p r e c i s a s ( con p i co s ) : d e l t a =0.0005

#Para g f i c a s suaves : d e l t a =0.01

#Ord en a c i n y p o s i c i n de l o s tomos :

R=np . z e ro s ( [ nA , 3 ] )

for i z in range (nAz ) :

for i y in range (nAy ) :

for i x in range (nAx ) :

for iu in range (nAu ) :

R[ iu+( ix+iy *nAx+i z *nAxy)*nAu]=U[ iu ]+( ix+1)*ax+( iy+1)*ay+( i z +1)*az

#Los tomos se ordenan agrupados por ce l da unidad en e l orden en e l que se

#in t roduce e l motivo . Se recogen l a s po s i c i one s de todos l o s at . de l a c . u .

#Se avanza a l a s i g u i e n t e c . u . en e l s en t i do ax . Al acabar l a h i l e r a de c . u .

#en ese s en t i do se r e p i t e para l a s i g u i e n t e h i l e r a segun ay .

#Se r e i t e r a para e l p lano supe r i o r d e l mismo modo .

#Centramos l o s p lanos x−y en e l or i gen de coordenadas

d=(ax *(nAx−1)+ay *(nAy−1))/2

for i a in range (nA) :

R[ i a ]=R[ i a ]−d

#Ro t a c i n de l p lano super i o r r e spec t o e l i n f e r i o r

theta=(ang*ma. p i )/180

A=np . array ( [ [ma. cos ( theta ) ,−ma. s i n ( theta ) , 0 ] , [ma. s i n ( theta ) ,ma. cos ( theta ) , 0 ] , [ 0 , 0 , 1 ] ] ) #Matriz de r o t a c i n

i f nAz>=2:

for i r in range (nAxy*nAu ) :

R[ nAxy*nAu+i r ]=np . dot (A,R[ nAxy*nAu+i r ] )

#Volvemos a c o l o c a r l o todo

for i a in range (nA) :

R[ i a ]=R[ i a ]+d
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#Datos de l a red d i r e c t a y d e l motivo

i f nAxy>=2:

print ( ' Vectores  de l a  red  d i r e c t a : ' )

i f nAx>=2:

print ( ' ax=' , ax )

i f nAy>=2:

print ( ' ay=' , ay )

i f nAu>=2:

print ( )

print ( 'Motivo de l a  red : ' )

print ( 'U=' ,U)

#Rep r e s e n t a c i n de l a s po s i c i one s a t m i c a s

f i g = p l t . f i g u r e ( f i g s i z e =(6 ,6)) #Espacio de r e p r e s e n t a c i n en 3d

axe = f i g . add_subplot (111 , p r o j e c t i o n=' 3d ' ) #Ejes

axe . s c a t t e r (R[ : , 0 ] ,R [ : , 1 ] ,R [ : , 2 ] )

axe . s e t_ t i t l e ( " Po s i c i one s  a t m i c a s " )

axe . s e t_x labe l ( "X" )

axe . s e t_y labe l ( "Y" )

axe . s e t_z l abe l ( "Z" )

p l t . show ( )

i f nAz>=2:

print ( ' ngulo  de r o t a c i n  =' , ang , ' ' )

# Hamiltoniano y matr iz de so l ap e s

Smat=np . z e r o s ( (nA,nA) ,complex)

Hmat=np . z e ro s ( (nA,nA) ,complex)

for iF in range (nA) :

Smat [ iF , iF ]=1.0 #Consideramos que cada o r b i t a l s l o so lapa cons igo mismo

for iF in range (nA) : #La i n t e r a c c i n de l o s e l e c t r on e s con cada tomo con su n c l e o v iene p r e f i j a d a

#por l a e n e r g a on−s i t e , mientras que su i n t e r a c c i n con o t ro s n c l e o s decae exponencia lmente con l a d i s t an c i a

for jF in range (nA) :

i f iF !=jF :

i f R[ iF ,2]==R[ jF , 2 ] :

Hmat [ iF , jF]=−t *(np . exp(−alpha *np . sq r t ( ( (R[ iF ,0]−R[ jF , 0 ] )**2 )+( (R[ iF ,1]−R[ jF , 1 ] )**2 )+( (R[ iF ,2]−R[ jF , 2 ] ) * * 2 ) ) ) )
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i f R[ iF , 2 ] !=R[ jF , 2 ] :

Hmat [ iF , jF]=−V*(np . exp(−alpha *np . sq r t ( ( (R[ iF ,0]−R[ jF , 0 ] )**2 )+( (R[ iF ,1]−R[ jF , 1 ] )**2 )+( (R[ iF ,2]−R[ jF , 2 ] ) * * 2 ) ) ) )

Hmat [ iF , iF ]=e0

# Autova lores y au tovec t o r e s

Eval , Evec=e i g (Hmat , Smat)

ind=np . a r g s o r t (np . r e a l ( Eval ) )

Eval=np . r e a l ( Eval [ ind ] )

# Autova lores y au tovec t o r e s

Eval , Evec=e i g (Hmat , Smat)

ind=np . a r g s o r t (np . r e a l ( Eval ) )

Eval=np . r e a l ( Eval [ ind ] )

# Print and p l o t e i g enva l u e s

#pr in t ( Eval )

p l t . p l o t ( Eval , ' ro ' )

p l t . t i t l e ( "Autovalores  python" )

p l t . x l ab e l ( ' Autovalores ' )

p l t . y l ab e l ( ' E n e r g a ' )

p l t . show ( )

#C l c u l o de l o s v e c t o r e s k b i d imens iona l e s

kvec=np . z e ro s ( (nA, 2 ) )

incrkx=np . array ( [ 0 , 0 ] )

incrky=np . array ( [ 0 , 0 ] )

i f nAx>1:

i f ax [0]==0:

i f ax [1]==0:

incrkx=np . array ( [ 0 , 0 ] )

i f ax [ 1 ] != 0 :
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i nc rkx=np . array ( [ 0 , ( np . p i /( ax [ 1 ] * ( nAx+1) ) ) ] )

i f ax [1]==0:

i f ax [ 0 ] != 0 :

incrkx=np . array ( [ ( np . p i /( ax [ 0 ] * ( nAx+1) ) ) , 0 ] )

i f ax [ 0 ] !=0 and ax [ 1 ] != 0 :

normax=la . norm(np . array ( [ ax [ 0 ] , ax [ 1 ] ] ) )

incrkx=(np . p i / ( (nAx+1)*(normax*normax ) ) )* np . array ( [ ax [ 0 ] , ax [ 1 ] ] )

i f nAy>1:

i f ay [0]==0:

i f ay [1]==0:

incrky=np . array ( [ 0 , 0 ] )

i f ay [ 1 ] != 0 :

incrky=np . array ( [ 0 , ( np . p i /( ay [ 1 ] * ( nAy+1) ) ) ] )

i f ay [1]==0:

i f ay [ 0 ] != 0 :

incrky=np . array ( [ ( np . p i /( ay [ 0 ] * ( nAy+1) ) ) , 0 ] )

i f ay [ 0 ] !=0 and ay [ 1 ] != 0 :

normay=la . norm(np . array ( [ ay [ 0 ] , ay [ 1 ] ] ) )

incrky=(np . p i / ( (nAy+1)*(normay*normay ) ) )* np . array ( [ ay [ 0 ] , ay [ 1 ] ] )

for i z in range (nAz ) :

for i y in range (nAy ) :

for i x in range (nAx ) :

for iu in range (nAu ) :

kvec [ iu+( ix+iy *nAx+i z *nAxy)*nAu]=( ix+1)* i nc rkx+( iy+1)* i nc rky

#C c u l o de l o s au tovec t o r e s de H

co e f=np . z e ro s (nA) #La f i l a j s e r un au tovec to r asoc iado a l k dado por l a f i l a j de kvec

#fo r i k in range (nA) :

for i z in range (nAz ) :

for i y in range (nAy ) :

for i x in range (nAx ) :

for iu in range (nAu ) :
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co e f [ iu+( ix+iy *nAx+i z *nAxy)*nAu]=np . sq r t (2/(nA+1))*np . s i n (np . dot (np . array ( [R[ iu+( ix+iy *nAx+i z *nAxy)*nAu , 0 ] ,R[ iu+( ix+iy *nAx+i z *nAxy)*nAu , 1 ] ] ) , inc rkx+incrky ) )

# Clculo de l a s a u t o e n e r g a s

E=np . z e r o s (nA)

for i e in range (nA) :

E[ i e ]=np . dot (Hmat [ i e , : ] , c o e f )/ co e f [ i e ]

"""

eyk=np . ze ro s ( (nA, 4 ) )

f o r i e in range (nA) :

eyk [ ie ,1]=np . p i *( i e +1)/(nA+1) #Valor de k

coe f=np . ze ro s (nA) #Autovector asoc iado a k

f o r i c in range (nA) :

coe f [ i c ]=np . s q r t (2/(nA+1))*np . s in ( ( i c +1)* eyk [ ie , 1 ] )

eyk [ ie ,0]=np . dot (Hmat [ 0 , : ] , coe f )/ coe f [ 0 ] #Au t o e n e r g a asoc iada a k"""

0.2. Primer programa auxiliar: Grafeno con bordes zig-

zag o armchair

0.2

# −*− coding : u t f−8 −*−

"""

Created on Thu Jun 29 12 :53 :34 2023

@author : pab lo

"""

import numpy as np

import math as ma

import numpy . l i n a l g as l a

from s c ipy . l i n a l g import e ig , e igh

from s c ipy . i n t e r p o l a t e import make_interp_spline

from matp lo t l i b import pyplot as p l t

from mpl_toolk i ts . mplot3d import Axes3D #3D p l o t s

TFG 7



Estructura electrónica en

materiales bidimensionales Curso 2022-2023

#GRAFENO

nAx=nAy=10

ax=np . array ( [ 1 . 4 2 * 1 . 5 , 1 . 4 2 * np . sq r t ( 3 ) / 2 ] )

ay=np . array ( [ 1 . 42*1 .5 , −1 .42*np . sq r t ( 3 ) / 2 ] )

nAu=2

U=np . array ( [ [ − 1 . 4 2 / 2 , 0 ] , [ 1 . 4 2 / 2 , 0 ] ] )

e0=0.0 #En e r g a on−s i t e

alpha=3.6

t=3.3*np . exp ( alpha *1 . 42 ) #In t e g r a l de s a l t o

V=t #Co r r e c c i n a l a e n e r g a de en lace de VdW f r en t e a l en lace cova l en t e

de l t a =0.15

DELTA=0.02

#Var iab l e s a u x i l i a r e s

nAxy=nAx*nAy #N mero t o t a l de c . u . por capa x−y

nA=nAxy*nAu #N mero t o t a l de tomos

#Ord en a c i n y p o s i c i n de l o s tomos :

R=np . z e ro s ( [ nA , 2 ] )

for i y in range (nAy ) :

for i x in range (nAx ) :

for iu in range (nAu ) :

R[ iu+( ix+iy *nAx)*nAu]=U[ iu ]+ ix *ax+iy *ay

#Escala de l o s e j e s en l a r e p r e s e n t a c i n g r f i c a :

#Calculamos e l v a l o r m x imo y m nimo que a lcanza l a p o s i c i n de l o s tomos en

#cada e j e para d e f i n i r e l e spac io de r e p r e s e n t a c i n g r f i c a de l a red

Rxmin=np .min(R [ : , 0 ] )

Rxmax=np .max(R [ : , 0 ] )

Rymin=np .min(R [ : , 1 ] )

Rymax=np .max(R [ : , 1 ] )

i f Rxmin<Rymin :

Rmin=Rxmin
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else :

Rmin=Rymin

i f Rxmax<Rymax :

Rmax=Rymax

else :

Rmax=Rxmax

## GRAFENO ZIGZAG PURO

TITULO="GRAFENO bordes  z i g zag "

x1=[(0 .8*nAx−1)*ax [ 0 ] , ( 0 . 8 *nAx−1)*ax [ 0 ] ]

y1=[Rymin ,Rymax ]

x2=np . array ( [ 0 , 0 ] )

y2=[Rymin ,Rymax ]

x3=[Rxmin ,Rxmax/2 ]

y3=[(nAx−1.5)* ax [ 1 ] , ( nAx−1.5)* ax [ 1 ] ]

x4=[Rxmin ,Rxmax/2 ]

y4=[(nAy−1.5)* ay [ 1 ] , ( nAy−1.5)* ay [ 1 ] ]

#Vista a r e a

p l t . f i g u r e ( f i g s i z e =(6 ,6))

p l t . p l o t (R[ : , 0 ] ,R [ : , 1 ] , ' b . ' )

p l t . p l o t ( x1 , y1 , ' r ' , l i n ew id th=1)

p l t . p l o t ( x2 , y2 , ' r ' , l i n ew id th=1)

p l t . p l o t ( x3 , y3 , ' r ' , l i n ew id th=1)

p l t . p l o t ( x4 , y4 , ' r ' , l i n ew id th=1)

p l t . s u p t i t l e (TITULO)

p l t . xl im (Rmin−2,Rmax+2)

p l t . yl im (Rmin−2,Rmax+2)

#p l t . t i t l e (" Vis ta a r e a para "+s t r ( ang)+r"$^o$")

p l t . x l ab e l ( 'X ' )

p l t . y l ab e l ( 'Y ' )
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#p l t . s a v e f i g (TITULO+"_aut_"+s t r ( ang )+". png ")

p l t . show ( )

R1=np . array ( [ 0 , 0 ] )

for i in range (nA) :

i f R[ i , 0 ] <( (0 . 8*nAx−1)*ax [ 0 ] ) :

R1=np . vstack ( [ R1 ,R[ i , : ] ] )

R1 = np . d e l e t e (R1 , np . s_ [ 0 ] , ax i s=0)

R2=np . array ( [ 0 , 0 ] )

for i in range (np . shape (R1 ) [ 0 ] ) :

i f R1 [ i , 0 ] >(0 ) :

R2=np . vstack ( [ R2 ,R1 [ i , : ] ] )

R2 = np . d e l e t e (R2 , np . s_ [ 0 ] , ax i s=0)

R3=np . array ( [ 0 , 0 ] )

for i in range (np . shape (R2 ) [ 0 ] ) :

i f R2 [ i ,1 ] <((nAx−1.5)* ax [ 1 ] ) :

R3=np . vstack ( [ R3 ,R2 [ i , : ] ] )

R3 = np . d e l e t e (R3 , np . s_ [ 0 ] , ax i s=0)

R4=np . array ( [ 0 , 0 ] )

for i in range (np . shape (R3 ) [ 0 ] ) :

i f R3 [ i ,1 ] >((nAy−1.5)* ay [ 1 ] ) :

R4=np . vstack ( [ R4 ,R3 [ i , : ] ] )

R4 = np . d e l e t e (R4 , np . s_ [ 0 ] , ax i s=0)

Rzig=R4

nAz=np . shape ( Rzig ) [ 0 ]

p l t . f i g u r e ( f i g s i z e =(6 ,6))

p l t . p l o t ( Rzig [ : , 0 ] , Rzig [ : , 1 ] , ' b . ' )

p l t . p l o t ( x1 , y1 , ' r ' , l i n ew id th=1)

p l t . p l o t ( x2 , y2 , ' r ' , l i n ew id th=1)
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p l t . p l o t ( x3 , y3 , ' r ' , l i n ew id th=1)

p l t . p l o t ( x4 , y4 , ' r ' , l i n ew id th=1)

p l t . s u p t i t l e (TITULO)

p l t . xl im (Rmin−2,Rmax+2)

p l t . yl im (Rmin−2,Rmax+2)

#p l t . t i t l e (" Vis ta a r e a para "+s t r ( ang)+r"$^o$")

p l t . y l ab e l ( 'Y ' )

#p l t . s a v e f i g (TITULO+"_aut_"+s t r ( ang )+". png ")

p l t . show ( )

#GRAFENO ARMCHAIR PURO

TITULO="GRAFENO bordes  armchair "

#Ecu a c i n de l a r e c ta y=mx+n con m=(ax+2*U[ 0 , : ] ) [ 1 ] / ( ax+2*U[ 0 , : ] ) [ 0 ]

#que pasa por e l punto x=(nAx−1)*ax [ 0 ] , y=(nAx−1)*ax [ 1 ]

m1=(ax+2*U[ 0 , : ] ) [ 1 ] / ( ax+2*U[ 0 , : ] ) [ 0 ]

n1=(nAx−1)*ax [1]−m1*(nAx−1)*ax [ 0 ]

xa1=[Rxmin ,Rxmax ]

ya1=[m1*(Rxmin)+n1 ,m1*(Rxmax)+n1 ]

#Ecu a c i n de l a r e c ta y=mx+n con m=(ax+2*U[ 0 , : ] ) [ 1 ] / ( ax+2*U[ 0 , : ] ) [ 0 ]

#que pasa por e l punto x=(nAx−1)*ay [ 0 ] , y=(nAx−1)*ay [ 1 ]

m2=(ax+2*U[ 0 , : ] ) [ 1 ] / ( ax+2*U[ 0 , : ] ) [ 0 ]

n2=(nAx−1)*ay [1]−m2*(nAx−1)*ay [ 0 ]

xa2=[Rxmin ,Rxmax ]

ya2=[m2*(Rxmin)+n2 ,m2*(Rxmax)+n2 ]

#Ecu a c i n de l a r e c ta y=mx+n con m=(ay+2*U[ 0 , : ] ) [ 1 ] / ( ay+2*U[ 0 , : ] ) [ 0 ]

#que pasa por e l punto x=(nAx−1)*ax [ 0 ] , y=(nAx−1)*ax [ 1 ]

m3=(ay+2*U[ 0 , : ] ) [ 1 ] / ( ay+2*U[ 0 , : ] ) [ 0 ]

n3=(nAx−1)*ax [1]−m3*(nAx−1)*ax [ 0 ]

xa3=[Rxmin ,Rxmax ]

ya3=[m3*(Rxmin)+n3 ,m3*(Rxmax)+n3 ]

#Ecu a c i n de l a r e c ta y=mx+n con m=(ay+2*U[ 0 , : ] ) [ 1 ] / ( ay+2*U[ 0 , : ] ) [ 0 ]
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#que pasa por e l punto x=(nAx−1)*ay [ 0 ] , y=(nAx−1)*ay [ 1 ]

m4=(ay+2*U[ 0 , : ] ) [ 1 ] / ( ay+2*U[ 0 , : ] ) [ 0 ]

n4=(nAx−1)*ay [1]−m4*(nAx−1)*ay [ 0 ]

xa4=[Rxmin ,Rxmax ]

ya4=[m4*(Rxmin)+n4 ,m4*(Rxmax)+n4 ]

#xa4=[Rxmin ,Rxmax/2]

#ya4=[(nAy−1.5)*ay [ 1 ] , ( nAy−1.5)*ay [ 1 ] ]

#Vista a r e a

p l t . f i g u r e ( f i g s i z e =(6 ,6))

p l t . p l o t (R[ : , 0 ] ,R [ : , 1 ] , ' b . ' )

p l t . p l o t ( xa1 , ya1 , ' r ' , l i n ew id th=1)

p l t . p l o t ( xa2 , ya2 , ' r ' , l i n ew id th=1)

p l t . p l o t ( xa3 , ya3 , ' r ' , l i n ew id th=1)

p l t . p l o t ( xa4 , ya4 , ' r ' , l i n ew id th=1)

p l t . s u p t i t l e (TITULO)

p l t . xl im (Rmin−2,Rmax+2)

p l t . yl im (Rmin−2,Rmax+2)

#p l t . t i t l e (" Vis ta a r e a para "+s t r ( ang)+r"$^o$")

p l t . x l ab e l ( 'X ' )

p l t . y l ab e l ( 'Y ' )

#p l t . s a v e f i g (TITULO+"_aut_"+s t r ( ang )+". png ")

p l t . show ( )

#Puntos por deba jo de l a r ec t a y=m1x+n1

Ra1=np . array ( [ 0 , 0 ] )

for i in range (nA) :

i f R[ i ,1] <m1*R[ i ,0 ]+n1 :

Ra1=np . vstack ( [ Ra1 ,R[ i , : ] ] )

Ra1 = np . d e l e t e (Ra1 , np . s_ [ 0 ] , ax i s=0)

#Puntos por encima de l a r e c t a y=m2x+n2

Ra2=np . array ( [ 0 , 0 ] )
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for i in range (np . shape (Ra1 ) [ 0 ] ) :

i f Ra1 [ i ,1] >m2*Ra1 [ i ,0 ]+n2 :

Ra2=np . vstack ( [ Ra2 , Ra1 [ i , : ] ] )

Ra2 = np . d e l e t e (Ra2 , np . s_ [ 0 ] , ax i s=0)

#Puntos por deba jo de l a r ec t a y=m3x+n3

Ra3=np . array ( [ 0 , 0 ] )

for i in range (np . shape (Ra2 ) [ 0 ] ) :

i f Ra2 [ i ,1] <m3*Ra2 [ i ,0 ]+n3 :

Ra3=np . vstack ( [ Ra3 , Ra2 [ i , : ] ] )

Ra3 = np . d e l e t e (Ra3 , np . s_ [ 0 ] , ax i s=0)

#Puntos por deba jo de l a r ec t a y=m4x+n4

Ra4=np . array ( [ 0 , 0 ] )

for i in range (np . shape (Ra3 ) [ 0 ] ) :

i f Ra3 [ i ,1] >m4*Ra3 [ i ,0 ]+n4 :

Ra4=np . vstack ( [ Ra4 , Ra3 [ i , : ] ] )

Ra4 = np . d e l e t e (Ra4 , np . s_ [ 0 ] , ax i s=0)

Rarm=Ra4

nAa=np . shape (Rarm ) [ 0 ]

p l t . f i g u r e ( f i g s i z e =(6 ,6))

p l t . p l o t (Rarm [ : , 0 ] , Rarm [ : , 1 ] , ' b . ' )

p l t . p l o t ( xa1 , ya1 , ' r ' , l i n ew id th=1)

p l t . p l o t ( xa2 , ya2 , ' r ' , l i n ew id th=1)

p l t . p l o t ( xa3 , ya3 , ' r ' , l i n ew id th=1)

p l t . p l o t ( xa4 , ya4 , ' r ' , l i n ew id th=1)

p l t . s u p t i t l e (TITULO)

p l t . xl im (Rmin−2,Rmax+2)

p l t . yl im (Rmin−2,Rmax+2)

#p l t . t i t l e (" Vis ta a r e a para "+s t r ( ang)+r"$^o$")

p l t . y l ab e l ( 'Y ' )

#p l t . s a v e f i g (TITULO+"_aut_"+s t r ( ang )+". png ")

p l t . show ( )
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print ( ' N mero  de tomos  en gra feno  z i g zag : ' )

print (nAz)

print ( ' N mero  de tomos  en gra feno  armchair : ' )

print (nAa)

## HAMILTONIANO Y AUTOENERGIAS

# Hamiltoniano y matr iz de so l ap e s

Sz=np . z e ro s ( ( nAz , nAz ) ,complex)

Hz=np . z e r o s ( ( nAz , nAz ) ,complex)

Sa=np . z e ro s ( (nAa , nAa) ,complex)

Ha=np . z e r o s ( (nAa , nAa) ,complex)

for iF in range (nAz ) :

Sz [ iF , iF ]=1.0 #Consideramos que cada o r b i t a l s l o so lapa cons igo mismo

for iF in range (nAa ) :

Sa [ iF , iF ]=1.0

for iF in range (nAz ) : #La i n t e r a c c i n de l o s e l e c t r on e s con cada tomo con

#su n c l e o v iene p r e f i j a d a por l a e n e r g a on−s i t e , mientras que su

#i n t e r a c c i n con o t ro s n c l e o s decae exponencia lmente con l a d i s t an c i a

for jF in range (nAz ) :

Hz [ iF , jF]=−t *(np . exp(−alpha *np . sq r t ( ( ( Rzig [ iF ,0]−Rzig [ jF , 0 ] )**2 )+( ( Rzig [ iF ,1]−Rzig [ jF , 1 ] ) * * 2 ) ) ) )

Hz [ iF , iF ]=e0

for iF in range (nAa ) : #La i n t e r a c c i n de l o s e l e c t r on e s con cada tomo con

#su n c l e o v iene p r e f i j a d a por l a e n e r g a on−s i t e , mientras que su
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#i n t e r a c c i n con o t ro s n c l e o s decae exponencia lmente con l a d i s t an c i a

for jF in range (nAa ) :

Ha [ iF , jF]=−t *(np . exp(−alpha *np . sq r t ( ( (Rarm [ iF ,0]−Rarm [ jF , 0 ] )**2 )+( (Rarm [ iF ,1]−Rarm [ jF , 1 ] ) * * 2 ) ) ) )

Ha [ iF , iF ]=e0

# Autova lores y au tovec t o r e s

Evalz , Evecz=e i g (Hz , Sz )

Evala , Eveca=e i g (Ha , Sa )

indz=np . a r g s o r t (np . r e a l ( Evalz ) )

Evalz=np . r e a l ( Evalz [ indz ] )

inda=np . a r g s o r t (np . r e a l ( Evala ) )

Evala=np . r e a l ( Evala [ inda ] )

#G r f i c a de au to va l o r e s

p l t . f i g u r e ( f i g s i z e =(6 ,6))

p l t . p l o t ( Evalz , 'b . ' , markers i ze=1, l a b e l= " z i g zag " )

p l t . p l o t ( Evala , ' r . ' , markers i ze=1, l a b e l= "armchair " )

#p l t . s u p t i t l e (TITULO)

#p l t . t i t l e (" Autova lores para "+s t r ( ang)+r"$^o$")

p l t . x l ab e l ( ' Autovalores ' )

p l t . y l ab e l ( ' E n e r g a ' )

p l t . l egend ( )

#p l t . s a v e f i g (TITULO+"_aut_"+s t r ( ang )+". png ")

p l t . show ( )

#DOSz suave para e l gra feno z i g z a g

def DOSz(E) : #funcion DOS
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dosz=0

for j s in range (nAz ) :

dosz=dosz+(1/np . p i )* de l t a / ( ( (E−Evalz [ j s ] )**2)+ de l t a **2)

return dosz

#DOS suave para e l gra feno armchair

def DOSa(E) : #funcion DOS

dosa=0

for j s in range (nAa ) :

dosa=dosa+(1/np . p i )* de l t a / ( ( (E−Evala [ j s ] )**2)+ de l t a **2)

return dosa

#DOS con p i co s para e l gra feno z i g z a g

def DOSpz(E) : #funcion DOSp

dospz=0

for j s in range (nAz ) :

dospz=dospz+(1/np . p i )*DELTA/( ( (E−Evalz [ j s ] )**2)+DELTA**2)

return dospz

#DOS con p i co s para e l gra feno armchai

def DOSpa(E) : #funcion DOS

dospa=0

for j s in range (nAa ) :

dospa=dospa+(1/np . p i )*DELTA/( ( (E−Evala [ j s ] )**2)+DELTA**2)

return dospa

#G r f i c a DOS

e j e e n e r g i a=np . l i n s p a c e (min(min( Evalz ) ,min( Evala ))−(2* de l t a ) , max(max( Evalz ) ,max( Evala )+(2* de l t a ) ) , 5 00 ) #Equiespaciado en E

p l t . p l o t ( e j e en e r g i a , [ DOSz( i ) for i in e j e e n e r g i a ] , ' b ' , l i n ew id th=1, l a b e l= " z i g zag " ) #G r f i c a DOS

p l t . p l o t ( e j e en e r g i a , [DOSa( i ) for i in e j e e n e r g i a ] , ' r ' , l i n ew id th=1, l a b e l= "armchair " )

#p l t . s u p t i t l e (TITULO)

#p l t . t i t l e ("Densidad de e s tados "+s t r ( ang)+r"$^o$")
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p l t . x l ab e l ( 'E ' )

p l t . y l ab e l ( 'DOS(E) ' )

p l t . axh l ine (0 , c o l o r=" black " )# Es tab l e c e r e l c o l o r de l o s e j e s .

p l t . axv l i n e (0 , c o l o r=" black " )

#p l t . x l im (min( Eval )−(2* d e l t a ) , max( Eval )+(2* d e l t a ))# Limitar l o s v a l o r e s de l o s e j e s .

p l t . l egend ( )

#p l t . s a v e f i g (TITULO+"_DOS_"+s t r ( ang )+". png")# Guardar g r f i c o como im g e n PNG.

p l t . show ( ) # Mostrar lo .

#G r f i c a DOS

e j e e n e r g i a=np . l i n s p a c e (min(min( Evalz ) ,min( Evala ))−(2*DELTA) , max(max( Evalz ) ,max( Evala )+(2*DELTA)) , 500 ) #Equiespaciado en E

p l t . p l o t ( e j e en e r g i a , [ DOSpz( i ) for i in e j e e n e r g i a ] , ' b ' , l i n ew id th=1, l a b e l= " z i g zag " ) #G r f i c a DOS

p l t . p l o t ( e j e en e r g i a , [DOSpa( i ) for i in e j e e n e r g i a ] , ' r ' , l i n ew id th=1, l a b e l= "armchair " )

#p l t . s u p t i t l e (TITULO)

#p l t . t i t l e ("Densidad de e s tados "+s t r ( ang)+r"$^o$")

p l t . x l ab e l ( 'E ' )

p l t . y l ab e l ( 'DOS(E) ' )

p l t . axh l ine (0 , c o l o r=" black " )# Es tab l e c e r e l c o l o r de l o s e j e s .

p l t . axv l i n e (0 , c o l o r=" black " )

#p l t . x l im (min( Eval )−(2* d e l t a ) , max( Eval )+(2* d e l t a ))# Limitar l o s v a l o r e s de l o s e j e s .

p l t . l egend ( )

#p l t . s a v e f i g (TITULO+"_DOS_"+s t r ( ang )+". png")# Guardar g r f i c o como im g e n PNG.

p l t . show ( ) # Mostrar lo .

0.3. Segundo programa auxiliar: Rotación de láminas

de grafeno con bordes armchair

0.2

# −*− coding : u t f−8 −*−

"""

Created on Fri Jun 30 14 :21 :11 2023
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@author : pab lo

"""

import numpy as np

import math as ma

import numpy . l i n a l g as l a

from s c ipy . l i n a l g import e ig , e igh

from s c ipy . i n t e r p o l a t e import make_interp_spline

from matp lo t l i b import pyplot as p l t

from mpl_toolk i t s . mplot3d import Axes3D #3D p l o t s

#GRAFENO CON STACKING A−B

ang=4 # ngulo de r o t a c i n d e l p lano supe r i o r r e spec t o a l i n f e r i o r ( en grados )

nAx=nAy=24

ax=np . array ( [ 1 . 4 2 * 1 . 5 , 1 . 4 2 * np . sq r t ( 3 ) / 2 ] )

ay=np . array ( [ 1 . 42*1 .5 , −1 .42*np . sq r t ( 3 ) / 2 ] )

az=np . array ( [ 1 . 4 2 / 2 , 1 . 4 2* np . sq r t ( 3 ) / 2 , 3 . 3 5 ] )

nAu=2

U=np . array ( [ [ − 1 . 4 2 / 2 , 0 ] , [ 1 . 4 2 / 2 , 0 ] ] )

e0=0.0 #En e r g a on−s i t e

alpha=3.6

t=3.3*np . exp ( alpha *1 . 42 ) #In t e g r a l de s a l t o

V=t #Co r r e c c i n a l a e n e r g a de en lace de VdW f r en t e a l en lace cova l en t e

de l t a =0.2

DELTA=0.08

#Var iab l e s a u x i l i a r e s

nAxy=nAx*nAy #N mero t o t a l de c . u . por capa x−y

nA=nAxy*nAu #N mero t o t a l de tomos
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#Ord ena c i n y p o s i c i n de l o s tomos :

R0=np . z e ro s ( [ nA , 2 ] )

for i y in range (nAy ) :

for i x in range (nAx ) :

for iu in range (nAu ) :

R0 [ iu+( ix+iy *nAx)*nAu]=U[ iu ]+ ix *ax+iy *ay

#Escala de l o s e j e s en l a r e p r e s e n t a c i n g r f i c a :

#Calculamos e l v a l o r m x imo y m nimo que a lcanza l a p o s i c i n de l o s tomos en

#cada e j e para d e f i n i r e l e spac io de r e p r e s e n t a c i n g r f i c a de l a red

Rxmin=np .min(R0 [ : , 0 ] )

Rxmax=np .max(R0 [ : , 0 ] )

Rymin=np .min(R0 [ : , 1 ] )

Rymax=np .max(R0 [ : , 1 ] )

i f Rxmin<Rymin :

Rmin=Rxmin

else :

Rmin=Rymin

i f Rxmax<Rymax :

Rmax=Rymax

else :

Rmax=Rxmax

#GRAFENO ARMCHAIR PURO

TITULO="GRAFENO bordes  armchair "

#Ecu a c i n de l a r e c ta y=mx+n con m=(ax+2*U[ 0 , : ] ) [ 1 ] / ( ax+2*U[ 0 , : ] ) [ 0 ]

#que pasa por e l punto x=(nAx−1)*ax [ 0 ] , y=(nAx−1)*ax [ 1 ]

m1=(ax+2*U[ 0 , : ] ) [ 1 ] / ( ax+2*U[ 0 , : ] ) [ 0 ]

n1=(nAx−1)*ax [1]−m1*(nAx−1)*ax [ 0 ]

xa1=[Rxmin ,Rxmax ]

ya1=[m1*(Rxmin)+n1 ,m1*(Rxmax)+n1 ]
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#Ecu a c i n de l a r e c ta y=mx+n con m=(ax+2*U[ 0 , : ] ) [ 1 ] / ( ax+2*U[ 0 , : ] ) [ 0 ]

#que pasa por e l punto x=(nAx−1)*ay [ 0 ] , y=(nAx−1)*ay [ 1 ]

m2=(ax+2*U[ 0 , : ] ) [ 1 ] / ( ax+2*U[ 0 , : ] ) [ 0 ]

n2=(nAx−1)*ay [1]−m2*(nAx−1)*ay [ 0 ]

xa2=[Rxmin ,Rxmax ]

ya2=[m2*(Rxmin)+n2 ,m2*(Rxmax)+n2 ]

#Ecu a c i n de l a r e c ta y=mx+n con m=(ay+2*U[ 0 , : ] ) [ 1 ] / ( ay+2*U[ 0 , : ] ) [ 0 ]

#que pasa por e l punto x=(nAx−1)*ax [ 0 ] , y=(nAx−1)*ax [ 1 ]

m3=(ay+2*U[ 0 , : ] ) [ 1 ] / ( ay+2*U[ 0 , : ] ) [ 0 ]

n3=(nAx−1)*ax [1]−m3*(nAx−1)*ax [ 0 ]

xa3=[Rxmin ,Rxmax ]

ya3=[m3*(Rxmin)+n3 ,m3*(Rxmax)+n3 ]

#Ecu a c i n de l a r e c ta y=mx+n con m=(ay+2*U[ 0 , : ] ) [ 1 ] / ( ay+2*U[ 0 , : ] ) [ 0 ]

#que pasa por e l punto x=(nAx−1)*ay [ 0 ] , y=(nAx−1)*ay [ 1 ]

m4=(ay+2*U[ 0 , : ] ) [ 1 ] / ( ay+2*U[ 0 , : ] ) [ 0 ]

n4=(nAx−1)*ay [1]−m4*(nAx−1)*ay [ 0 ]

xa4=[Rxmin ,Rxmax ]

ya4=[m4*(Rxmin)+n4 ,m4*(Rxmax)+n4 ]

#xa4=[Rxmin ,Rxmax/2]

#ya4=[(nAy−1.5)*ay [ 1 ] , ( nAy−1.5)*ay [ 1 ] ]

#Vista a r e a

p l t . f i g u r e ( f i g s i z e =(6 ,6))

p l t . p l o t (R0 [ : , 0 ] , R0 [ : , 1 ] , ' b . ' )

p l t . p l o t ( xa1 , ya1 , ' r ' , l i n ew id th=1)

p l t . p l o t ( xa2 , ya2 , ' r ' , l i n ew id th=1)

p l t . p l o t ( xa3 , ya3 , ' r ' , l i n ew id th=1)

p l t . p l o t ( xa4 , ya4 , ' r ' , l i n ew id th=1)

p l t . s u p t i t l e (TITULO)

p l t . xl im (Rmin−2,Rmax+2)

p l t . yl im (Rmin−2,Rmax+2)

#p l t . t i t l e (" Vis ta a r e a para "+s t r ( ang)+r"$^o$")

p l t . x l ab e l ( 'X ' )

p l t . y l ab e l ( 'Y ' )
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#p l t . s a v e f i g (TITULO+"_aut_"+s t r ( ang )+". png ")

p l t . show ( )

#Puntos por deba jo de l a r ec t a y=m1x+n1

Ra1=np . array ( [ 0 , 0 ] )

for i in range (nA) :

i f R0 [ i ,1] <m1*R0 [ i ,0 ]+n1 :

Ra1=np . vstack ( [ Ra1 ,R0 [ i , : ] ] )

Ra1 = np . d e l e t e (Ra1 , np . s_ [ 0 ] , ax i s=0)

#Puntos por encima de l a r e c t a y=m2x+n2

Ra2=np . array ( [ 0 , 0 ] )

for i in range (np . shape (Ra1 ) [ 0 ] ) :

i f Ra1 [ i ,1] >m2*Ra1 [ i ,0 ]+n2 :

Ra2=np . vstack ( [ Ra2 , Ra1 [ i , : ] ] )

Ra2 = np . d e l e t e (Ra2 , np . s_ [ 0 ] , ax i s=0)

#Puntos por deba jo de l a r ec t a y=m3x+n3

Ra3=np . array ( [ 0 , 0 ] )

for i in range (np . shape (Ra2 ) [ 0 ] ) :

i f Ra2 [ i ,1] <m3*Ra2 [ i ,0 ]+n3 :

Ra3=np . vstack ( [ Ra3 , Ra2 [ i , : ] ] )

Ra3 = np . d e l e t e (Ra3 , np . s_ [ 0 ] , ax i s=0)

#Puntos por deba jo de l a r ec t a y=m4x+n4

Ra4=np . array ( [ 0 , 0 ] )

for i in range (np . shape (Ra3 ) [ 0 ] ) :

i f Ra3 [ i ,1] >m4*Ra3 [ i ,0 ]+n4 :

Ra4=np . vstack ( [ Ra4 , Ra3 [ i , : ] ] )

Ra4 = np . d e l e t e (Ra4 , np . s_ [ 0 ] , ax i s=0)

Rarm=Ra4

nAa=np . shape (Rarm ) [ 0 ]
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p l t . f i g u r e ( f i g s i z e =(6 ,6))

p l t . p l o t (Rarm [ : , 0 ] , Rarm [ : , 1 ] , ' b . ' )

p l t . p l o t ( xa1 , ya1 , ' r ' , l i n ew id th=1)

p l t . p l o t ( xa2 , ya2 , ' r ' , l i n ew id th=1)

p l t . p l o t ( xa3 , ya3 , ' r ' , l i n ew id th=1)

p l t . p l o t ( xa4 , ya4 , ' r ' , l i n ew id th=1)

p l t . s u p t i t l e (TITULO)

p l t . xl im (Rmin−2,Rmax+2)

p l t . yl im (Rmin−2,Rmax+2)

#p l t . t i t l e (" Vis ta a r e a para "+s t r ( ang)+r"$^o$")

p l t . x l ab e l ( 'X ' )

p l t . y l ab e l ( 'Y ' )

#p l t . s a v e f i g (TITULO+"_aut_"+s t r ( ang )+". png ")

p l t . show ( )

#CONSTRUCCION DE UNA BICAPA

R=Rarm #Reciclamos l a c o n s t r u c c i n an t e r i o r

R=np . hstack ( [R, np . z e r o s ( (nAa , 1 ) ) ] ) #A ad imos una t e r c e ra d im e n s i n

R=np . concatenate ( (R,R) ) #Generamos una copia de cada punto

for iF in range (nAa ) :

R[ iF+nAa , : ]=R[ iF+nAa , : ]+ az

nA=np . shape (R) [ 0 ]

# Hamiltoniano y matr iz de so l ap e s para l m i n a s s in ro ta r

S00=np . z e ro s ( (nA,nA) ,complex)

H00=np . z e r o s ( (nA,nA) ,complex)

for iF in range (nA) :

S00 [ iF , iF ]=1.0 #Consideramos que cada o r b i t a l s l o so lapa cons igo mismo

for iF in range (nA) : #La i n t e r a c c i n de l o s e l e c t r on e s con cada tomo con
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#su n c l e o v iene p r e f i j a d a por l a e n e r g a on−s i t e , mientras que su

#i n t e r a c c i n con o t ro s n c l e o s decae exponencia lmente con l a d i s t an c i a

for jF in range (nA) :

i f iF !=jF :

H00 [ iF , jF]=−t *(np . exp(−alpha *np . sq r t ( ( (R[ iF ,0]−R[ jF , 0 ] )**2 )+( (R[ iF ,1]−R[ jF , 1 ] )**2 )+( (R[ iF ,2]−R[ jF , 2 ] ) * * 2 ) ) ) )

H00 [ iF , iF ]=e0

# Autova lores y au tovec t o r e s para l m i n a s s in ro ta r

E00 , Evec00=e i g (H00 , S00 )

ond=np . a r g s o r t (np . r e a l (E00 ) )

E00=np . r e a l (E00 [ ond ] )

#ROTACION DE LA LAMINA SUPERIOR

#Centramos l o s p lanos x−y en e l or i gen de coordenadas

#Las cuatro r e s t a s que acotan cada l m i n a pasan por

# x=(nAx−1)*ax [ 0 ] , y=(nAx−1)*ax [ 1 ] y por x=(nAx−1)*ay [ 0 ] , y=(nAx−1)*ay [ 1 ]

d=((nAx−1)/2)*( ax+ay )

d=np . array ( [ d [ 0 ] , d [ 1 ] , 0 ] )

for i a in range (nA) :

R[ i a ]=R[ i a ]−d

#Ro t a c i n de l p lano super i o r r e spec t o e l i n f e r i o r

theta=(ang*ma. p i )/180

A=np . array ( [ [ma. cos ( theta ) ,−ma. s i n ( theta ) , 0 ] , [ma. s i n ( theta ) ,ma. cos ( theta ) , 0 ] , [ 0 , 0 , 1 ] ] ) #Matriz de r o t a c i n

for i r in range (nAa ) :

R[ nAa+i r ]=np . dot (A,R[ nAa+i r ] )
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#I n v e r s i n de l a t r a s l a c i n an t e r i o r

for i a in range (nA) :

R[ i a ]=R[ i a ]+d

##Rep r e s e n t a c i n de l a s po s i c i one s a t m i c a s

f i g = p l t . f i g u r e ( f i g s i z e =(6 ,6)) #Espacio de r e p r e s e n t a c i n en 3d

axe = f i g . add_subplot (111 , p r o j e c t i o n=' 3d ' ) #Ejes

axe . s c a t t e r (R[ : , 0 ] ,R [ : , 1 ] ,R [ : , 2 ] , s=5)

p l t . s u p t i t l e (TITULO)

p l t . xl im (Rmin+−2,Rmax+2)

p l t . yl im (Rmin−2,Rmax+2)

#axe . se t_z l im (Rmin ,Rmax) #D e s c r i p c i n g r f i c a m s r e a l i s t a pero confusa

axe . s e t_ t i t l e ( " Po s i c i one s  a t m i c a s  para "+str ( ang)+r "$^o$" )

axe . s e t_x labe l ( "X" )

axe . s e t_y labe l ( "Y" )

axe . s e t_z l abe l ( "Z" )

#p l t . s a v e f i g (TITULO+"_red_"+s t r ( ang )+". png ")

p l t . show ( )

# Hamiltoniano y matr iz de so l ap e s

Smat=np . z e r o s ( (nA,nA) ,complex)

Hmat=np . z e ro s ( (nA,nA) ,complex)

for iF in range (nA) :

Smat [ iF , iF ]=1.0 #Consideramos que cada o r b i t a l s l o so lapa cons igo mismo

for iF in range (nA) : #La i n t e r a c c i n de l o s e l e c t r on e s con cada tomo con

#su n c l e o v iene p r e f i j a d a por l a e n e r g a on−s i t e , mientras que su

#i n t e r a c c i n con o t ro s n c l e o s decae exponencia lmente con l a d i s t an c i a

for jF in range (nA) :

i f iF !=jF :

Hmat [ iF , jF]=−t *(np . exp(−alpha *np . sq r t ( ( (R[ iF ,0]−R[ jF , 0 ] )**2 )+( (R[ iF ,1]−R[ jF , 1 ] )**2 )+( (R[ iF ,2]−R[ jF , 2 ] ) * * 2 ) ) ) )

Hmat [ iF , iF ]=e0
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# Autova lores y au tovec t o r e s

Eval , Evec=e i g (Hmat , Smat)

ind=np . a r g s o r t (np . r e a l ( Eval ) )

Eval=np . r e a l ( Eval [ ind ] )

#G r f i c a de au to va l o r e s

p l t . f i g u r e ( f i g s i z e =(6 ,6))

p l t . p l o t (E00 , 'b . ' , markers i ze=1, l a b e l= "0 " )

p l t . p l o t ( Eval , ' r . ' , markers i ze=1, l a b e l= str ( ang)+r "$^o$" )

p l t . s u p t i t l e (TITULO)

p l t . t i t l e ( "Autovalores  para "+str ( ang)+r "$^o$" )

p l t . x l ab e l ( ' Autovalores ' )

p l t . y l ab e l ( ' E n e r g a ' )

p l t . l egend ( )

# plt . s a v e f i g (TITULO+"_aut_"+s t r ( ang )+". png ")

p l t . show ( )

#DOS suave

def DOS(E) : #funcion DOS

dos=0

for j s in range (nA) :

dos=dos+(1/np . p i )* de l t a / ( ( (E−Eval [ j s ] )**2)+ de l t a **2)

return dos

#DOS para e l caso de 0

def DOS00(E) : #funcion DOS

dos=0

for j s in range (nA) :

dos=dos+(1/np . p i )* de l t a / ( ( (E−E00 [ j s ] )**2)+ de l t a **2)

return dos

#DOS con p i co s o DOSp
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def DOSp(E) : #funcion DOSp

dosp=0

for j s in range (nA) :

dosp=dosp+(1/np . p i )*DELTA/( ( (E−Eval [ j s ] )**2)+DELTA**2)

return dosp

#DOSp para e l caso de 0

def DOSp00(E) : #funcion DOS

dosp00=0

for j s in range (nA) :

dosp00=dosp00+(1/np . p i )*DELTA/( ( (E−E00 [ j s ] )**2)+DELTA**2)

return dosp00

#G r f i c a DOS

e j e e n e r g i a=np . l i n s p a c e (min(min( Eval ) ,min(E00))−(2* de l t a ) , max(max( Eval ) ,max(E00)+(2* de l t a ) ) , 5 00 ) #Equiespaciado en E

p l t . p l o t ( e j e en e r g i a , [DOS( i ) for i in e j e e n e r g i a ] , ' r ' , l i n ew id th=1, l a b e l= str ( ang)+r "$^o$" ) #G r f i c a DOS

p l t . p l o t ( e j e en e r g i a , [DOS00( i ) for i in e j e e n e r g i a ] , ' b ' , l i n ew id th=1, l a b e l= ' 0 ' )

p l t . s u p t i t l e (TITULO)

p l t . t i t l e ( "Densidad de es tados  "+str ( ang)+r "$^o$" )

p l t . x l ab e l ( 'E ' )

p l t . y l ab e l ( 'DOS(E) ' )

p l t . axh l ine (0 , c o l o r=" black " )# Es tab l e c e r e l c o l o r de l o s e j e s .

p l t . axv l i n e (0 , c o l o r=" black " )

p l t . xl im (min( Eval )−(2* de l t a ) , max( Eval )+(2* de l t a ) )# Limitar l o s v a l o r e s de l o s e j e s .

p l t . l egend ( )

p l t . s a v e f i g (TITULO+"_DOS_"+str ( ang)+" . png" )# Guardar g r f i c o como im g e n PNG.

p l t . show ( ) # Mostrar lo .

#G r f i c a DOSp
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e j e00=np . l i n s p a c e (min(min( Eval ) ,min(E00))−(2*DELTA) , max(max( Eval ) ,max(E00))+(2*DELTA) ,500) #Equiespaciado en E

p l t . p l o t ( e je00 , [DOSp( i ) for i in e j e00 ] , ' r ' , l i n ew id th=1, l a b e l= str ( ang)+r "$^o$" ) #G r f i c a DOS

p l t . p l o t ( e je00 , [DOSp00( i ) for i in e j e e n e r g i a ] , ' b ' , l i n ew id th=1, l a b e l= ' 0 ' )

p l t . s u p t i t l e (TITULO)

p l t . t i t l e ( "Densidad de es tados  con p i co s  "+str ( ang)+r "$^o$" )

p l t . x l ab e l ( 'E ' )

p l t . y l ab e l ( 'DOSp(E) ' )

p l t . axh l ine (0 , c o l o r=" black " )# Es tab l e c e r e l c o l o r de l o s e j e s .

p l t . axv l i n e (0 , c o l o r=" black " )

p l t . xl im (min(min( Eval ) ,min(E00))−(2*DELTA) , max(max( Eval ) ,max(E00))+(2*DELTA))# Limitar l o s v a l o r e s de l o s e j e s .

p l t . l egend ( )

p l t . s a v e f i g (TITULO+"_DOSp_"+str ( ang)+" . png" )# Guardar g r f i c o como im g e n PNG.

p l t . show ( ) # Mostrar lo

#Di f e r enc i a s de DOS entre e l caso de 0 y e l ngulo e scog ido

p l t . p l o t ( e j e en e r g i a , [DOS( i )−DOS00( i ) for i in e j e e n e r g i a ] , l i n ew id th=1 )

p l t . s u p t i t l e (TITULO)

p l t . t i t l e ( " D i f e r e n c i a s  de DOS ent re  e l  caso  de 0  y "+str ( ang)+r "$^o$" )

p l t . x l ab e l ( 'E ' )

p l t . y l ab e l ( 'DOS(E)−DOS00(E) ' )

p l t . axh l ine (0 , c o l o r=" black " )# Es tab l e c e r e l c o l o r de l o s e j e s .

p l t . axv l i n e (0 , c o l o r=" black " )

p l t . xl im (min( Eval )−(2* de l t a ) , max( Eval )+(2* de l t a ) )# Limitar l o s v a l o r e s de l o s e j e s .

p l t . s a v e f i g (TITULO+"_DOS_"+str ( ang)+" . png" )# Guardar g r f i c o como im g e n PNG.

p l t . show ( ) # Mostrar lo .

#Di f e r enc i a s de DOSp entre e l caso de 0 y e l ngulo e scog ido

p l t . p l o t ( e je00 , [ DOSp( i )−DOSp00( i ) for i in e j e00 ] , l i n ew id th=1 )

p l t . s u p t i t l e (TITULO)

p l t . t i t l e ( " D i f e r e n c i a s  de DOSp ent re  e l  caso  de 0  y "+str ( ang)+r "$^o$" )

p l t . x l ab e l ( 'E ' )

p l t . y l ab e l ( 'DOSp(E)−DOSp00(E) ' )

p l t . axh l ine (0 , c o l o r=" black " )# Es tab l e c e r e l c o l o r de l o s e j e s .

p l t . axv l i n e (0 , c o l o r=" black " )

p l t . xl im (min( Eval )−(2* de l t a ) , max( Eval )+(2* de l t a ) )# Limitar l o s v a l o r e s de l o s e j e s .

p l t . s a v e f i g (TITULO+"_DOS_"+str ( ang)+" . png" )# Guardar g r f i c o como im g e n PNG.
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p l t . show ( ) # Mostrar lo .
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