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Resumen en Espanol

Introduccion: Calculos de Primeros Principios

Desde el descubrimiento de la ecuacién de Schrodinger muchos esfuerzos se han hecho
por aproximarla. Los dos desarrollos tedricos mas populares en la actualidad son la con-
figuracién de interaccién [6] y la teoria del funcional de la densidad [1, 2]. El primero
permite ser mejorado sistematicamente pero tiene el problema de que al aumentar la pre-
cision o el nimero de atomos el tiempo y la memoria de calculo crecen muy rapidamente.
En cambio, la teoria del funcional de la densidad a pesar de no poder ser mejorada de
forma sistematica permite llevar a cabo simulaciones con muchos atomos y da resultados
bastante precisos en la mayoria de los casos.

El problema de la estructura electrénica de la materia

La materia esta formada béasicamente por ntcleos, que en un sélido o molécula vibran
alrededor de sus posiciones de equilibrio, y electrones, que se mueven alrededor de los
nicleos y a través del material. La distribucion de probabilidad de los electrones se
obtiene al resolver la ecuacién de Schrodinger:

HU(Ry, ..., Ry, 71, v, ) = EU(Ry, ..., Ry Fry o TN, (0.1)

donde H es el Hamiltoniano, ¥ es la funcién de onda y Ny y N, representan el ntimero
de atomos y electrones, respectivamente. En el caso simplificado de un sistema sin polar-
izacion de espin, el Hamiltoniano tiene la siguiente forma:
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Los respectivos términos representan la energia cinética nuclear, la energia cinética
electrénica, la interacciéon entre nicleos y electrones, la interaccion entre nucleos, la inter-
acciéon entre electrones y los potenciales externos, que actian individualmente sobre cada
particula.

En principio la mayoria de las propiedades fisicas de la materia pueden ser obtenidas
resolviendo la ecuacion de Schrodinger. Sin embargo, debido al gran niimero de grados de
libertad, que se manifiestan a la hora de calcular y almacenar la funcién de onda [4], este
problema se antoja imposible para la mayoria de los casos, por lo que se deben buscar
aproximaciones.

La primera simplificacién, debida a Born y Oppenheimer, se basa en el hecho de
que los electrones son mucho mas ligeros que los niucleos y por tanto desde un punto
de vista clésico se pueden considerar también mucho méas rapidos. Esto significa que
las coordenadas de los dos tipos de particulas se pueden desacoplar y sélo es necesario
resolver los grados de libertad electronicos para cada configuracién de los nicleos, con lo
que el sistema se simplifica considerablemente. A pesar de todo, el problema electrénico
todavia es muy complicado de resolver.

El principal inconveniente a la hora de tratar la parte electronica es el término de inter-
accién electrén-electron que hace que la funcion de onda no se pueda separar en funciones
de onda de una sola particula. Aun asi, una aproximacién muy popular, la aproximacion
Hartree-Fock (HF) [5], se basa precisamente en descomponer la funcién de onda de esa
forma, es decir, en expresarla como un sélo determinante de Slater. Como consecuencia
los elecrones se quedan completamente descorrelacionados y muchas propiedades fisicas
predichas por HF difieren completamente de las medidas en los experimentos. A pesar
de todo, este método se puede mejorar sistematicamente anadiendo determinantes for-
mados con estados excitados para ir completando el espacio de Hilbert, lo que se conoce
como configuracién de interaccién [6]. Sin embargo, el esfuerzo computacional aumenta
draméaticamente con el nimero de atomos y de determinantes.

La Teoria del funcional de la densidad

Una alternativa a los anteriores métodos es la teorfa del funcional de la densidad (DFT),
donde la variable basica es la densidad electréonica. DFT esta basada en los teoremas de
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Hohenberg-Kohn [1]:

e Primer teorema de Hohenberg-Kohn: Hay una correspondencia exacta entre la den-
sidad y el potencial externo, es decir, la densidad determina univocamente el po-
tencial, salvo una constante.

e Segundo teorema de Hohenberg-Kohn: La densidad que minimiza la energia es la
densidad del estado fundamental (principio variacional).

Estos teoremas implican que cualquier observable es funcién de la densidad. Con-
sequentemente, el estado fundamental se puede obtener de manera autoconsistente uti-
lizando la densidad como variable.

Por otro lado, debido al hecho de que distintas funciones de onda pueden dar la
misma densidad, es posible elegir como referencia de nuestro sistema una funcién de onda
formada por un sélo determinante de Slater. Esto significa que el sistema original de
muchas particulas interactuando entre ellas se puede mapear a un sistema de particulas no
interactuantes en un potencial efectivo. Dentro de este esquema, conocido como esquema
de Kohn-Sham [2], la ecuacién de Schrodinger tiene la siguiente forma:

(—;vz + VH[R] + Voln] + Vo [n]) i = eipi (0-3)

donde el potencial de interaccién electrén-electron ha sido separado en el término Hartree,
debido a la energia clasica asociada con la distribucién de carga, y un término de canje
y corelacién que incluye a modo de potencial efectivo los términos de interaccién entre
particulas.

En principio, si todos los términos anteriores se conociesen de forma exacta cualquier
sistema compuesto por muchas particulas se podria resolver de forma muy sencilla y sin
errores. Sin embargo el canje y la correlacién no se conocen exactamente y tienen que
ser aproximados. La aproximacién mas sencilla es la aproximacion de la densidad local
(LDA), que calcula en cada punto el canje y la correlacién utilizando la férmula local de
un gas de electrones uniforme [10, 11]. Este funcional da buenos resultados en muchos
casos debido a que el promedio del hueco de canje y correlacién, que es lo que importa a
la hora de calcular la energia, es muy parecido al promedio del hueco verdadero y ademas
dicho hueco corresponde a un sistema fisico, lo que hace que verifique la regla de la suma
y la parte de canje sea siempre negativa [8, 9].

Sin embargo, la LDA falla estrepitosamente cuando la densidad tiene variaciones pro-
nunciadas, como por ejemplo en los metales de transicion. En ese caso se utiliza la
aproximacién de gradientes generalizados (GGA), que incluye también el gradiente de la
densidad dentro del funcional [13].
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El método SIESTA

SIESTA (iniciativa espafiola para simulaciones electronicas con miles de dtomos) es un
cbédigo basado en DFT que permite simular sistemas relativamente grandes de forma
aproximada o sistemas pequenios con mucha precision [21]. Sus principales caracteristicas
se basan en el uso de pseudopotenciales y combinaciones lineales de orbitales atémicos.

Los pseudopotenciales se utilizan para no tener que incluir en los calculos los electrones
mas interiores de los atomos, que habitualmente no participan en el enlace atéomico, y
para evitar las oscilaciones pronunciadas de las funciones de onda cerca del nicleo [22].
Para que las propiedades fisicas sean las mismas que las propiedades fisicas del sistema
electrénico original los pseudopotenciales deben tener las siguientes caracteristicas:

e Los autovalores y la dependencia energética de los orbitales calculados con el pseu-
dopotencial (pseudoorbitales) deben ser los mismos que los obtenidos con todos los
electrones.

e La parte radial de los pseudoorbitales debe ser suave y no tener nodos dentro de
la region interior. Esto implica que para cada canal de momento angular [ debe
generarse un tipo distinto de pseudopotencial Vi(r).

e La carga dentro del radio de corte (donde se redefinen los potenciales y las fun-
ciones de onda) calculada con las pseudofunciones de onda debe ser igual a la carga
calculada con los orbitales originales dentro del mismo radio [24].

e Para radios mayores que los radios de corte los pseudoorbitales deben coincidir con
los orbitales originales, calculados con todos los electrones. Como consecuencia el
pseudopotencial mas alla del radio de corte méas grande debe ser igual al potencial
nuclear original.

Los pseudopotenciales también pueden tener correciones relativistas [26, 27, 28], en
el caso de elementos muy pesados, y correcciones de core no lineales para algunos de
los electrones interiores [29] cuando las funciones de onda de valencia y las de dichos
electrones solapan.

Otra caracteristica de SIESTA es el uso de combinaciones lineales de orbitales
atémicos, ¢(7 — R) (R es el vector entre celdas unidad), que se extienden hasta un cierto
radio atémico [30]. Esta aproximacién, que es bdsica para que el programa escale lin-
ealemente con el nimero de atomos, tiene la ventaja de que la descripcién del sistema
obtenida con bases relativamente sencillas es bastante mejor que la descripcién obtenida
empleando, por ejemplo, pocas ondas planas, y la convergencia en energia de los calculos
es mas rapida [31].
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La funcién de onda en SIESTA en el caso general de un sistema periddico y no colinear
tiene por tanto la siguiente forma:

V)

ik- R#
n C

1 .
= VN, >e Coiin @i, (7= By) (0.4)
v R,

donde U y ¢ son espinores, pu es un indice de orbital que va a la celda unidad, n es el
indice de la banda, k representa el punto k, relacionado con el teorema de Bloch, y N,
es el nimero de celdas unidad del sistema total. Partiendo de esta expresion la ecuacion
de Schrodinger puede escribirse en funcion de los elementos de matriz del Hamiltoniano
y de la los solapes de la siguiente forma:

S (M5 — 2wt ) ¢, =0 (0.5)

v,o’!

donde o, ¢’ representan las componentes de espin.
Una vez resuelta la ecuacion de Schrodinger se calcula la densidad:

= PHRV —d)os (F— R,) (0.6)

w,Rv

donde

d -R d
,uRl, N anke g V) Zk,uC:LEZ (07)

representa la matriz densidad. A partir de aqui se calcula la energia y vuelve a obtenerse
el Hamiltoniano que se utiliza de nuevo para resolver la ecuaciéon de Schrodinger, etc. El
proceso acaba cuando las diferencia entre los elementos de las matrices densidad de un
paso y el anterior son menores que una cierta tolerancia.

Un ejemplo paradigmatico: impurezas de cobalto en matrices de
SHOQ

Experimentalmente se observa que el SnO, con impurezas de Co, Sn;_,Co,04_s, es fer-
romagnético y tiene un momento magnético por atomo de cobalto de 7.5 + 0.5 up [38].
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Sn02-1Co

Spin down

L5

Fig. 0.1: Estructura de bandas de una matriz de SnO, de 48 4tomos con un Sn substituido
por un Co. Para espines mayoritarios (izquierda) aparece una banda al nivel de
Fermi que estd ausente en el caso de espines minoritarios (derecha).

Este valor tan alto del momento magntético implica que, o bien hay contribuciones im-
portantes del momento magnético orbital, por ejemplo en los dtomos de la superficie, o
bien algin momento magnético aparece en los dtomos alrededor del cobalto.

Para responder a estas preguntas llevé a cabo varias simulaciones de matrices de SnO,
con bases doble-( polarizadas y el funcional LDA. En primer lugar utilicé 48 atomos y
un Sn substituido por un Co. El sistema resultante se magnetiza y desarrolla un mo-
mento magnético de 1 up alrededor del cobalto, que comparten este dtomo y los oxigenos
circundantes dando lugar a un estado localizado similar a un polarén. El sistema se con-
vierte ademds en ‘medio metdlico’ [39], con una banda al nivel de Fermi poco dispersiva
para espines minoritarios, como se puede ver en la figura (0.1). Por otro lado, emple-
ando matrices de 72 atomos con dos Co comprobé que el sistema es paramagnético, ya
que los ’polarones’ no interaccionan entre ellos y la diferencia de energia entre el caso
ferromagnético y el antiferromagnético es despreciable.

En resumidas cuentas, los calculos no concuerdan con los experimentos. Sin embargo,
la razén de las discrepancias es conocida y se debe a que en los 6xidos metalicos los
electrones estan fuertemente correlacionados [36] y la LDA produce resultados inexactos
debido en parte a la autointeraccién, que no esté corregida [11]. Esto se puede solucionar
en parte con el funcional LDA+U [40], que incluye un término Hubbard de repulsién entre
nubes electrénicas del mismo espin.
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Fig. 0.2: Contorno de Keldysh.

Electrénica Molecular y Nanométrica

Recientemente se ha demostrado la posibilidad de alcanzar el ultimo limite en la indus-
tria electrénica, es decir, el tamano atémico. Mediante el microscopio de efecto tiinel y
las uniones de rotura mecanica controlable se han podido fabricar contactos de un sélo
atomo e ir incluso méas alld y producir cadenas atémicas [41, 42]. Por otra parte, em-
pleando moléculas [43, 44] y nanotubos de carbono [45, 46, 47, 48, 49, 50, 51] se estén
dando los primeros pasos hacia la construccién de ordenadores de tamano microscopico y
capacidades de procesamiento y memoria sin precedentes.

Para estudiar estos sistemas tan pequenos es necesario emplear teorias de transporte
cuantico que tengan en cuenta la estructura electrénica y los contactos. Uno de los
formalismos mas populares para estudiar sistemas fuera del equlibrio es el formalismo de
Keldysh [55], que ha sido implementado en el cédigo SMEAGOL (electrénica de espin
y molecular en un formalismo de orbitales atémicos) [57] y ha permitido simular las
propiedades de transporte de constricciones atémicas, moléculas y nanotubos.

Teoria de transporte

El formalismo de Keldysh [55] se basa en el hecho de que en situaciones fuera del equilibrio
no es posible conocer el estado del sistema en tiempos posteriores a la aplicacién de la
perturbacién (+00) y por tanto es necesario emplear un contorno de integracién que vuelva
atras en el tiempo, como el de la figura (0.2). Utilizando esta técnica es posible obtener la

siguiente ecuacién de Dyson para las funciones de Green retardada (G™), avanzada (GM),
G~y G~:

GR/A = got/* 4 g/ ASRAGR/A (0.8)
G = (1+GRSMg /(1 + 852G - GRE/>Gh (0.9)

En el limite de equilibrio, G<(E) = iA(E)f(E) y G>(E) = iA(E)[f(E) — 1], donde
f(E) = f(E —ep) es la funcién de distribucién de Fermi y A(E) = i[GR®(E) — G*(F)] se
conoce como funcién espectral.
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Con estos ingredientes es muy sencillo obtener las propiedades electénicas y de trans-
porte. Pero primero hay que dividir el sistema en tres partes [71, 72, 73]: el electrodo
izquierdo, la region de dispersién y el electrodo derecho. La funcién de Green retardada,
que en equilibrio es suficiente para obtener la funcién G< y por tanto la matriz densidad,
tiene la siguiente forma:

Gl (Z) = [ZSam — Han — SH(Z) — SR(Z)),. (0.10)

1%

donde Z = F —1—15 para cantidades retardadas (mientras que Z* = E—id es para cantidades
avanzadas) y ZL(R VML(R JLL(RR) VL(R M son la autoenerg1as que incluyen el acoplo a

los electrodos VL rym Y la funcién de Green de superficie grprr). La matriz densidad
viene dada por la siguiente expresion:

Np

ot =~ [ G202 ~ 2602  2mikT - ClylZe) (011

La integracion se lleva a cabo en el plano complejo para disminuir el nimero de puntos y
por tanto el tamano del calculo. Notese que también hay que incluir los puntos singulares
de la funcién de Fermi.

Fuera del equilibrio hay que calcular explicitamente la funcién G<, que es distinta de
la obtenida en equilibrio, como paso previo para determinar la matriz densidad:

~

Cina(2) = Ginteqr(2) +iGn (2)TR(Z — eVR)Gan(Z)[f (Z — pr) — £(Z — )] =
= éﬁM,eq,L(Z) +0Gym(2) (0.12)

donde jirm) = er + eVim), Ginreqr = Gl + Tr)GAnifi (con fi = f(Z — ) v
[ = §(XR — 34). El dltimo término de la ecuacién (0.12) no es analitico en el plano

complejo y debe integrarse en el eje real a lo largo de e, — eg = eAV + 2kgT, donde
eAV = €(VL - VR) = M1, — UR-

Por 1ltimo, la corriente viene dada por la siguiente expresién [79], que también hay
que integrar en el eje real porque la funcion no es analitica:

e [cL

1(V) =5 | TGl Gin (B V(B = (V) = f(E = pr(V)IAE (0.13)

0, lo que es lo mismo
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1) = & [T EVIIE - (V) — SE - VD= (014)
= & [T VAE - V) = 5B ~ (V)] 0.15)

donde #(E, V) = [['r(E, V)]Y2Gum(E, V)[TL(E, V)]'/2 es la matriz de transmisién [80] y
T(E,V) es la transmisién total. La conductancia en el régimen lineal, G = I/V, viene
dada por [56]

Go

“Wr=av

T(EV)(E = p(V)) = f(E = pr(V))]dE (0.16)

donde Gy = 2¢%/h es el quanto de conductancia y el 2 en el denominador aparece debido a
que en la suma de la traza utilizada para obtener T'(E, V') también se tienen en cuenta las
componentes de espin. En los casos de voltajes pequenos (régimen lineal) la conductancia,
se reduce a G = (Gy/2)T(Ep,0) .

El c6digo SMEAGOL

SMEAGOL [57] utiliza los elementos del Hamiltoniano y la matriz de solape proporciona-
dos por SIESTA para determinar la matriz densidad de la region de dispersién dentro
y fuera del equilibrio. Al final de la autoconsistencia y, opcionalmente, de la dindmica
molecular, también calcula la transmision y la corriente.

Cada simulacién hecha con SMEAGOL esta compuesta en realidad por dos o tres
célculos independientes: los dos célculos de la estructura electrénica de los electrodos (en
caso de que sean diferentes) y el cdlculo de transporte, propiamente dicho. En los dos
primeros casos hay que determinar los elementos de volumen del Hamiltoniano, Ho y Hl,
y de la matriz de solape, So y S;. Para ello es necesario aplicar condiciones periédicas e
incluir puntos k£ a lo largo de la direccién z, que se toma como la direccién a lo largo de
la cual fluye la corriente. Estos elementos se utilizan posteriormente para determinar las
funciones de Green de volumen y las autoenergias.

En el calculo de transporte se substituye la diagonalizacién de SIESTA por las subruti-
nas que calculan la funciéon de Green y se determina la matriz densidad integrando dicha
funcién a lo largo de un contorno semicircular en el plano complejo. Esto es necesario
hacerlo en vez de la diagonalizacion por dos razones: la primera es que SIESTA no puede
simular sistemas en los que aparecen electrodos semiinfinitos, que en SMEAGOL se tienen
en cuenta a través de las autoenergias. La segunda razén es que SIESTA tampoco puede
calcular matrices densidad fuera del equilibrio, debido al hecho de que los electrodos tienen
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funciones de distribucién de Fermi distintas (calculadas a distintos voltajes) y por tanto
la funcion de distribucion en la region de dispersién no es igual a la de Fermi. También
es necesario aplicar un desplazamiento rigido al potencial Hartree en los extremos de la
celda unidad, para hacerlo casar con las autoenergias, y una rampa conectando ambos
extremos.

Finalmente, la principal ventaja que tiene SMEAGOL sobre otros cédigos es el calculo
de la funcién de Green de superficie, ya que utiliza un método semianatlitico [75] que es
mucho més eficiente y estable que los métodos recursivos (ver por ejemplo [76]). Este
método permite incluir puntos k£ perpendiculares y magnetismo sin problemas de con-
vergencia. En el caso del magnetismo SMEAGOL ha sido un cédigo realmente pionero,
con el que se han llevado a cabo calculos de magnetorresistencia en moléculas organicas
situadas entre electrodos magnéticos y nanocontactos de niquel.

Magnetorresistencia en moléculas organicas entre electrodos magnéticos

Desde las primeras medidas de la conductancia en moléculas organicas entre electrodos
de oro [43], este tipo de sistemas han sido extensivamente estudiados (ver por ejemplo
[81]). Los casos mds interesantes son sin embargo aquellos en los que los electrodos son
magnéticos, ya que pueden dar lugar a efectos magnetorresistivos. Como ejemplos se
pueden citar el uso de nanotubos de carbono como valvulas de espin [83], la transferencia
e inyeccién de espines en moléculas orgénicas [84, 85, 86] y las uniones tinel orgdnicas
[87]. Todos estos sistemas permiten mantener la coherencia de espin a lo largo de grandes
distancias gracias a que sus interacciones hiperfina y de espin érbita muy débiles.

Uno de los primeros calculos que se realizaron dentro de la colaboracién de SMEAGOL
fue llevado a cabo por Alexandre Reily Rocha, que simul6 dos tipos de moléculas, octano-
ditiolato y 1,4-triceno-ditiolato, entre electrodos de Niquel fcc con 4 y 5 atomos por
seccion. Para ello utilizé el funcional LDA y bases simple-( para los s del H, C y S,
doble-¢ polarizadas para el C y el p del S y doble-¢( para todos los orbitales del Ni.
En el octano observd que la conductancia decrece exponencialmente cuando se emplean
moléculas similares de mayor longitud, lo que demuestra que el transporte esta en el
régimen tuinel. La magnetorresistencia, definida como AG = (Gp — Gap)/G ap, resultd
ser del 40% al nivel de Fermi. En el triceno, sin embargo, tanto la conductancia como la
magnetorresistencia (~ 100% al nivel de Fermi) fueron bastante mayores, lo cual permite
concluir que el transporte estd en este caso en el régimen metdlico. Estos resultados
demuestran que los efectos magnetorresistivos dependen del tipo de molécula y abren la
puerta al campo de la espintrénica molecular.
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Fig. 0.3: Posibles paredes de dominio en la cadena de cuatro dtomos y conductancias de
los casos paralelo, antiparalelo simétrico y antiparalelo no simétrico (de arriba
a abajo) calculados con espines colineales (izquierda) o no colineales (derecha).
Como puede verse, las conductancias no colineales son iguales a la suma de las
conductancias colineales.

Nanoncontactos de niquel

La mayoria de los sistemas magnetorresistivos tienen una region de dispersion no
magnética y electrodos de un material magnético distinto, como en el ejemplo anterior.
Sin embargo, efectos magnetorresistivos también han sido medidos en nanocontactos de
niquel [88, 89, 90, 91, 92, 93, 94, 95, 96, 97], donde tanto los electrodos como la regién de
dispersién son magnéticos y del mismo material. A pesar de ello, el problema que tiene
este sistema es que la reproducibilidad de los resultados es muy pequena, debido al hecho
de que los cambios en la corriente son muy sensibles a la estructura del contacto.

Para demostrar toda la capacidad de SMEAGOL en calculos de transporte con po-
larizaciéon de espin y magnetismo no colineal llevé a cabo una serie de calculos de varios
nanocontactos de niquel (cadenas de uno a cuatro dtomos' entre electrodos fcc crecidos a
lo largo de la direccién (001) con secciones alternadas de 4 y 5 dtomos, simulados con una
base de orbitales doble-( y el funcional LDA) en la configuracién ’especial’” en la que los
atomos estan situados a las distancias de volumen. Los resultados indican que la pared

! Los casos de 3 y 4 atomos hay que considerarlos como casos extremos porque el niquel no tiene
tendencia a formar cadenas atémicas muy largas [64].
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de dominio es abrupta, ya que los momentos magnéticos permanecen colineales. Ademés
la magnetizacién aumenta en los atomos centrales de la cadena como consecuencia de la
reduccién del campo cristalino, lo cual favorece ademas que se forme la pared cerca de
los contactos. Los coeficientes de transmisién predichos para el caso de 4 atomos pueden
observarse en la figura (0.3). La magnetorresistencia en este sistema es del 68%, cuando
el contacto es simétrico, y del 60%, cuando es no simétrico. Para cadenas atémicas mas
pequenas la magnetorresistencia disminuye e incluso se hace negativa en cadenas de uno
y dos atomos. Estos resultados demuestran la posibilidad de simular con SMEAGOL
sistemas con configuraciones magnéticas muy variadas.

Conductancia a través de un sdélo canal en moléculas H; entre
electrodos de platino o paladio

Desde el esperimento de Smit y colaboradores [44], en el que se demostrd que una molécula
de hidrégeno entre electrodos de platino tiene una conductancia de casi 1.0 Gq (facilmente
distinguible por la presencia de un pico muy agudo en los histogramas de conduccién),
ha habido una serie de calculos ab initio sobre la transmision de dicha molécula en los
que ésta podia estar en las configuraciones paralela o perpendicular al flujo de corriente
[59, 60, 61, 62]. Sin embargo, a pesar de la simplicidad del sistema todavia no se ha
conseguido aclarar del todo cual de esas dos configuraciones es més estable y por qué.

Por otro lado, experimentos con electrodos de paladio [58] muestran un pico alrededor
de 0.6 Gy, el cual puede moverse ligeramente cuando se aumenta la presiéon de hidrégeno
y la temperatura en la camara de vacio. Ademads, en este ultimo caso también aparece
otro pico cercano al quanto de conductancia. La razén de tal comportamiento ha sido
atribuida a la disolucién de hidrogeno en los electrodos. Aun asi la pregunta mas evidente
es por qué en ausencia de tal disolucién la conductancia es 0.6 y no 1.0 Gy,.

Para tratar de entender tales sistemas y aclarar la controversia llevé a cabo una serie de
simulaciones con SIESTA y SMEAGOL de electrodos de platino fce crecidos a lo largo de
la direccién (001), con capas formadas por dos planos alternados de 3x3 dtomos cada uno
y un méaximo de 3 capas (6 planos) para cada electrodo. Empleé bases doble-( y doble-C
polarizada para el H y el Pt/Pd, respectivamente, y el funcional LDA. También inclui
condiciones de contorno periddicas y puntos k a lo largo de la direcciones perpendiculares
(xy). Como contactos utilicé dos “pirdmides” formadas cada una por cuatro atomos
unidos a la capa 3 X 3 més externa, siguiendo la direccién fcc (001), y otro dtomo en
contacto con la molécula.

La configuracién més estable la determiné relajando la parte central del sistema, es
decir, las dos piramides y la molécula, y manteniendo fijos los planos 3 x 3 siguientes. La
configuracion perpendicular resulto ser mas estable que la paralela para distancias cortas.
Pero si se permite una configuracion ”zigzag”, en la que los atomos de los electrodos no
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Fig. 0.4: Coeficientes de transmisiéon en (a) la configuracién paralela y (b) la configu-
racion perpendicular. Las lineas continuas y a trazos indican platino y paladio,
respectivamente.

estan frente a frente, y se pone la molécula en la superficie, contactando directamente los
atomos de platino, la energia es menor. Sin embargo, si también se permite que las con-
figuraciones paralela y perpendicular (con la molécula en medio) adquieran alineamientos
zigzag, las energias no mejoran.

Los resultados de transporte, mostrados en la figura (0.4) para el platino, dan una
conductancia de 0.9 G en la configuracién paralela y de 2.0 G en la perpendicular. En el
primer caso, si se proyecta la densidad de estados en la molécula central y en los atomos de
contancto se observa que el estado antienlazante hibridiza completamente con los orbitales
sy d,2, mientras que el enlazante queda fuera de las bandas d y aparece como un estado
localizado. En la configuracién perpendicular, sin embargo, ambos estados hibridizan y
aparecen también solapes directos entre los atomos de platino. De aqui se deduce que en
la configuracion paralela sélamente hay un canal, mientras que en la perpendicular puede
haber dos o mas.

La razén de que en los histogramas no se vea un pico a 2.0 Gy se debe a que para
distancias pequenas la configuracion perpendicular compite con la zigzag, que produce
conductancias que varian entre valores muy grandes y 1.5 Gy. Para distancias grandes,
sin embargo, la configuracion zigzag rompe y la paralela se convierte en la mas estable.
Esto se traduce en los histogramas de conduccién en un pico claro alrededor de 1.0 Gy.

La discusién anterior también se puede aplicar al caso del paladio. Sin embargo, los
valores de la conductancia son bastante menores, como puede verse en la figura (0.4).
El origen de esta discrepancia esta en el mayor desalineamiento del nivel antienlazante
de la molécula y los niveles s-d de los atomos de contacto del paladio. De hecho esto
es lo que se observa con un modelo muy sencillo formado por la molécula y electrodos
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unidimensionales: la transmision se redondea y disminuye cuando los valores de la energia
de de la molécula y los electrodos empiezan a diferir.

En resumen, las discrepancias entre los distintos calculos sobre las configuraciones
paralela y perpendicular se puede resolver facilmente teniendo en cuenta otras fases, como
la zigzag, que para algunas distancias son mas estables. Por otro lado, las diferencias
entre el platino y el paladio se explican también facilmente a partir del desalineamiento
de los niveles de la molécula y los atomos de contacto. De esta forma se han conseguido
entender los principales ingredientes que influyen en el transporte a través de moléculas
de hidrogeno.

Oscilaciones de la conductancia en cadenas zigzag de platino

La existencia de cadenas de oro con un sé6lo &tomo por seccién y una conductancia de 1.0
Gy fue demostrada con el microscopio de efecto tunel y las uniones de rotura mecanica
controlable [41, 42]. Desde entonces varios experimentos [104, 63] y predicciones tedricas
[64] han probado que cadenas relativamente largas sélo se pueden formar con oro, platino
e iridio. En el caso del platino todavia no se conocen con exactitud las propiedades
estructurales, aunque se saben las distancias de equilibrio (1.9-2.3 A), obtenidas a partir
de los histogramas de longitud. Por otro lado, los promedios de las curvas de conductancia
muestran una pendiente negativa y oscilaciones con el nimero de atomos en la cadena
que han sido atribuidas a un efecto de paridad universal [63, 105, 106].

Para entender y dilucidar las propiedades estructurales de estos sistemas realicé con
SIESTA y SMEAGOL varias simulaciones de cadenas de platino infinitas y cadenas de
platino entre electrodos fcc crecidos a lo largo de la direccién (001), formados por planos
de 3 x 3 atomos y puntos k en las direcciones transversales. Para ello utilicé una base
doble-( polarizada y el funcional LDA. Con cadenas infinitas zigzag empleé dos atomos por
celda unidad y en el caso de cadenas entre electrodos de volumen determiné las posiciones
de equilibrio relajando la parte central, formada por los cuatro dtomos del contacto y
la cadena, y permitiendo ademas que todos los atomos de movieran a lo largo de las
direcciones perpendiculares.

En el caso de cadenas infinitas la configuracion mas estable corresponde a cadenas
zigzag, como puede verse en la figura (0.5). Sorprendentemente, el nimero de canales
al nivel de Fermi, dados por las bandas s y d, decrece de un valor de 5, para cadenas
zigzag muy comprimidas, hasta 2, en la configuracién de equilibrio, para volver después
a aumentar. En el minimo zigzag los enlaces forman angulos de 24.8° con el eje del
transporte (z) y tienen una distancia de 2.37 A, correspondiente a 2.15 A a lo largo de
z. Cuando se aumenta la distancia los angulos decrecen hasta que en el minimo lineal,
d, = 2.38 A, ambas configuraciones son casi indistinguibles.

En casos més realista de cadenas entre electrodos de volumen muchos canales pierden
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Fig. 0.5: (a) Energfa de cohesién E. y (b) nimero de canales a la energia de Fermi N (EF)
en cadenas infinitas de platino como funciéon de la distancia d,. Numero de
canales N(F) como funcién de la energia F calculados en (c) d, = 2.38 y (d)
d, = 2.15 A. Las lineas sélidas y quebradas corresponden a cadenas zigzag y
lineales, respectivamente.
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Fig. 0.6: (a) Evolucién de la conductancia en cadenas de 2, 3, 4 y 5 dtomos (circulos,
tridngulos, diamantes y estrellas, respectivamente) entre electrodos fcc en funcién
de d,. (b) Conductancia frente al niimero de dtomos en la cadena, medida en las
posiciones de equilibrio (cruces) o promediada en un intervalo de 2 A alrededor

de las posiciones de equilibrio (cuadrados).
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conductancia y otros son suprimidos debido a los contactos. Lo primero que llama la
atencién es que el caso de un solo a&tomo es muy distinto de todos los demas, tanto por su
separacién de la cadena de dos dtomos, 2.8 A, como por el gran valor de la conductancia,
5.9 Gy. De aqui se puede concluir que el primer pico observado en los histogramas de
distancias no corresponde a una cadena de un sdlo atomo, sino a una cadena de dos
atomos. Efectivamente, las demads cadenas, de 2 a 5 atomos, estan separadas 1.9-2.1
A vy los valores de la conductancia cerca del equilibrio se mantienen entre 2.0 y 1.0 Gy,
oscilando y decreciendo progresivamente, como se ve en la figura (0.6) (a). Por otra parte,
el caso de dos atomos muestra un comportamiento distinto dependiendo de si los atomos
se sitian enfrentados o si se relajan también en las direcciones perpendiculares. En este
primer caso la conductancia tiene valores alrededor de 2.0 Gy cerca de la posicion de
equilibrio, que es lo que se mide cuando los electrodos retornan después de la rotura [105],
mientras que en el segundo caso la conductancia se mantiene alrededor de 1.5 Gy. De
aqui se deduce que la configuracién mas probable en situaciones de retorno es lineal.

El comportamiento no monétono de la conductancia con la distancia se puede explicar
teniendo en cuenta varios factores. Por un lado esté el efecto de estirar la cadena, que, para
un ntmero de atomos fijo, hace que la conductancia aumente al pasar de la configuracién
zigzag a la configuracién lineal. Por otro lado también aparece un efecto de paridad [106]
que produce pequenas oscilaciones, como se ve en la figura (0.6) (b). También se observa
que las conductancias medidas en las posiciones de equilibrio y promediadas alrededor de
dichas posiciones, para simular el promedio experimental, son casi indistinguibles.

La disminucién de la conductancia a medida que aumenta el niimero de atomos puede
asociarse con el angulo que forman los atomos en el medio de la cadena. En cadenas
pequenas los dngulos son menores que los dngulos que aparecen en cadenas mas largas (4
y b dtomos), ya que a medida que aumenta el niimero de adtomos se tiende en el medio de
la cadena a la configuracién de una cadena infinita, cuyos angulos son menores.

En conclusién, utilizando célculos de primeros principios se han podido determinar
las caracteristicas estructurales y electrénicas de cadenas de platino. Ademas también
se han podido comprender diversas propiedades como la variacién no mondtona de la
conductancia y la pendiente negativa y entender mejor los contactos de uno y dos atomos.

Nanohilos eléctricos

Desde que se demostré la posibilidad de llenar nanotubos con distintos compuestos [67] se
han producido nanohilos con diversas propiedades eléctricas y de transporte [45, 46, 47,
48, 49, 50, 51, 108]. En uno de estos experimentos se consiguieron encapsular metalocenos
dentro de nanotubos de una sola pared [108], un proceso que depende fuertemente del
diametro del nanotubo y que, debido a transferencias de carga, altera dramaticamente las
propiedades fisicas y quimicas del nanotubo y del metaloceno.
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Fig. 0.7: (a) Energia de enlace Ep, (b) carga transferida al nanotubo y (¢) momento
magnético total, para CoCps@QN (n,n), donde n varfa de 6 a 10. Las lineas sélidas
y las quebradas corresponden a las configuraciones paralela y perpendicular,
respectivamente. Los circulos representan el caso N = 3 y los cuadrados N = 4.

Como primer paso para estudiar estos sistemas simulé metalocenos aislados, también
conocidos como bis-ciclopentadienil TM (TMCps), formados por un metal de transicién
(TM) y dos anillos aromaticos de cinco carbonos y cinco hidrégenos cada uno. Para ello
utilicé bases doble-( para el hidrégeno y el carbono y una base doble-( polarizada para el
metal de transicién, ademas del funcional GGA para aproximar el canje y la correlacion.

Lo primero que llama la atencién es que, debido al campo cristalino creado por los
anillos aromaticos y la interaccion de canje, los electrones del metal de transicion se
desaparean y la molécula adquiere un momento magnético neto. Dicho momento crece en
unidades enteras de 1 ug alrededor del ferroceno, es decir, VCpsy, CrCpy, MnCps, FeCpso,
CoCps y NiCpy tienen momentos magnéticos de 3, 2, 1, 0, 1 y 2 up, respectivamente.

También simulé cadenas de metalocenos a lo largo del eje C5 de la molécula. Sin
embargo, a pesar de que son mas estables que la molécula aislada, la diferencia energética
es tan pequena (< 0.02 eV) que en la préctica estas estructuras no se forman.

Las diferentes comportamientos de los metalocenos se pueden aprovechar para disenar
nanohilos con distintas caracteristicas introduciéndolos dentro de nanotubos. Las
propiedades de cobaltocenos dentro de nanotubos conductores (n,n), que fueron los
primeros sistemas de este tipo que estudié, se muestran en la figura (0.7). Como puede
verse, la configuracion en la que el eje C5 del cobaltoceno es paralelo al eje del nanotubo
es casi siempre mas estable que la configuraciéon perpendicular. Por otro lado, el caso
N = 3, donde los cobaltocenos interaccionan entre si, resulta ser mas favorable que el
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Fig. 0.8: Estructura de bandas de TMCp,@3(7,7) paralelos, donde TM = V, Fe, Co y Ni.
Los casos perpendiculares son parecidos pero las bandas son totalmente planas
debido a la falta de interaccién entre los metalocenos.

N = 4, que corresponde a metalocenos aislados, debido a la energia de formacién de la
cadenas. El sistema maés estable es el CoCp2@3(7,7). También se comprueba que hay una
transferencia de carga del metaloceno al nanotubo y el momento magnético es menor que
el del cobaltoceno aislado, aunque éste aumenta al crecer el radio del nanotubo.

En la figura (0.8) se muestra la estructura de bandas de algunos de estos sistemas.
Como puede verse, los nanohilos tienen propiedades de transporte muy distintas dependi-
endo del tipo de metaloceno. Con el ferroceno los niveles son iguales para los dos espines.
En cambio, en el vanadoceno, cobaltoceno y niqueloceno las bandas al nivel de Fermi son
distintas para espin hacia arriba o espin hacia abajo, aunque en el caso del vanadoceno
son bastante planas. Si a continuacion se calcula con SMEAGOL la conductancia de
una cadena perfecta de CoCp,@3(7,7) y varios casos en los que se invierte la magneti-
zacion de uno, dos o tres cobaltocenos seguidos, se obtienen valores de magnetorresistencia
(0G = (G — G4)/Gyq) entre el 22 y el 25%, como puede verse en la figura (0.9).

En vista de los anteriores resultados parece légico suponer que utilizando nanotubos
aislantes se podria aumentar considerablemente la magnetorresistencia, puesto que sélo
quedarian las bandas del metaloceno al nivel de Fermi y la polarizacion de espin seria
perfecta. Sin embargo, cuando se simulan tales configuraciones se observa que las bandas
del nanotubo bajan al nivel de Fermi, como consecuencia de la transferencia de carga, y
el resultado es bastante parecido al caso del nanotubo conductor.

En conclusién, encapsulando metalocenos dentro de nanotuboes de carbono es posible
disenar nanohilos con propiedades de transporte especificas. Los resultados indican que
el CoCpy@3(7,7) es estable y puede producir una magnetorresistencia del 25%. FEste
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Fig. 0.9: Conductancia de la cadena perfecta de CoCp,@3(7,7) (linea negra sélida) y varias
configuraciones en las que se invierte la magnetizacién de uno (linea roja a tra-
zos), dos (linea verde a trazos y puntos) o tres (linea azul a trazos y dobles
puntos) cobaltocenos para electrones con (a) espin hacia arriba y (b) espin hacia
abajo.

porcentaje no se puede mejorar utilizando nanotubos aislantes debido a la transferencia
de carga.

Magnetismo No Colineal y Espirales de Espin

La mayoria de los sistemas fisicos tienen configuraciones magnéticas colineales, en las que
los momentos magnéticos son todos paralelos a un eje de cuantizacién (ferromagnetos) o
alternados paralelos/antiparalelos (antiferromagnetos). El Hamiltoniano y la matriz den-
sidad que describen tales sistemas se pueden descomponer por tanto en dos partes, Ty |,
con diferentes potenciales de canje y correlacién [110]. En otros sistemas en cambio la con-
figuraciéon magnética es no colineal [111, 112, 113, 114] y cada término del Hamiltoniano
y la matriz densidad se transforma en una matriz 2x2.

Estructuras de espines espirales

En sistemas periodicos no colineales se puede utilizar el terorema de Bloch generalizado
[109] para disminuir el tamano efectivo del cdlculo. El truco consiste en introducir matrices
de rotacion dependientes de un vector de onda ¢, tales que

(R|7- RYV(F) = Up(F+ R)U, f(R)x = e R0 (7) (0.17)

donde el operador {ﬁ](j é} traslada y gira el espinor. De esta manera un sistema periédico
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con magnetizacion que varia también de forma periddica, se puede describir utilizando
s6lamente una celda unidad. Esto ademas permite simular configuraciones en las que el
cambio en la magnetizacién no estd conmensurado con la red cristalina, algo que de otra
manera seria imposible de llevar a cabo.

Dentro de este esquema la funcién de onda en SIESTA (ecuacién (0.4)) adquiere la
siguiente forma:

V() = —= D™ ﬁ!,q(éu)éngu¢ﬁ# (7= R,) (0.18)

donde la matriz U, #() rota un dngulo azimutal el espinor. Para que esta rotacién tenga
efecto es necesario girar inicialmente el espinor un angulo polar de 90 grados.

Potencial de canje y correlacion

En los sistemas no colineales también hay que tener cuidado al calcular el potencial
de canje y correlacion puesto que los funcionales actuales sélo estan bien definidos para
sistemas paramagnéticos o colineales. A pesar de todo se puede emplear un procedimiento
relativamente sencillo: rotar en cada punto la matriz densidad hasta tenerla en un sistema
de referencia colineal, utilizar los elementos colineales para obtener el potencial de canje
y correlacién y aplicar por tltimo la rotacion inversa a dicho potencial. Esto no genera
problemas con la LDA porque el funcional es local y no afecta al vector del momento
magnético. Sin embargo, con la GGA se debe de tener mas cuidado porque el funcional
también depende del gradiente de la densidad y las rotaciones que diagonalizan estos
términos no son en general iguales a la rotacién que diagonaliza la densidad. A pesar de
todo el problema se puede resolver empleando cualesquiera de estas dos aproximaciones:
(i) se rota la densidad y se calcula el gradiente de los elementos colineales para obtener
el potencial,

a(7) — ad(7), Val(F) — VU ad(7), Val(F)] (0.19)

o (ii) se calcula el gradiente no colineal, se rota y se elimininan los términos de fuera de
la diagonal [125]:

ﬁ(ﬁ,Vﬁ(mﬁﬁd(F),Ovng;)]T ) />ﬁ
%ﬁd(m,@w(w 0 )HV“Cd[ﬁd(ﬁ,Vﬁd/(f’)] (0.20)
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Fig. 0.10: Configuracion espiral de la fase v del hierro.

Aunque estas dos aproximaciones parecen bastante diferentes los resultados obtenidos
con ambas son casi indistinguibles, lo que significa que las rotaciones de la densidad y su
gradiente son muy similares. Esto sugiere que los cambios intraatémicos en la direccion
de la magnetizaciéon son muy pequenos [126].

Propiedades magnéticas y estructurales del hierro

La fase mas comun del hierro es la fase bee ferromagnética. Sin embargo a gran presion (/2
13 GPa) hay una transicién a una fase hep (hierro-€) que no tiene ordenamiento magnético
y puede ser superconductora. A altas temperaturas también hay otra transicion, esta vez
hacia una fase fcc (hierro-v), que también puede ser estabilizada a bajas temperaturas
en la forma de aleacionl [130], capas delgadas [132, 133] o microparticulas en matrices de
metales nobles [119, 134].

La fase 7 tiene un ordenamiento magnético espiral, como el mostrado en la figura
(0.10), caracterizado por un vector Gep = (27/a)(0.12,0,1). Dicho ordenamiento ha sido
tratado de reproducir por muchos autores utilizando calculos ab initio [136, 137, 138,
139, 140, 141, 125, 126] pero ninguno lo ha conseguido, a pesar de los muchos métodos y
aproximaciones utilizados. Para tratar de resolver este problema o encontrar una solucion
mejor llevé a cabo una serie de simulaciones de primeros principios de las fases del hierro,
haciendo especial énfasis en la fase .

Lo primero que hice fue converger los diversos pardmetros que entran en los calculos.
Para ello estudié la variacion de la energia en funcién del pseudopotencial, del nimero
de puntos k, del pardmetro de corte de la malla en espacio real, de la temperatura, de
los radios de los orbitales y del nimero de orbitales de la base. En general los resultados
no dependen mucho del pseudopotencial. En cambio hay que meter bastantes puntos k
(4.000) y puntos de la malla real (hasta 50.000, que corresponde a un parametro de corte
de 700 Ry) y una temperatura no superior a 300 Ry para que la energia converja con una
precision de 0.01 eV. También es necesario emplear una base muy bien convergida, formada
por orbitales con radios largos minimizados variacionalmente y con al menos triple- y
polarizacién (orbitales p). Si se usan bases mas pobres, como la doble-( polarizada, se
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Fig. 0.11: Eneria libre y momento magnético como funcién del volumen atémico (Vi =
a®/2, Viee = a®/4) de las fases del hierro, obtenidos con GGA y bases con doble
(a) y triple (b) (. PM = paramagnético, LS = espin bajo ferromagnético, HS
= espin alto ferromagnético, AF = antiferromagnético, SS = espiral de espin,
FM = ferromagnético.

obtiene con la LDA un ordenamiento de las fases incorrecto: la bee resulta ser mas estable
que la fcc, lo que esta de acuerdo con los experimentos, curiosamente, pero es contrario a
lo predicho por otros calculos [145].

Con LDA y triple-( los resultados son sin embargo bastante buenos y casan bastante
bien con calculos de ondas planas que incluyen todos los electrones [145]. Por ejemplo,
para la fase bce se obtiene una constante de red de 2.76 A, un momento magnético de
2.08up y un médulo de volumen de 2.68 Mbar. La constante de red de la fcc paramagnética
también es muy similar al cdlculo de ondas planas, 3.38 A, aunque la diferencia energética
con la bee resulta estar un poco subestimada (55 meV frente a 70-80 meV) [145]. A pesar
de todo, es bien conocido que los resultados con la LDA no estan de acuerdo con los
experimentos, por lo que debe utilizarse la GGA para mejorarlos. Con esta tltima se
obtiene 2.85 A, 2.31up y 1.83 Mbar para la fase bee, que comparan también muy bien
con resultados tedricos previos [146, 125] y por supuesto con los valores experimentales,
2.87 A, 2.22 up y 1.68 Mbar. Las curvas de cohesién obtenidas con la GGA pueden verse
en la figura (0.11), donde también se hace una comparacién entre las bases doble y triple

C.

También se simularon clisteres de hierro con un niimero de dtomos entre 2 y 5 em-
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Tab. 0.1: Longitud de enlace a (A), enerfa de enlace por dtomo E, (eV/atom) y mo-
mento magnético total M (up) para clisteres de hierro de dos a cinco atomos,
calculados con una base triple-( y la GGA no colineal.

a (A) B (eV/A) M (up)
Fe, 2.02 1.51 6.00
Fes Do, 2.28 1.72 5.62
Fes C3,  2.27 1.88 10.00
Fey Cyp  2.30 2.21 14.00
Fey Ty  1,2¢53,42.27 2.31 14.00

1452, 354 2.65
Fes Dy, 14523 253 2.43  2.58 17.07

1,2,3¢4.5 2.37

pleando la aproximaciéon GGA no colineal. Los resultados, mostrados en la tabla (0.1)
comparan muy bien con resultados tedricos previos [113, 147, 142, 148, 115] e incluso
mejoran el caso del Fey cuando se comparan con los valores experimentales [149].

El ultimo célculo hecho con el hierro correspondio a las configuraciones espirales. Con
la LDA se predicen dos configuraciones estables: para constantes de red cercanas a la
experimental el vector de onda que da menor eneria es ¢ = (27/a)(0,0,6), mientras
que cuando la constante de red baja de a ~ 3.50 A es mds estable la configuracién
con ¢ = (2m/a)(0.2,0,1), que es similar al experimental. Por tanto, la configuracién
magnética en el equilibrio es correcta, pero la constante de red es demasiado pequena. En
cambio con la GGA la constante de red en el equilibrio es muy parecida a la experimental,
3.56 A, pero la configuracién més estable resulta ser la correspondiente a ¢y, como se puede
ver en la figura (0.12). En este caso se encuentra sin embargo que la curva espiral interpola
entre la fase antiferromagnética y la fase ferromagnética de espin alto y tiene un minimo
claro (ver figura (0.11)), mejorando también este aspecto otros resultados tedricos [125].

En resumen, los resultados obtenidos concuerdan bastante bien con simulaciones de
otros autores e incluso las mejoran. El mayor problema aparece al intentar reproducir el
orden magnético correcto de la fase v, que con GGA, a pesar de obtener una constante de
red de equilibrio muy cercana a la experimental y mejor que otros autores, se desarrolla
para volumenes atomicos bastante mas pequenos. Las discrepancias pueden ser debidas
a algun fallo inherente a la aproximacion GGA en sistemas colineales. Para mejorar los
resultados seria por tanto necesario un nuevo funcional que incluyese explicitamente los
elementos de la matriz densidad de fuera de la diagonal.



Resumen en Espafiol 58

(a) BSD (b) BST
T T T ] T T T . ] -783.38
-783.16 _:"\/ﬁww;_ 17834
~ -1832 ™ 1 -783.42
LU \ W | 783.44
LT-" Lo Pl ey il -4
-783.28[ \\:7 \; 783.46
78332+ - 783.48
2500y, - 2.5
L el [/ e 2
o L/ S T * | e
= / > T s W S 5
o 1-5::;/;/ ‘_“‘-v—.,_..rr"‘_' wisy| Lo 1.3
= 4 —|==354|
L J == 3 58 |
05 1+« 361 I < 0.5
] 1 L 1 ] L | 1 L 0
(0,0,1) (0.5,0,1) 0,0,1) (0.5,0,1)
q q

Fig. 0.12: Enerfa libre (arriba) y momento magnético (abajo) de las fases espirales del
hierro obtenidos con GGA y bases con (a) doble y (b) triple ¢, para constantes
de red entre 3.45 y 3.61 A.

Calculos Ab Initio de Espectros de Ondas de Espin

Las fluctuaciones de espin, que rotan o reorientan localmente los momentos magnéticos,
son la base de muchos fendmenos magnéticos. Por ejemplo, pueden explicar la ley de
Curie-Weiss y las diferentes temperaturas de Curie [120] y participan en procesos como
el transporte eléctrico o de calor, el calor especifico y la superconductividad. Informacion
sobre tales fluctuaciones se puede obtener a partir de la susceptibilidad, x, definida como

- t -
SM(7, ) = / A7’ / Aty (7,7t ) H (7 1) (0.21)
0, en espacio reciproco,

M, (F,9) = 3 / dwy (K, @ Q, w) H (7, w) (0.22)

donde M es la magnetizacion y H es el campo manético. La parte imaginaria de la
susceptibilidad es, de acuerdo con el teorema de fluctuacion disipacién, directamente
proporcional a la transformada de Fourier de la funcién de correlacién [151]. Por ello que
los calculos tedricos de la susceptibilidad magnética permiten conocer de forma precisa
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Fig. 0.13: Cambio inducido en el vector de espin (la magnetizacion tiene el signo contrario)
por el campo magnético. Esta perturbacio se propaga por la red a lo largo de
una direccién determinada para dar lugar a un magnon.

el comportamiento magnético de muchos materiales y se pueden tomar como un primer
paso para entender otras propiedades.

Ondas de espin (magnones)

Las ondas de espin, también conocidas como magnones, son respuestas dindamicas cuyo
espectro se puede obtener a partir de calculos ab initio de la susceptibilidad. Para generar
este tipo de ondas es necesario aplicar un campo magnético transversal y oscilatorio
a un sistema ferromagnético? [155, 156, 157, 158]. Dicho campo induce un cambio en
la magnetizacién, m = m° + m!, donde m' va en la direccién perpendicular al eje de
cuantizacién (véase la figura (0.13)). Si el cambio inducido es lo suficientemente pequeno
se puede aplicar teoria de perturbaciones dependiente del tiempo y obtener, tras un poco
de algebra, la siguiente ecuacién integral:

APy

~ ~ - k 'k+q

X++(G7Q7 —(.U) = E : f = Tq .

wte,. —e'.—1i0
n'k+q nk

—i(G+q)-7 ig-dy, —ik-(d,—R,) .| * 7
X /e D e CorttanCoiin X

R
n,n'k

R

X Gu(F —d) o (F— R,)di

X/ _chT(F/)_chi(f»/)
mo(F’)

Z )Z++(é/7 q, _w)ei(é/+®.w + €i(TF, X
é/

2 Los magnones también se pueden generar en otras configuraciones magnéticas y con otro tipo de
campos, pero s6lo consideraré el caso ferromagnético transversal, que es el mds comin y sencillo de
estudiar.
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donde f son los factores de Fermi, ¢ los autovalores del Hamiltoniano y G son los vectores
de red del espacio reciproco. Juntando los términos, la ecuacion final se puede escribir
como sigue:

X4 (G, G —w) = X0, (G, §,—w) + Y TG, G, G, —w)X+ 4 (G, G, —w) (0.24)

cuya solucién es

A

9~<++(é7q7 —w) = Z [[

—

Gl

-1 = = ~ ST

Aunque finalmente se obtiene el resultado para cualquier vector de onda G , s6lo se necesita
el término G = 0, que da la susceptibilidad integrada en la celda unidad.

A partir de las anteriores ecuaciones también se puede tomar el limite en el que
nT — n%l tiende a cero, utilizando la regla de L’Hopital, y obtener una expresién para
sistemas paramagnéticos. Utilizando el funcional LDA,

' VICT[TL,TI’L] _ V:rci[n7m] 5 (chT[n7m] _ Vmcl[nym])
lim = =
m—0 m om

sveelint nt] Ve lnt n!]
0;1 sen(o) ( on° B one

(0.26)

DN | —

donde sgn(T) =1 y sgn(]) = —1. Con la GGA la derivacién es un poco mas complicada
porque hay que tener en cuenta los gradientes:

’ Veelngm, Vn, Vm| — V¥ n,m, Vn, Vm] B
Jim T -

1 sveelint nt, Vnl Vn!l  sVeeiint nl Vn! Vn!]
== > sgn(o) - +
2 on® on?

5V$CT[TLT7 nl’ vnT’ vnl] S\ e l[nT7 nl’ VTLT, an]> §<Vno')l

> 5(Vne); - 5(Vno); 57 } (027)
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La susceptibilidad paramagnética calculada a frecuencia cero da informacion sobre las
estructuras espirales que puede tener el sistema. Esto procura un método alternativo al
teorema de Bloch generalizado [109], explicado en el capitulo anterior.

Aproximaciones

Los principales problemas del cédigo de magnones vienen del hecho de que, debido a
la presencia de muchos ciclos numéricos, el tiempo y la memoria de cémputo aumentan
espectacularmente con el tamano del cdlculo. Para simplificar las simulaciones es necesario
por tanto introducir diversas aproximaciones.

Como primera aproximacion utilicé un método analogo a la teoria de perturbaciones,
donde supuse que en cada fila (0 columna) de la matriz I1(G, G') los términos mas impor-
tantes eran I1(G,0) (el que tiene una fase nula) y II(G, G). Aunque esta aproximacion
es muy eficiente desde el punto numérico los resultados que se obtienen son bastante
imprecisos y no verifican el teorema de Goldstone.

Otra simplificacién se basé en el aproximante de Padé [168], que consiste en calcular
las funciones en el eje imaginario de energias y hacer una continuaciéon analitica hacia el
eje real utilizando el método reciproco de Thiele [168]. De esta forma se puede reducir el
nimero efectivo de puntos de energia que entran en el calculo.

Finalmente, como en las matrices y en los ciclos numéricos hay muchos elementos
despreciables es conveniente identificarlos y eliminarlos, definiendo nuevas matrices mas
pequenas. En primer lugar, s6lamente las bandas cuya diferencia estd dentro de la ventana
de w que se va a calcular y cuya diferencia en los pesos no es muy pequena, dan una
contribuciéon importante. Por tanto sélo es necesario usar determinadas combinaciones
de bandas alrededor del nivel de Fermi. Por otro lado, también hay elementos de las
matrices Hamiltonianas y de solapes (que en este caso estdn también multiplicados por
una fase dependiente de los vectores é) que son bastante pequenos y que si se eliminan
no estropean el resultado. Lo mismo se puede aplicar a los elementos de la matriz f[, que
disminuyen a medida que los médulos |G| o |G| aumentan.

Utilizando las aproximaciones anteriores e introduciendo cortes numéricos de forma
inteligente es posible reducir considerablemente el tiempo y la memoria de ejecucién sin
danar la precisién del céalculo.

Espectros de ondas de espin del hierro y el niquel

Para estudiar el funcionamiento del cédigo utilicé la fase bee del hierro y la fase fec del
niquel. En el primer caso la relacién de dispersion es parabdlica a lo largo de la direccion
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Fig. 0.14: (a) Relacion de dispersién del hierro bee ferromagnético obtenida con una base
doble-¢ y la LDA a la constante de red teérica (2.78 A). (b) Relacién de dis-
persién del niquel fce ferromagnético obtenida con una base doble-( y la LDA a
la constante de red tedrica (3.40 A). En ambos casos se emplearon 39304 puntos
k, 1331 puntos G, 25 puntos de Padé y cortes numéricos del orden de 107°. La
escala va desde el negro (x = 0) hasta el blanco (valores de ) més altos.

(001) del vector ¢ (en unidades de 27/a) [155, 157, 169, 170, 152, 171, 153, 154, 172]. En
el niquel la relacién de dispersién también empieza siendo parabdlica [156, 159, 170] pero
se desdobla después en una rama acustica y otra 6ptica, que no son bien descritas por la
LDA debido a la sobreestimacién del desdoble de canje en las bandas [173, 169, 174, 175,
152, 154, 172).

El primer paso consistio en optimizar el cédigo utilizando las aproximaciones y cortes
del apartado anterior. Para ello empleé el teorema de Goldstone, que dice que en § = 0
y w = 0 debe existir un magnén, es decir, la parte imaginaria de la susceptibilidad debe
tener un polo en el origen. Por tanto elegi el nimero minimo de vectores G y puntos de
Padé y los cortes en los distintos ciclos numéricos lo més grandes posible que reprodujesen
dicho pico. El niimero de puntos k£ no afecta mucho en este caso pero es muy importante
para ¢ # 0: si hay pocos puntos k las curvas aparecen cortadas y con mucho ruido.

Los resultados finales, obtenidos con LDA y bases doble-(, a las constantes de red
teéricas (2.78 A para el hierro y 3.40 A para el niquel) se muestran en las figura (0.14).
Comparando el hierro con los resultados tedricos y experimentales se observa que la curva
se va hacia frecuencias bastante mayores, lo cual puede deberse al hecho de que la base de
orbitales empleada era muy pobre (para simular correctamente este elemento se necesita
al menos triple- polarizada, como se vio en el anterior apartado). El niquel no verifica
los experimentos pero casa mejor con los resultados tedricos (aunque es dificil hacer una
comparacion exacta debido a que se emplearon pocos puntos en la simulacién para ahorrar
tiempo y memoria). En resumidas cuentas, a pesar de algunos problemas de precision se
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puede decir que el coédigo funciona, lo cual abre la puerta a nuevos calculos de magnones
y configuraciones magnéticas en diversos materiales.

Modificacion de Estados de Superficie Aplicando Tension

Cada superficie tiene propiedades fisicas y quimicas especificas que dependen del tipo de
material y de la direccién de crecimiento. Entre dichas propiedades, la reactividad y el
comportamiento catalitico juegan un papel fundamental y grandes esfuerzos se han real-
izado para caracterizarlas, entenderlas y modificarlas a voluntad [177]. Sin embargo, sélo
en tiempos relativamente recientes, gracias al desarrollo de nuevas técnicas experimentales
y métodos tedricos, ha sido posible alcanzar el ansiado objetivo de fabricar superficies con
las caracteristicas deseadas. Este avance tendra profundas consecuencias en los procesos
relacionados con la adsorcion y modificacién de moléculas y en general en todo lo que
tenga que ver con los procesos cataliticos y reactivos.

Estados de superficie y reactividad

Los estados electronicos de una superficie se pueden clasificar en dos tipos: resonancias
de superficie, que son estados de volumen con mucho peso en la superficie y que por tanto
decaen suavemente hacia el interior de sélido, y estados de superficie propiamente dichos,
que estan confinados en la superficie y decaen exponencialmente tanto hacia el vacio como
hacia el interior del sélido. Los primeros tienen energias que aparecen en zonas donde hay
bandas de volumen mientras que los segundos se encuentran en las zonas prohibidas.

Para caracterizar los estados de superficie se puede utilizar espectroscopia inversa de
fotoemisién resuelta en momentos [186, 184], que consiste en bombardear la muestra con
electrones que forman un angulo 6 con la superficie y medir la intensidad de fotones
emitida. La técnica més popular sin embargo es el microscopio de efecto tinel [190] que
permite determinar la densidad de estados directamente sobre la superficie a través de la
conductancia diferencial [192]. Con ambas técnicas es posible caracterizar de forma muy
precisa los estados de superficie y estudiar cémo varian en funcién de diversos cambios
electrénicos y estructurales, como por ejemplo modificaciones en la funcién de trabajo
(196, 197], cambios en la anchura de las terrazas [198] y aplicacion de tensién [199, 196].

Los estados de superficie también pueden tener gran influencia en la reactividad, puesto
que un estado poblado aumenta la respulsion electrénica entre la superficie y las moléculas
que llegan, mientras que si el estado estd vacio la repulsién es mucho menor y las moléculas
pueden ser adsorbidas con mas facilidad. Los procesos de fisisorcion y quimisorcion se
pueden explicar facilmente observando la curva de la figura (0.15). Primero la molécula
es atraia por un potencial dipolar y llevada al minimo de fisisorcién. Si se la acerca
mas empieza a sentir la repulsiéon electrénica de los estados sp, hasta que los electrones
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Fig. 0.15: Curva de energia que describe el proceso de adsorcién de un atomo o molécula
simple que se aproxima a la superficie. Lo primero que ve la molécula es el
potencial electrostatico atractivo (1) que la lleva al minimo de fisisorcién. Si la
distancia se reduce mas, la interaccion con los orbitales sp se convierte en repul-
siva (2) hasta que el estado atienlazante cruza el nivel de Fermi y sus electrones
pasan a la superficie (3). El proceso se convierte de nuevo en energéticamente
favorable (4) hasta que, debido a la repulsién de Pauli, la molécula es repelida
de la superficie (5), quedédndose finalmente en el minimo de quimisorcién.
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de los orbitales antienlazantes pasan a la superficie y el proceso se convierte de nuevo
en favorable. Este proceso define la barrera de fisisorcion, que tiene gran influencia en
la reactividad. Finalmente, la molécula se queda en el minimo de quimisorcién, ya que
la repulsion de Pauli evita que se acerque mas. La barrera de fisisorcién es producida
por tanto por los estados sp, que conforman los estados de superficie, mientras que los
orbitales d intervienen en el minimo de quimisorcién.

Los estados d y sp se pueden modificar estirando o comprimiendo la superficie. Por
ejemplo, creciendo un material encima de otro que tenga una constante de red distinta
206, 196, 207, 208]. La expansién aumenta la reactividad, algo que tradicionalmente ha
sido atribuido al cambio en los estados d [209]. Sin embargo, la importancia de los estados
sp ha sido subestimada hasta el momento.

El sistema Cu/Ru(0001)

El interés en este sistema viene motivado por el hecho de que la superficie Ru(0001)
funciona como catalizador para convertir hidrocarbonos. Esta propiedad puede ser con-
siderablemente aumentada (alrededor de un 40%) anadiendo una capa de cobre sobre la
superficie [210], lo cual tiene profundas consecuencias en las reacciones quimicas en las
que intervienen estas moléculas.

La estructura de estas capas ha sido extensivamente estudiada utilizando difraccién
de electrones y rayos X [211, 212, 207, 208]. Se sabe que la primera capa de cobre crece
de forma pseudomérfica sobre el substrato [206], mientras que las deméds tienden hacia la
la configuracién normal del Cu(111) relajandose segiin unas direcciones determinadas (a
lo largo de los vectores de red de la superficie para la segunda capa, mientras que para
las siguientes la estructura va haciéndose mas complicada).

El experimento en el que se basaron los calculos fue llevado a cabo por el grupo de
Rodolfo Miranda. En él se estudié la densidad de estados sobre las superficies Cu(111),
Ru(0001) y Cu/Ru(0001) mediante el microscopio de efecto tinel. Un ejemplo de imagen
tomada con este microscopio se muestra en la figura (0.16). De acuerdo con el experimento
el estado de superficie del rutenio se encuentra vacio (por encima del nivel de Fermi)
mientras que el del cobre aparece lleno. Sin embargo, cuando se anade una capa de cobre
al rutenio dicho estado se va hacia arriba y se despuebla. Finalmente, cuando se ponen
mas capas cambia de tendencia y se mueve hacia abajo. Este movimiento del estado de
superficie esta correlacionado con la reactividad, ya que a absorcion de moléculas, que es
maxima con una sola capa de cobre, disminuye al aumentar el espesor.
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Fig. 0.16: (a) Imagen 160 nm x 127 nm tomada con el microscopio de efecto tinel en 2
monocapas de Cu crecidas sobre Ru(0001). Las partes brillantes corresponden a
burbujas de argén que hay bajo la superficie. (b) Imagen de 10 nm x 8 nm de 2
monocapas de Cu sobre Ru(0001) que muestra los detalles de la reconstruccion.

Estudio ab initio del sistema Cu/Ru(0001)

Para estudiar la fisica relacionada con los estados de superficie y entender la contribucion
de la tension, proximidad al substrato y otros factores, llevé a cabo una serie de simu-
laciones con SIESTA de superficies Cu(111), Ru(0001) y Cu/Ru(0001) de una a cuatro
monocapas. Para ello se elegi el funcional LDA, que da buenos resultados en sistemas no
magnéticos, y bases doble-( polarizadas para el rutenio y el cobre. En este ultimo fue
necesario ademas incluir triple-( en los orbitales d para reproducir de forma precisa los
comportamientos observados experimentalmente. Por otro lado, los radios de corte los
elegi de forma que optimizasen los parametros estrucutrales, que son muy importantes en
estas simulaciones.

Primero hay que determinar el nimero minimo de capas que debe tener el bloque
‘bidimensional’ que simula la superficie. Para ello comparé la densidad de estados de los
atomos en el centro del bloque con la densidad de estados del sistema de volumen, las
cuales no deberian diferir mucho cuando el nimero de capas es suficientemente grande.
El resultado fue que al menos 15 capas de cobre y 13 de rutenio son necesarias para que
tanto los estados en el centro del bloque como los de la superficie estén bien convergidos.
Esto es manifiestamente mejor que otros calculos tedricos en los que el nimero de capas
era bastante mas pequenio [202, 203, 213]. Por otro lado, es necesario mencionar que el
sistema no lo relajé en la direccién z porque las distancias experimentales en los atomos
cercanos a la superficie son bastante similares a las distancias de volumen [207, 208].

El estado de superficie lo determiné observando donde tiene picos la densidad de esta-
dos de caracter sp proyectada en los atomos de la superficie. Como la mayor contribucién
a la corriente tunel viene dada por los electrones con el momento lo mas perpendicular
posible a la superficie, integré la densidad de estados sélamente en el centro de la zona de
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Fig. 0.17: Densidad de estados de los atomos superficiales proyectada en los estados d
(izquierda) o s + p, (derecha). La linea continua corresponde a las distancias
de volumen del cobre (a,, = 2.55 A y a, = 2.08 A), la linea quebrada a
una red uniformemente expandida hasta las distancias del rutenio de volumen
(agy = 2.70 A ya, =220 A) y la linea de puntos y trazos a la red expandida
con la ltima capa contrafda a 1.94 A.

Brillouin (1/4 del total). Por otra parte, discriminando en orbitales se ve que la mayor
contribucion viene de los estados s y p., que son los que mas salen hacia afuera.

El estado de superficie puede ser afectado por varios factores, como la tensién, la
proximidad al substrato o la direcciéon de crecimiento. Para separar algunas de estas
contribuciones consideré primero superficies de cobre fce (111) o cobre hep (0001) bajo
diferentes tensiones. En el primer caso, calculado a las distancias de volumen a,, = 2.55
A ya, =2.08 A, se observa el tipico estado del cobre que empieza un poco por debajo
de la energia de Fermi. Cuando el sistema se expande hasta las distancias del rutenio de
volumen a,, = 2.55 A ya, =208 A el estado se mueve hacia arriba, al igual que el
centroide (centro de masas) de la banda d. Lo mismo ocurre al comprimir la dltima capa (a
1.94 A), aunque en este caso el centroide sigue la tendencia opuesta. Este comportamiento
se puede observar en la figura (0.17). Los resultados obtenidos para el Cu hep (0001) son
muy similares.

Cuando se anade una monocapa de cobre sobre Ru(0001) el pico del cobre se mueve
250 meV hacia el nivel de Fermi, apareciendo incluso méas arriba que el pico del rutenio
puro, y se despuebla. Esto concuerda bien con experimentos que muestran que tanto
los estados 2ps/, [216] como los d [215] se mueven 0.3 eV hacia arriba. Sin embargo
los célculos indican que el centroide de las bandas d (que en este caso muestran un
unico pico) sélamente se mueve 110 meV, lo cual viene a sugerir que esta cantidad no
es un buen parametro para caracterizar las propiedades superficiales. Al anadir mas
capas es necesario comprimir las distancias laterales. Para simplificar no tuve en cuenta
las reconstrucciones, que requeririan simulaciones hercileas, y las sustitui por la red fcc
habitual a la constante de red experimental. Como puede verse en la figura (0.18) tanto
las bandas d (y su centroide) como los estados s + p. se mueven hacia abajo con el niimero
de capas. Sin embargo, si se hace lo mismo manteniendo las distancias de la primera capa
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Fig. 0.18: Evolucién de la densidad de estados superficial proyectada en los estados d
(izquierda) y en los estados s + p, (derecha) en funcién del nimero de capas.
La linea continua indica los resultados calculados a las distancias laterales ex-
perimentales (2.70, 2.61 y 2.55 A para 1, 2 y 4 monocapas, respectivamente)
mientras que la linea quebrada muestra los mismos casos sin comprimir (2.70

A).
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Fig. 0.19: La parte izquierda muestra resultados de conductancia frente al voltaje aplicado
para Ru(0001) puro (linea continua) y, de abajo hacia arriba, la misma superficie
cubierta con 1, y 2 monocapas de cobre y Cu(111) puro. La parte izquierda

muestra los calculos ab initio correspondientes.
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la tendencia resulta ser la opuesta. Esto indica que la influencia del substrato produce un
efecto contrario al generado por la expansion. No obstante, el efecto total baja la energia
del estado.

Finalmente, la comparacion de los resultados tedricos con los expermientales puede
observarse en la figura (0.19). El acuerdo entre ambos casos es excelente y demuestra la
viabilidad de los calculos ab initio para simular estados de superficie. Estos resultados
pueden también relacionarse con la reactividad puesto que en los mismos experimentos
se comprobd que esta propiedad aumenta considerablemente con una monocapa de cobre
sobre rutenio y disminuye a medida que se anaden mas capas.






Preface

This thesis is a theoretical work on the solid state using computational physics. The basic
tool underlying most of the calculations is Density Functional Theory, which describes
the system in terms of the electronic density and maps the interacting system onto an
equivalent non-interacting set of particles in an effective potential. These simplifications
allow us to perform accurate and fast simulations of the ground state physical properties
of crystalline solids and isolated systems with a relatively large number of atoms. Such
simulations are known as ab initio or first principles simulations because no free param-
eters enter into them, everything is derived from the postulates of quantum mechanics.
However, in practice some parts of the simulation have to be approximated and other
parts have to be simplified in order to speed it up and make it computable. This is one
of the reasons computational physics is not simply reduced to ‘enter some parameters in
the computer and wait for the result’ since prior to the main study one has to carefully
determine the most efficient set of ‘simplifications’. Additionally, one has to understand
very well the different concepts underlying the basic theory and approximations and know
a series of numerical algorithms and computer programs to be able to modify and im-
prove the numerical code. Furthermore, the results have to be carefully analyzed and
interpreted and, most importantly, they have to be compared with the experiments and
one has to explain why they do or do not match. As I will show, these conditions were
completely followed in all the calculations.

The first chapter, an introduction to the ab initio simulations, explains the main
theoretical tools used by the physical and chemical communities to approximate the
Schrédinger equation, namely Density Functional Theory and Configuration Interaction,
and shows their advantages and disadvantages. The main focus is on density functional
theory, its basic theorems and approximations. The final part of the chapter introduces
a very efficient implementation of this theory, the SIESTA code.
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The second chapter presents the basic formalism to calculate quantum transport prop-
erties of systems with small numbers of atoms and describes its implementation in the
SMEAGOL code, which is used to study the electronic and transport characteristics of
three different systems: (a) Hy molecules sandwiched between platinum or palladium elec-
trodes, (b) monoatomic platinum chains, and (c¢) metallocenes inside carbon nanotubes.

The third chapter shows how the generalized Bloch’s theorem and the non-collinear
Generalized Gradient Approximation can be included in SIESTA. These approaches are
used to fully characterize the structural and magnetic properties of iron. The final part
of the chapter focuses on the v phase and discusses how the theoretical results and the
experiments compare.

The fourth chapter is devoted to magnetic waves, also known as magnons. It introduces
the basic theories and approximations employed to calculate the magnetic susceptibility
and shows how the code can be optimized to reduce the computer execution time and
memory. At the end of the chapter the magnon dispersion relation in iron and nickel is
calculated.

Finally, the fifth chapter studies how the surface states of copper evolve as a function
of the applied strain when layers of this material are deposited on top of ruthenium. The
results are successfully compared with the experiments and linked to the changes in the
surface reactivity.



Introduction: First Principles Calculations

Since the discovery of the Schrodinger equation great effort and resources have been
devoted to solve or approximate it. It was evident from the beginning that only very
small systems, such as single atoms or diatomic molecules, admitted exact or very pre-
cise solutions. To deal with larger numbers of particles many theoretical schemes use
the Hartree-Fock approximation, which expresses the wave function as a single Slater
determinant, constructed with single-electron states that are varied to minimize the en-
ergy. However, this method has the serious drawback that the electronic correlations are
discarded. More sophisticated approaches can be developed including additional Slater
determinants built with excited states, as a first step to cover the full Hilbert space of
the many-electron wave functions. However, this approximation, which is the basis of the
configuration interaction method (CI), has the disadvantage that the computer execution
time and memory grow dramatically with the number of functions and, consequently, only
simulations of simple systems can be performed.

The term which forbids to express the wave function as a product of single-electron
orbitals is the two-body electron-electron interaction. Condensed matter physics would
be then much simpler to study if this term did not exist. From this idea, and taking
as a base the Hohenber-Kohn theorems [1], Kohn and Sham [2] proposed an alternative
approach to the multi-configuration method, based on mapping the original interacting
many-body system onto a one-electron system in an effective potential, with the condition
that the electronic densities of both systems have to be the same. This was the foundation
of density functional theory (DFT).

DFT is more powerful than other methods in the sense that it allows to simulate
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Fig. 1.1: Six classic, highly cited papers. BCS = J. Bardeen, L. Cooper, and R. Schri-
effer (Theory of Superconductivity, Physical Review 108, 1175 (1957)), EPR =
A. Einstein, B. Podolsky, and N. Rosen (Can Quantum-Mechanical Description
of Physical Reality Be Considered Complete?, Physical Review 47, 777 (1935)),
G4 = ‘gang of four’ = E. Abrahams, P. W. Anderson, D. Licciardello, and T.
V. Ramakrishnan (Scaling Theory of Localization: Absence of Quantum Difus-
sion in Two Dimensions, Physical Review Letters 42, 673 (1979)), J/¢ = J. J.
Aubert et al. (Ezperimental Observation of a Heavy Particle J, Physical Review
Letters 33, 1404 (1974)), KS = W. Kohn and L. J. Sham (Self Consistent Equa-
tions Including Exchange and Correlation Effects, Physical Review 140, A1133
(1965)), W = S. Weinberg (A Model of Leptons, Physical Review Letters 19,
1264 (1967)) . Figure from [3].
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larger numbers of atoms with lower execution and memory resources, but it has the
important drawback that the exchange and correlation potentials have to be approximated
and, contrary to CI, there is no possible way of systematically improve the calculations.
However, in many cases this theory works rather well and can predict the ground state
properties with a reasonable degree of accuracy. This is the reason why most of the
current ab initio codes are based on DFT and this theoretical scheme is more popular
every day [3]. Indeed, the seminal paper of Kohn and Sham [2] is the only ‘classical’ paper
whose number of cites grows every year, as can be seen in figure (1.1). In is possible to
conclude then that computational methods based on approximations like DF'T will become
increasingly important and will shape the future of physics.

1.1 The problem of the Electronic Structure of Matter

Ordinary matter is made of nuclei, which in a solid or molecule vibrate around fixed
positions, and electrons, which orbit each nucleus or travel through the material. Both
kinds of particles are described by means of quantum mechanics, i. e. in terms of operators
acting on a wave function whose square gives the probability distribution. In case of non-
relativistic and stationary systems, the probability distribution is calculated using the
time-independent Schrodinger equation:

HU(Ry, ..., Ry, iy in,) = EU(Ry, .., Ry 71, oo TN (1.1)

where W is the wave function, H is the Hamiltonian, Ny (N,) is the number of nuclei
(electrons) and {éi}izlw"NN ({ri}iz1,. n.) are the nuclear (electronic) coordinates. For
the sake of simplicity I have supposed that the system is not spin polarized so that the
wave function does not depend on the spin degrees of freedom. Generalizations to spin
polarized and non-collinear spin configurations will be made later. The Hamiltonian has
the following form:

- 2 2 Z 72 1 .
H= - VA Vi P s Zads s L s ey
A 2M 4 i 2 A

A Rai A>B Rap i>j Tij

+ V) = TV + T+ VN({R} AR + VIV R + Vel{r)) +

+ VU RY, ) (1.2)

)

where 4, j,r and A, B, R represent electrons and nuclei, respectively, Ry; = ‘f{A — T

Rap = ‘RA —RB’, rij = |r; — 7|, and atomic units are used (h =1, m¢ =1, e = 1,
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4meq = 1). The first two terms are the kinetic energy of nuclei and electrons, next three
terms give the electrostatic repulsion or attraction between these particles and the last
terms are the external potentials, which act on each particle individually.

In principle the problem of the physical structure of matter can be solved by find-
ing the solutions of the Schrodinger equation. Once the eigenfunctions and eigenvalues
have been determined, most of the physical properties (crystallographic structure, specific
heat, transport characteristics, etc.), are be easily calculated. However, the solution of
this equation is almost impossible when the number of particles is relatively large. The
difficulties are mainly due to two important problems related with the wave function [4]:

e The number of parameters needed to approximate the wave function grows expo-
nentially with the number of particles: P = p*", where N is the number of particles
and p is the number of parameters along each direction.

e The number of grid points necessary to store the wave functions also grows expo-
nentially: G = ¢*", where g is the number of points along each direction.

These problems start being important when the number of particles is approximately
larger than 6, which corresponds for example to a light atom or a simple molecule. It is
then necessary to look for alternative ways and approximations to solve this equation.

1.1.1 The Born-Oppenheimer approximation

Since nuclei are much more massive than electrons they can be considered to be fixed, i. e.
electrons immediately adjust to the change in atomic positions and remain in the ground
state for every nuclear configuration. With this assumption it is possible to decouple the
electronic and nuclear degrees of freedom:

V({ R}, {7}) = W ({B} {rH e ({R)) (1.3)

The problem is then reduced to solving two separate Scrhodinger equations:

H{RY AP (R} 7)) = E({R) Y ({ B}, {7}) (1.4)

and

TV + VNN({RY) + VU ({R}) + EC({R})| WV ({R}) = ¥V ({R}) (1.5)



1. Introduction: First Principles Calculations 7

where E°({R}) is the ground state energy of the electronic cloud for a given nuclear
configuration and H¢({ R}, {7}) = T° + VV¢({ R}, {r}) + Ve ({F}).

The electronic configuration for each nuclear arrangement is found by solving the first
Schrédinger equation, where the R coordinates enter as parameters. Once the electronic
potential is obtained, the second equation gives the motion of the nuclei, which is usu-
ally computed by calculating the atomic forces on each atom and relaxing the atomic
coordinates using a classical equation of motion.

1.1.2 Hartree-Fock and configuration interaction

Once the atomic coordinates have been put aside, the easier problem of the electronic
configuration is a bit more tractable. However, even this simplified case is very difficult
to solve because the number of electrons can still be very large and, consequently, the
problems related to the wave function arise again.

The first step towards possible simplifications is to realize that every wave function
can be expanded using an infinite sum of Slater Determinants:

V) = D0 Cirin 2 (=100, (7)) X oo X 01, (7,) (1.6)

U150in p

where ;(7) are one-electron wave functions. The simplest approach, which is the Hartree-
Fock method [5], uses only one slater determinant to construct the wave function. This
method, which is the basis of many quantum mechanical codes and more refined approxi-
mations, is, however, very crude since it removes all the electronic correlations (excluding
exchange). As a consequence, the probability of finding an electron in a certain region of
space becomes independent of the other electrons.

The natural way of improving Hartree-Fock is including other slater determinants
constructed with excited one-electron states. This systematic addition of correlation ef-
fects is the basis of ‘configuration interaction’ (CI) [6], a method very popular among the
chemical community and used in many ab initio codes. It has the obvious advantage that
the accuracy of the calculations can be systematically improved adding more and more
determinants. However, the great drawback is that computer memory and processor time
increase dramatically with the number of states and electrons, so that only very small
systems can be simulated.
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1.2 Density Functional Theory

An alternative but very powerful approach is Density Functional Theory (DFT) [1, 2]
where the basic variable is the electronic density:

n(7) = Ne/|\I/(F,F2,...,FN6)|2dF2...dFNe (1.7)

This quantity, which is a function of one single spatial-spin variable, is much easier to
handle and store than the wave function and can simplify the problem considerably.

1.2.1 Hohenberg-Kohn theorems

DFT is based on two theorems [1]:

e 1°* Hohenberg-Kohn Theorem: there is an exact correspondence between the density
and the external potential of a physical system, i. e. the density uniquely determines
the external potential up to a constant.

e 2" Hohenberg-Kohn Theorem: the density that minimizes the energy is the exact
ground state density (variational principle).

According to the first theorem, the density determines the Hamiltonian, that in turn
determines the wave function. Therefore, any quantity is a functional of the density:

n—V*<hn —-H—¥=Un — (V6T =(6)n] (1.8)

The second theorem implies that the density can be used to minimize the energy
functional:

E = min (¥ || ¥) = min {F n()] + | n(f’)VeXt(F)dF} (1.9)
where

F [n] = min <\I/ ‘T + Ve

U—n

) (1.10)

is a universal functional of the electronic density.
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1.2.2 Kohn-Sham scheme

The energy functional can be decomposed into the following terms:

E[n] = T[n] + E*[n] + B [n ]; [n] + EY [n] + E*[n ]~|—E6Xt[n]:
1_, (F)n(r")
_ <qf‘—2v qf> 2/ r— ) G / 7)d7 +
+ /n(F)Ve"t(F)dF (1.11)

The electron-electron interaction energy has been separated into the Hartree term, cor-
responding to the classical electrostatic energy of a system of charged particles, and the
exchange-interaction term, which includes the remaining quantum effects and can be
written as the integral of the charge density multiplied by the exchange-correlation (XC)
energy density, €

The ground state of the electronic system can be found by minimizing the energy
functional with respect the density or the wave function and taking into account the
constraint of the number of particles:

(; (E[n] - u/n(f)df) —0 or 531* (E[W", W] - (U[)) =0 (1.12)

where g is the chemical potential. This minimization defines precisely the Scrodinger
equation, where the Hamiltonian is given by the functional derivative of the energy with
respect to the density.

At this point it is worth to realize the following: since the same density can be given
by intrinsically different wave functions, it is possible to choose the wave function of a
non-interacting system, given by single Slater determinant

V(7 s TN, = D _(—=1)P01(7p) X oo X N, (Ppy,) (1.13)

p

in such a way that its density, which is calculated as a sum over single electron densities

oi(7)) (1.14)

n(M =3

is the same as the density of the interacting system. This means that the many-body
interacting system is mapped onto a non-interacting system (Kohn-Sham system) in an
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effective one-body potential, which is much easier to study and solve. The original for-
mulation is then substituted by the Kohn-Sham equations [2]:

)
0p;

(E[U*, 0] — &, (U|T)) = 0 (1.15)

(—;V2 + VH[H] + Va:c[n] + vext[n]> i = Eipi (1.16)

The problem is then reduced to solving a simple one-particle Scrodinger equation.
Once the energy functional dependence on the density is known, it is possible, as stated
above, to calculate the Hamiltonian as its functional derivative, obtain the new wave
function and compute once more the density, repeating the same process again. This
results in a self-consistent field (SCF) procedure:

Ninitial — H — U —n' — H — .. (1.17)

which is iterated until there is no difference between the input and the output density
matrices, i. e. until the ground state is reached.

1.2.3 Kinetic energy

Hitherto, no approximations were made to obtain the basic equations of DF'T and every-
thing could be considered exact, within the limits of quantum mechanics. Consequently, if
the correct dependence of the energy functional on the density is known, the physical prop-
erties obtained using the Kohn-Sham system coincide exactly with the physical properties
given by solving the many-body Schrodinger equation. However, the density dependence
is not known in general and some of the Hamiltonian terms have to be approximated.
The first problem comes from the kinetic energy since, due electronic correlations the
expectation value of the kinetic operator calculated with the many-body wave function
is not the same as the expectation value obtained with the one-electron wave function.
The many-body contributions can be separated using the functional dependence of an
interacting system with coupling constant A [7]:

G [n] = (U|T + AV |¥) — AE" 1] (1.18)

The full interacting system is found for A = 1 whereas A\ = 0 corresponds to the non-
interacting Kohn-Sham system:
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Goln] = > (pilT|ei) = T*[n] (1.19)

%

where T is the kinetic energy evaluated with the non interacting Kohn-Sham wave func-
tion. The many-body contributions to the kinetic energy and the exchange and correla-
tion, which are the parts of the electron-electron interaction non included in the Hartree
term, are then given by:

e 1 _ [Y6GA[n] .\
E*[n] = Gy [n] — Go 1] _/0 2 = (1.20)
1

:/0 (\I/A|V€e|\IfA)d)\—EH n] =

. —/

n 2/ |7“ — 7! d dr

where

1

AT (F, ') = / 2 (7, 7')d) (1.21)
0

is the average of the exchange-correlation hole over the coupling constant A [8].

1.2.4 Exchange and correlation

All many-body effects are then included in the exchange and correlation term, which
has to be properly calculated to obtain a good description of the system and find a
reliable energy functional. As shown above it can be written in a way very similar to the
Hartree term, something which comes directly from the definition of the electron-electron
interaction energy [7, 8]:

. —1/\11/7?7*,77 )
P

d7dF' Ay, dfy, = / )d*df' (1.22)
2 |7 — 7|

where P(7,7") is the pair density, which tells the probability of finding one electron at 7
and other electron at 7" simultaneously [9]. If the electrons were independent particles,
this probability would be simply the product of probabilities (n(7)n(7’)), but due to
electronic correlations the independence is lost and the correct expression turns out to be



1. Introduction: First Principles Calculations 82

Fig. 1.2: Electronic density n(z’) (dashed line), conditional probability n(2,2") (contin-
uous line) and their difference, the exchange-correlation hole n*¢(2,z’) (long
dashed line) as a function of the distance z (in arbitrary units) for a one-
dimensional electronic system (1-d H atom). Figure from [9].

P(F, 7" = n(F)na (7, ") = n(r) [n(F') + n* (7, 7")] (1.23)

where no(7,7") is the conditional probability of finding an electron at 7" provided that
another electron has already been found at 7, and it is equal to the ‘independent’ proba-
bility minus the exchange-correlation hole n**(7,7’). An example of this hole is shown in
figure (1.2).

The most important property verified by every exchange-correlation hole is the sum
rule [7]:

/ (7, 7')d7 = 1 (1.24)

which comes from the fact that the conditional probability integrates to N, — 1. This
fixes important constraints on the hole.

The exchange-correlation dependence can also be split into the exchange hole and the
correlation hole. The former integrates to -1 and is always negative, which means that
the exchange interaction always avoid electrons to be in the same quantum state, whereas
the later can have positive and negative contributions and integrates to zero [9].

The problem of solving the electronic structure of a physical system reduces then to
the problem of finding the exact shape of its hole. However, excluding some cases (like
the uniform electron gas), its exact dependence is not known and many approximations
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Fig. 1.3: Exact exchange hole and the corresponding LDA exchange hole for a one-
dimensional electronic system (1-d H atom), where the electron is located at
x = 0.5. Figure from [9)].

have to be used.

1.2.5 The Local Density Approximation

The simplest approximation to the exchange-correlation hole is based on the uniform
electron gas, where the hole depends only on the local density at each point 7

Eeln] = [ e ()] ar (1.25)

£z¢ 18 the exchange-correlation energy per electron in a uniform electron gas. This is the
basis of the Local Density Approximation (LDA) or Local Spin Density Approximation
(LSD) for spin-polarized systems, which was already proposed in the original paper of
Kohn and Sham [2] and, even though its apparent simplicity, has been one of the most
successful approaches [10, 11].

A comparison between an exact hole and the LDA hole can be seen in figure (1.3),
which shows the clear disagreement between them. But, despite this large dissimilitude,
the LDA works reasonably well in many cases (for example, many lattice constants and
structural distances are predicted with an accuracy smaller that 10%). Why? There are
basically two reasons [8, 9]:

1. Only the system average and the spherical average of the hole influences the energy:

N e
E*[n] = ?6/0 dr” (pe(r")) dr” (1.26)
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Fig. 1.4: Average of the exact exchange hole and the LDA hole for the same one-
dimensional electronic system shown in figure (1.3). Figure from [9].

where

1 Q "
) =~ [ () [ S ) (1.27)

2. The LDA hole corresponds to a physical system, which means that it verifies the
sum rule, i. e. it is normalized and, in the case of the exchange hole, always negative.

These conditions produce a partial cancellation of the errors of the approximation and
the resulting averaged hole is remarkably similar to the true hole, as can be seen in figure
(1.4). These are then the reasons why exchange and correlation energy can be evaluated
with reasonable accuracy in many systems.

1.2.6 The Generalized Gradient Approximation and other
functionals

The LDA fails when the density varies sharply, as for example in transition metal com-
pounds (see chapter 3). When this happens it is necessary to use better approximations
which take into account these variations, expanding in series the functional dependence
and including the gradient of the density [12]:

Eln] ; [ 0@ In, o] (7 (1.28)
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Fig. 1.5: LSD, GEA and GGA exchange holes for a one-dimensional electronic system
(1-d H atom). C is a normalization constant. Figure from [9].

But in many cases Gradient Expansion Approximations (GEA) produce unphysical
results (positive exchange holes) [9] due to the fact that they do not correspond to physical
systems (like the LDA). In order to correct these positive contributions the Generalized
Gradient Approximation (GGA) [13] truncates the hole and forces it to integrate to -1,
as shown in figure (1.5).

In general, LDA works better for systems where the density varies smoothly, like for
example alkaline metals, light elements, noble metals, etc. GGA improves remarkably the
results in case of transition metals, being the iron the most clear example, as shown in
Chapter 3. Current strategies to improve the accuracy of GGA and LDA [14] are based
on hybrid functionals [15] and the ‘Jacob’s ladder’ [16]. The former mix exact exchange
(15, 17] with the GGA, fitting certain properties of molecules. However, the ‘Jacob’s
ladder’ strategy relies on adding more functionality to already developed functionals.
The first rung is the LDA which employs only the electron density. Next rung is the GGA
which also includes the gradient of the density. Third and fourth rungs would add the
kinetic energy density (meta-GGA [18, 19]) and the exact exchange (hyper-GGA). Finally,
the last rung would include a improved correlation functional with part of it evaluated
exactly. In case it would be possible to reach the top of the Jacob’s ladder the accuracy
and universality of DFT would be dramatically improved and the result would be the
‘divine functional’.

1.3 The SIESTA Method

SIESTA (Spanish Initiative for Electronic Simulations with Thousands of Atoms) is a
DFT code specially suitable to simulate entirely from first principles systems which are
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very big (of the order of one thousand atoms or even more) as well as simpler systems with
a very high degree of precision [20, 21]. This is accomplished by using norm-conserving
pseudopotentials and linear combinations of atomic orbitals (LCAO), which allow the
simulations to scale linearly with the number of atoms (order-N). These and other char-
acteristics make this code one of the most popular among the ab initio community. Its
main features and the basic theory of some of its functionalities are explained in this
section.

1.3.1 Norm-conserving pseudopotentials

The electrons in a solid or molecule can be classified in two types: core electrons, which
belong to the inner atomic shells and are localized very close to the nucleus, and valence
electrons, which belong to the external shells and are responsible of the electronic bonds
and most of the physical and chemical properties. In a majority of systems the core
electrons are spatially and energetically separated from the valence electrons and do not
overlap with the electronic clouds of other atoms, so that their only influence is an indirect
modification of the valence wave functions of the same atom!. The core electrons can be
then effectively decoupled from the rest of the system and substituted by an effective
potential, the pseudopotential, which reproduces the same valence states and, therefore,
the same physical properties.

The valence wave functions generated with the pseudopotential, ¢y, (7) = Rnl(r)Ylm(%),
have to verify certain characteristics. For norm-conserving pseudopotential (NCPS) these
are the following:

e The radial part of the pseudovalence orbitals has to be smooth and nodeless inside
the core region (see figure (1.6))%. The wave functions are then parametrized close
to the nucleus (for example with the Troullier-Martins parametrization [22]). As a
consequence different pseudopotentials V7*(r) have to be generated for each set of
quantum numbers (n, 1) of the valence orbitals.

e Norm conservation of each wave function inside a cutoff radius r{ [24]:

c

[ IR rar = [T R (129

I Tn some elements there are states which are half between the core and the valence, i. e. bound states
which interact with the electronic clouds of other atoms (for example the 3d orbitals in iron). These are
known as semicore states and can no be included in the pseudopotential.

2 Due to orthonormalization conditions the atomic orbitals oscillate sharply near the nucleus. To
reproduce such oscillations in the simulation of a solid or molecule it would be necessary a very fine real
space mesh, which in turn would increase dramatically the amount of memory and CPU time needed to
perform the calculation.
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where ae means ‘all-electrons’ and the cutoff radius depends on the angular momen-
tum. This condition, which is related to the transferability of the pseudopotential®
ensures charge conservation.

e The pseudovalence orbitals have to coincide with the all-electron orbitals beyond
the cutoff radius:

Ry (r>rp) = Ryp(r > rp) (1.30)

This implies that the pseudopotential is equal to the bare nuclear potential —Z/r
in that region. The radius, which can vary between 0.5 A (light elements) and
2.0 A or even more (heavy elements), defines a central region which should be big
enough to include most of the core charge density and allow a smooth definition of
the wave functions. In general, as the radius increases the smoothness improves but
the transferability worsens.

e The eigenvalues and the energy dependence in different environments of the pseu-
doorbitals and the all-electron orbitals have to be the same for a reasonable range
of energies. This ensures the transferability of the pseudopotential.

From the pseudoorbital, the screened pseudopotential for a given set of quantum
numbers is calculated by inverting the radial Schrodinger equation:

. 11+ 1) R CI
Vas(r) = ent = 2r2 * 2er?(T)@[TRﬁZ(T)] (1.31)

Finally, the ionic pseudopotential, which is used on each atom of the solid or molecule,
is obtained by removing the screening of the valence electrons calculated with the pseu-
doorbitals:

Viu(r) = Vius(r) — VHIRPS(r)] — V*nP(r), ...] (1.32)

In most of the elements all valence shells have different quantum numbers [ but can
have the same or different quantum number n. For that reason the dependence on the
principal quantum number is not explicitly written and the pseudopotential is labelled
with [. The total operator is then expressed in the angular momentum basis as follows:

3 There is another kind of pseudopotentials, called ‘ultrasoft’ [25], which do not use the norm-
conservation condition and allow the wave functions to be smoother inside the core region. However,
these pseudopotentials only make a significant improvement in plane wave calculations, where smooth-
ness is very important.
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When semicore states are included there can be some P, shells with the same [. In that
case it is necessary to use P, different pseudopotentials for each of those angular momenta.

From the semilocal expression it is possible to split a local part, which is common to
all components,

lmax

V) = V) 4 S5 S S i) 6V (1) (Vi (1.34)

=0 m=—Ip=1

This spherically symmetric local part can be in principle arbitrary inside the region defined
by the largest radius, but it is chosen as the potential given by a certain positive charge,
which is optimized for smoothness. Outside that region it is equal to the bare nuclear
potential —Z/r. Since this term is long ranged, a large number of grid points have to be
used to represent it. However, for every system it is possible to define a screening valence
charge, the ‘atomic’ charge, i. e. n(7) = on(F) + ¥, n3™ (|7 — R;|), so that the Hartree
potential produced by it cancels the long range dependency and the local part is then
only defined in a tiny region, as can be seen in figure (1.8).
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The semilocal part, which vanishes beyond the core region, can also be optimized by
transforming it into a fully non-local expression, as proposed by Kleinman and Bylander

23],

’ S VipGimp ) (Drmpd Vi ‘ bmax
VKB | IlpPlmp ImpO Vip Xli? L35
§MZZPZ ¢lmp,5vzp|¢lmp 1=0 m—— 1 p=1 > < ! p‘ ( )

If in the previous semilocal expression the number of matrix elements per (I, m,p) com-
ponent was M (M + 1)/2 (M is the number of basis functions), now it reduces to only
M, since each matrix element can be factorized in two individual terms and it is only
necessary to calculate the product of each basis function with one of them.

The pseudopotentials can also have relativistic corrections (scalar corrections and spin
orbit coupling) [26, 27, 28], which have to be added in heavy elements due to the high
velocities of the electrons close to the nucleus. Also, in case of atoms with strong over-
laps between the core and the valence (for example the transition metals) it is necessary
to include non-linear core corrections [29], since the contributions of the core and va-
lence exchange-correlation potentials can not be separated where the charge densities of
both regions have a significant weight. Furthermore, in magnetic systems the exchange-
correlation potential depends on the spin polarization £(r) = (n!(r) — nt(r))/n(r), where
n(r) is the sum of the valence and the core charges. The ionic pseudopotential is therefore
obtained by removing the exchange-correlation potential calculated with the usual valence
charge density plus the core electronic charge density found beyond a certain cutoff radius,
where the core and valence charges start having the same order of magnitude (this region
is known as the pseudocore). That charge is included in the molecule or solid simulation
as a fixed contribution which is added to the density to calculate the self-consistent V/*¢.

1.3.2 Basis set

In order to obtain a linear dependence of the computer memory and CPU time as a
function of the number of atoms* the Hamiltonian matrix has to be very sparse, i.e. it
must have many zeros, so that it can be easily divided into smaller parts. Such sparsity
can be achieved with basis sets made of localized atomic orbitals which extend only up
to a certain cutoff radii [30]. This definition of the Hilbert space, which is the base of the
LCAO programs, has the additional advantage that the properties of the system obtained
using a poor basis set are much closer to the converged properties than those calculated
with few PW, i. e. the states constructed with few atomic orbitals resemble converged
states. Furthermore, the calculations converge relatively fast with the number of atomic
orbitals [31], although this convergence is not systematic.

4 Other approaches, like plane waves (PW), scale as N3.
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The minimal LCAO basis set (called single-(, single-zeta or SZ), uses only one orbital
per quantum channel, i.e., one orbital for a given set of n,l and m quantum numbers in
the valence shells (1 for s states, 3 for p, 5 for d, etc.). These orbitals, known as pseudo
atomic orbitals (PAO), are eigenfunctions of the atomic pseudo-Hamiltonian in a spherical
box [30, 33]. The potential is defined as the sum of the screened I-dependent pseuoatomic
potential and a certain confinement potential which makes the wave function approach
zero smoothly at the cutoff radius 7§ [32],

1 d? I(1+1)

27 dr? " 272

+Vi(r) + VE(r —r)) | Ri(r) = (e + b)) Ry(r) (1.36)

The determination of the radii (or, alternatively, the energy shift d¢;) is variational, which
means that the energy of the system has to be minimized for each of them.

The size of the Hilbert space can be increased by adding more ( to each atomic shell.
The number of ¢ on different shells does not have to be the same, but it should not be
very different in order to have well balanced basis sets. The second and subsequent (,
Rfc(r), are calculated using the ‘split-valence’ method [34, 35]: they have the same norm
as the previous ¢ between their corresponding cutoff radii ri and rj~' (¥ < r;~!) and a
polynomial form inside r}:

! 2 i
i rt(a; — br?) r <]
R = i . , 1.
1 (T) { Rl(l I)C(T) 7’; S r < Tllfl ( 37)

where a; and b; are chosen so that the wave function and its derivative are continuous at
ri. Finally, instead of R{® SIESTA uses Rl(l_l) - R}, which produces the same description
of the Hilbert space but gives functions which are more localized.

To give more freedom to the electrons and take into account the deformation induced
by the chemical bonding, SIESTA can also include orbitals of different angular momenta
which are unoccupied in the isolated atom (for example, in the case of Au the isolated
atom has electrons in the valence orbitals 6s and 5d, but not in the 6p, which can also be
included in the solid or molecule calculations) and orbitals with higher angular momenta
which are built polarizing the existing orbitals with an electric field:

1 d? I+1)(1+2
2Ly (2)752) Vi) — B Ria(r) = —rRi(r) (1.38)

where R;(r) is the radial part of the orbital that is going to be polarized, ¢, (7) =
Ry(r)Yi, (7). The new polarized orbitals are then ¢ i1ym(7) = CRi41(7)Yiq1)m(7), with
C' a normalization constant.
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1.3.3 Wave function

As stated above, the wave function in SIESTA is obtained as a linear combination of
atomic orbitals centered on the atomic positions. In the general case of a periodic and
non-collinear system it has the following form:

. 1 e -
U s(r) = JN. R‘Zue kRMCnEquPEH (7= Ry) (1.39)

n is the band index, k is the k point, N, is the number of unit cells in the system,
R, = R —d, (d, is the position of orbital y = (I,n,l,m) localized on atom I within the

—

unit cell and R is the vector between unit cells) and U and ¢ are spinors:

U= (g) =Y Uy (1.40)

o=1,1
- o0 1.41
c=a)= > x (1.41)

where

XTZ(é) >%¢:<(1)> (1.42)

are the basis vectors of the spin space.

1.3.4 Hamiltonian

The Hamiltonian can be written in the following way, according to the Kohn-Sham for-
mulation [2]:

H=T+> V(|F — i) + Y VEP + VE(#) + V= (7) + Vo (F) (1.43)
I I

where 7' = —1V? is the kinetic energy operator, V}°° and VP are the local and nonlocal
parts of the pseudopotential of atom I, and V' and e (the only terms that depend on the
self-consistent density), are the Hartree and exchange-correlation potentials, respectively.
In spin polarized systems the exchange-correlation potential is different for spin up and
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spin down densities, while in the general situation of non-collinear spin systems it is a
2 X 2 matrix:

ne Vel el
Ve = (Va:c 7 1/ ze ll) (144)

The local part of the pseudopotential, which is long-ranged, can be then conveniently
screened by using the potential V2™ produced by populating the valence orbitals with
an appropiate charge n3*™, in such a way that the neutral-atom potential

g™ (7~ Ry
=]

V(= Bal) = V(7= Rel) + e [ a7’ (1.45)

is short ranged, i. e. it is zero beyond the maximum cutoff radius of the pseudopotential,
r¢ = max;(rf;) [21]. That contribution has to be subtracted from the Hartree potential,
defining dn(7) = n(7)—>; n§*™(|F"— R;|), so that the Hamiltonian can be finally rewritten
as

+YVP(|F - Ryl) +Z B V() + V(7)) + VoU7) (1.46)

The first two terms are calculated only once using two center integrals. The neutral atom
potential is also calculated once but it has to be defined on a real space grid. Finally, the
last two terms depend on the self-consistent electronic density and have to be calculated
for every SCF step on the real space grid.

1.3.5 Schrédinger equation

The Schrodinger equation is expressed as follows:

W) (1.47)

where

N HITHT
H= (HU Hll) (1.48)

is the Hamiltonian matrix in the general case of a non-collinear system. The first part of
the equation has this form:
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7 » _ —ik-(dy—Ru) AT 5 ;
(W [H| ) = D2 eI Hop e,

,u,é,l/

_ k-(du—Ry) _

- Z Z cnk’u 26 o fi) Zla%y Zkl/ T
wY o0’

= chn,ﬂjﬁz < (1.49)
v o0’

where

HZ%V — <¢M|T+Vna+vKB+5vH+chaa _l_Vext

67,) (1.50)

are the matrix elements in the supercell®, whereas the term between braces, HZZ,
expressed in terms of the orbitals of the unit cell.

The overlap matrix is defined in a similar manner:

T oo la L\ — zk(duRU)TA_‘A_‘_
<\Ilnk \Ijnk> - Z € nkuSuRycnku -
w Ry
_ —iE-(JH—RV) oo 0’: .
o Z Z an:u Z € S,u,Rl, Cnkiy =
wY o0’ R
oo’ a
- Z Z cnkuSlU’ nkv (151)
wY o0’

with
S7% = (g, 07 ¢ﬁy> = 8,506 (1.52)
The final matrix equation is then
> (M7 = epSud™) g, = 0 (1.53)

v,o’!

where all matrices are expressed in terms of the basis orbitals of the unit cell.

5 In periodic systems with k points it is necessary to define a supercell to calculate the matrix elements
between atoms in the unit cell, u, and atoms in the neighbor cells, v, which are afterwards multiplied by
the phase e~ (du—Fv)
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1.3.6 Density matrix and magnetization

The density is calculated as the sum of the product of the eigenvectors multiplied by the

occupation:

oo’ 1 O (Ao *
n?? (r) = E an,;\Ian(r)\Ian (7) =

_ iz for 3 eFR, e T du(F — d) oy, (F— Ry)

MRV

(1.54)

where f = f(e ;z —¢er) is the Fermi distribution function, which gives the occupation of
each state (e is the Fermi energy), and Ny is the number of k points. This equation can

be expressed in the following way:

F) Z puRy —d, )(ﬁéy(r’?_ Eu)

—

w,R,v

where

_ Rl,) o o/ x
,uR,, Z fnke nkucnkl/

is the density matrix.

At every point 7 the non-collinear density can be expressed as follows:

= 5 [ + (7 - 7]

l\D\»—t

The total density and the spin vector at 7" are given by
n(r) = Tr{fﬁ(?)} = n!1(F) + nH(7),

(F) = m(F)ii () = Te{Fa(7)}

(1.55)

(1.56)

(1.57)

(1.58)

(1.59)

where [ , and 7 are the identity and the Pauli matrices respectively. Introducing now the
polar, 6, and the azimutal, ¢, angles of the spin vector (see figure (3.2)) the density can

also be written in this way:
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Al — n(F) + $m(F) cos (%) Im(F)sin(7)e "
(7) = ( Lin(7) sin 6(7)e*®  n(F) — Lm(7) Cos@(F)) (1.60)

The magnetization is proportional to the spin vector and is given by

M(7) = —gusTr{SaY = —Te{Fa(7)} = —in(7) (1.61)

where g the electron form factor, pp is the Bohr magneton (which in atomic units is equal

to one) and S 77' is the spin operator.

1.3.7 Energy

The energy obtained as the expectation value of the Hamiltonian is the band-structure
(BS) energy [21]:

EPS =3 (0 H|0 ) =3 3 P MG, = Tr(iH) (1.62)

nk UU,uRl/

But, in order to obtain the total or Kohn-Sham energy of the system it is necessary to
subtract the double counting terms, since the potential elements

L :/ln(” A7 (1.63)
and

6E[i) O™ g
Ine () ne ()

where o = {11,11, 17, |1} and in general €(7) = e(ny1(7), ny (%), 1 (7), ny (7)), are not
the same as those employed in the determination of the energy. In addition, the nuclear-

nuclear interaction energy has also to be included. The Kohn-Sham energy acquires then
the following form:

Voo (7) = = (1 +01)el) + [ () (1.64)

EKS = EBS—;/ AV d3F+/ () — Te {a(A V(")) d3f+z (1.65)

I<J Ry
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where R;; = |d; — R — d;|. To avoid the long range interactions of the last term it can

be screened in a similar way to the screening of V1°¢, employing V& = V}°¢ 4+ V™ and

the corresponding densities, n3* = n°¢ + n3°m  Finally the energy reads:

ESS =373 0% (T, + ng)aw’ + 3" EM(Rry) + > SEFF(Rry) +

0,0" R 1<J 1<J

+Zanm+Z/5n na (|7 Ry )37 4 - /5n (ASVI(R A7 +

+/ (7)™ f‘)d3r+/ )V (7 A3 (1.66)

where

r7(Rry) = /V (I7 = Ri|)n5*(|F — R,|)d*F, (1.67)
A
SET (Riy) ;% L — B (Rrs), (1.68)
loc loc loc 3=
B (R) = [VI=(7 = Rylylse(17 — Ry)F (1.69)
and

Eatom_/ ( loc |) vatorn(| R’ID) at0m<|fr_RI|)47T7’ d (170)

The SCF procedure finishes when the differences between the input and output density
matrices are small enough, i. e. when the electronic ground state is reached. Then it is
possible to obtain the main physical properties (energy, electronic density, spin polariza-
tion, etc.) or calculate the forces on some atoms and relax them to a new configuration.

1.4 A Paradigmatic Example: Cobalt Impurities in SnO, Matrices

Magnetic oxides are an interesting class of materials. From the point of view of magnetism
they can be ferromagnetic, ferrimagnetic, antiferromagnetic, non-collinear, etc. Taking
into account transport properties, on the other hand, they can be insulating, conducting
or even superconducting (for a review see [36]). The behavior of the metallic host atoms,
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Fig. 1.9: Typical octahedric configuration in a magnetic oxide. In this case a Co atom
surrounded by the oxygens.

which gives rise to the most interesting physical properties, can be easily explained using
only Hund’s rules and the Pauli exclusion principle. For example, consider the following
Co*" atom (d°) surrounded by six oxygens in a octahedric configuration, as shown in
figure (1.9). Due to the electrostatic repulsion and the hybridization with the oxygens,
the energy of the d levels which go along the cartesian directions, namely the d.» and the
da2_,2, goes up, while the remaining orbitals feel smaller interactions and are less affected.
The net result is an effective splitting in two levels: 2 e, and 3 to, (see figure (1.10). The
energy difference, A, is the crystal field splitting

The electronic and magnetic configurations depend on the relative strength of the
crystal field. If the difference between the e, and the ty, levels is small enough, some
electrons can ‘jump’ to the e, states, following Hund’s rules. The total spin is then
maximized (high-spin configuration). However, if A is large, the electrons remain in the
tog states with opposite spin, giving rise to the low-spin configuration. This simple model
explains why in many materials the magnetization increases when a pressure is applied
and can also account for some intriguing phenomena like the invar effect [135].

Some other magnetic and transport properties of magnetic oxides are fairly well de-
scribed by the Hubbard Hamiltonian:

7:[ - Z tijé‘l-rgéjo- + [2] Z ﬁiaﬁi7-o’ (171)

27‘770-

Depending on the ratio between the hopping parameter ¢ and the intraatomic repulsion
U it its possible to have insulator or metallic behavior. On one hand, for U < ¢ electrons
can easily move between atoms and the system is metallic. On the other hand, for U > ¢
electrons can not hop to other atoms and the system behaves like an insulator, with an
energy gap B, ~ U — 4t. This regime gives rise to what are known as strongly correlated
systems [36], whose magnetic configurations can be easily predicted with the Anderson-
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Fig. 1.10: High spin (left) and low spin (right) configurations of the Co®>" ion shown in
figure (1.9).

Sn02-1Co

Spin down
1.5

Fig. 1.11: Majority (left) and minority (right) band structure for a matrix of SnOy with
48 atoms and a Co substituting one Sn. Energies in the vertical axis are given
in eV and the zero corresponds to the Fermi energy.
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Fig. 1.12: Projected density of states on the Co d orbitals for minority (above) and ma-
jority (below) electrons. The energies on the horizontal axis are given in eV
and the zero corresponds to the Fermi energy.

Goodenough-Kanamori rules [37].

An interesting example of magnetic oxide is the diluted magnetic semiconductor
Sn;_,Co,05_5, made by doping SnO, (rutile) with small concentrations of Co. This
material was found to be ferromagnetic, with a Curie temperature of 650 K and a giant
magnetic moment of 7.5 + 0.5 pg/Co for low dopant concentration [38]. Such a mag-
netic moment suggests that either the orbital magnetic moment is not quenched or some
moment appears in the atoms around the Co.

To calculate the ground state properties of this material I performed a series of ab
initio simulations of SnO, matrices with Co impurities, using the LDA approximation
and double-( polarized basis sets for O, Sn and Co. Firstly I used a unit cell with 48
atoms, constructed with 8 basic unit cells (each unit cell has 2 Sn and 4 O), where one
Sn was substituted by a Co (z = 1/15 ~ 0.07). In such a configuration the Co atom is
coordinated by 6 oxygens situated in the vortexes of a deformed octahedron, i. e. two of
the oxygens are symmetrically displaced along the perpendicular direction of one of the
C} axes.

The band structure, plotted if figure (1.11), shows a clear half metallic behavior [39].
The minority bands that cross the Fermi level come from the Co since they are absent
in pure SnOs. To find out their character I plot in figure (1.12) and (1.13) the projected
density of states (PDOS) on the Co d and some of the surrounding O p, respectively. The
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Fig. 1.13: Projected density of states on the p orbitals of one of the O surrounding the
Co, for minority (above) and majority (below) electrons. The energies on the
horizontal axis are given in eV and the zero corresponds to the Fermi energy.

minority orbitals that have the largest weight at the Fermi energy are the d,, and the
d,.. These are the closest orbitals to the O atoms (the other ¢y, orbital, the d,., has an
smaller interaction due to the deformation of the octahedron). An example of the spatial
distribution of some of them is shown in figure (1.14), where I plot the partial charge
density, defined as the difference between the total charge density and the neutral atom
charge.

The system is then magnetic, with a total magnetic moment of 1 ug. From the PDOS
of the oxygen p states it is also clear that the closest orbitals to the Co-d,, and Co-
d,. suffer also exchange-splitting and acquire a net magnetic moment. The Mulliken
populations analysis reveals that the cobalt has only 0.77 ug, while the surrounding O
get 0.23 pp. Such a distribution of the magnetization charge, which resembles a magnetic
polaron, can be observed in figure (1.15). These magnetic states do not interact between
them, since the bands at Fr are almost flat. Indeed, by calculating the energy difference
between the ferromagnetic and the antiferromagnetic configurations in a system with a
unit cell of 72 atoms and two cobalts (x = 2/22 = 0.09) as far away as possible from each
other, I find that the system is paramagnetic (the energy difference of the whole unit cell
is very small, of the order of various meV). This clearly does not agree with experiments.

These results imply that, either the experiments were not accurate enough (for exam-
ple, high magnetic moments can appear on the surface atoms, where the orbital magnetic
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Fig. 1.14: Partial charge density (defined as the difference between the total charge and
the neutral atom charge densities) along a certain plane for Sng 93C0¢ ¢702. The
highest values are plotted as white and the lowest as black.

Fig. 1.15: The same as figure (1.14) for the magnetization charge density. Note the polaron
around the Co atom.
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moments are not quenched) or the calculations had something wrong. In this last case,
the most obvious source of errors comes from the strong electronic correlations that feel
the electrons confined in the atoms surrounded by the oxygens, which are not properly
taken into account by the LDA functional. Part of such correlations can be described
by including the intraatomic repulsion between charge densities of different spins, i. e.
adding a Hubbard-like term to the DFT Hamiltonian (LDA+U [40]). Other errors can
also come from the electronic self interaction (SIC) [11], which is not corrected in the
DFT Hamiltonian and is important in systems with localized states.

In summary, I have shown that using a DFT code, like SIESTA, it is possible to obtain
systematically a lot of information on the ground state properties of a given material. In
this particular case, however, the results do not agree with the experiments, due probably
to failures of the exchange-correlation functional. Possible improvements include more
sophisticated approximations and corrections, like the LDA+U and SIC.






Molecular and Nanoscale Electronics

I describe in this chapter the main physical concepts and methods behind the determi-
nation of the transport properties of nanoconstrictions and systems with small numbers
of atoms. I explain the main characteristics of the SMEAGOL code (Spin and Molecular
Electronics in an Atomically-Generated Orbital Landscape) [57] and I show results for
the following systems: i) an Hy molecule sandwiched between platinum or palladium elec-
trodes, ii) platinum chains, and iii) metallocene chains encapsulated in carbon nanotubes.

2.1 Introduction

During the last years a series of experiments and theoretical predictions have demon-
strated the possibility of reaching the ultimate limit in the electronics industry, namely
the atomic scale. Experiments performed with scanning tunnelling microscope (STM)
and mechanically controllable break junctions (MCBJ) measured the conductivity of con-
tacts and chains of atomic size [41, 42], whose mechanical and electrical properties differ
strongly from the bulk properties. Other experiments involving molecules [43, 44] and
carbon nanotubes [45, 46, 47, 48, 49, 50, 51] proved the possibility of using very small
molecular systems as new electronic components. These steps pave the way to the con-
struction of tiny computers with incredibly high processing speed and storage capacity.

In atomic-size devices the conductance does not depend on the scattering at defects
and impurities but only on the electronic structure and geometry of the constriction. The
transport is then ballistic and the coherence of the electrons is conserved over long dis-
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tances in absence of inelastic scattering. The constriction produces the highest resistance
and therefore determines the transport characteristics of the whole system. The conduc-
tance is quantized [52] in a certain number of channels, but the contacts to the leads can
kill many of them and/or decrease their transmission. To study such small systems it is
necessary then a quantum transport theory which takes into account the precise electronic
structure of the scattering region and the contacts.

Since the derivation by Landauer of the conductance formula for non interacting elec-
trons in a disordered medium [53] and its generalization to leads with many channels
[54], the Biittiker-Landauer approach has been widely used to compute steady-state cur-
rents in systems with small numbers of atoms. An alternative approach is the non-
equilibrium Green’s function formalism, which is based on the Keldysh approach [55].
Such a method has been implemented in SIESTA (TranSIESTA) [56]: the transport code
reads the DF'T Hamiltonian and computes the non-equilibrium density and the current
using non-equilibrium Green’s Functions. The implementation of the SMEAGOL code
(Spin and Molecular Electronics in an Atomically-Generated Orbital Landscape) [57] is
very similar but differs from TranSIESTA in the possibility of using spin-polarized or non-
collinear spin options, k£ points along the perpendicular directions and the calculation of
the surface Green’s function (GF).

SMEAGOL has been successfully applied to the theoretical study and characterization
of atomic-size constrictions and molecules sandwiched between metallic leads or placed
inside carbon nanotubes. Some of these calculations were motivated by experiments
performed using STM’s and MCBJ’s, where conductances close to the quantum of con-
ductance, Gy = 2¢?/h, were measured. Two of the most spectacular experiments, carried
out by Smit et al. [44] and Csonka et al. [58], studied the conductance through the small-
est molecular bridge, namely an Hy molecule, sandwiched between platinum or palladium
electrodes, respectively. Although the existence of only one channel and the presence of
a single molecule between the contacts has been clearly established by fluctuation and
phonon measurements, there is still a strong debate about the exact orientation of the
molecule (parallel or perpendicular to the current flow) [59, 60, 61, 62]. Moreover, the
clear differences between the conductance of the molecule between platinum (~ 1.0 Gy)
and palladium (~ 0.6 Gy) electrodes have not been explained yet.

Platinum leads were also used to grow monoatomic chains [104, 63]. These interesting
systems, which comprise the smallest possible wires, can also be produced with gold and
iridium [104, 64, 63] and are characterized by the presence of conductance oscillations
which have been attributed to a universal parity or even-odd effect. In the case of gold
[41, 42] there is only one channel at the Fermi energy (the s channel) and the conductance
oscillates around Gy. However, platinum and iridium, which have also the d bands at Ef,
are characterized by bigger values of GG and the presence of a negative slope superimposed
to the oscillations [63], whose origin has not been clearly established. Additionally, it is
not clear whether these chains form linear or zigzag arrangements [65, 66] and how is
their precise evolution when the electrodes are pulled apart.
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Another kind of systems that can be used to fabricate nanodevices is based on car-
bon nanotubes (CNTs), whose stability and mechanical resistance make them promising
candidates to act as nanowires. In addition, the demonstration of the possibility of filling
CNTs with different compounds [67] has opened a new and growing field of research,
where nanowire devices with new electronic properties can be produced using simple
chemical methods. Examples include the encapsulation of transition metal nanowires
[45], fullerenes that modify the local electronic structure of the nanotube [46], metallo-
fullerenes that modulate the bandgap of semiconductor nanotubes and divide them into
multiple quantum dots [47], organic molecules that allow to produce n- and p-doped nan-
otubes [48, 49], and iron nanoparticles that facilitate the inclusion of magnetic properties
[50, 51]. Following these experiments it was also demonstrated the diameter-selective en-
capsulation of cobaltocenes inside CNTs [108]. This experiment motivated the simulation
of chains of metallocenes inside metallic or insulating nanotubes, in search of possible
magnetoresistive effects.

2.1.1 Non-Equilibrium Green’s functions

As a first step I introduce the basic theory underlying the quantum transport formalism. I
start then by describing the basic notation of many-body theory and the non-equilibrium
concept.

One of the central issues in many-body theory is the evaluation of expectation values:

A A

Z(tt,..) = (U |T[Au(t) Bu(t)..]

Wy ) (2.1)

where the wave function W and the operators A, B, etc. are expressed in the Heisem-
berg representation and T is the time-order operator. If the system, described by the
Hamiltonian H = Ho + V( ) (a non-interacting part Ho plus a time-dependent interaction
V(t)), is in equilibrium, the above expectation value can be written in the interaction
representation as follows:

<1/A}0,I

TA1(t) B (t')...5 (00, —00)]| .1 )

I(t,t,..) = <1[,0J ‘S(oo, —OO)W0J>

(2.2)

zﬂo is the ground state of the non-interacting system, which exist in the remote past
before the interaction is turned on adiabatically, S(t,t') = [exp i[5V, (tl)dtl} is the

S matrix, with VHO (t) = exp(iHot)V (t)exp(—iHot), and (...) represents an expectation
value or a thermal average. The assumption of equilibrium implies that the system in
the remote future, when the interaction is turned off adiabatically, recovers the same
non-interacting state multiplied by a phase, ei‘plﬁo.



2. Molecular and Nanoscale Electronics 108

;C T —>» 4o
> ~, _
P ~ v
— a0 < {

Fig. 2.1: Keldysh contour.

In a non-equilibrium situation, however, the number of particles changes and hence the
final state can differ from the original one, i. e. the evolution of the system is irreversible.
To avoid the uncertainty associated with the remote future, Schwinger [68] and Keldysh
[55] proposed to evaluate the S matrix in the contour shown in figure (2.1), where all the
times on the positive branch, which are time-ordered, are previous to the times on the
negative branch, which are anti-time-ordered [69]. The initial and final state are then the
same, 1/30, and

~

It t,..) = <¢O,I T,

Yor) (2.3)

where T¢ orders the times along the C' contour.

Green’s functions in equilibrium

Focusing now on the GF', whose causal version in the Heisemberg representation is defined
as [70]

A

G\t t) = =i (Wi [T[Crn()Ch ()| ar ) (2.4)

where Cy(C1) is the destruction (creation) operator and A represents some set of quantum
numbers associated with each particular system (I will drop it for simplicity). In the
interaction representation one finds in equilibrium

—i (o |TICH(E)C()S (00, —00)]| s )
<77ZAJO,I (o0, —OO)’ @/;0,1>

G(t,t) = (2.5)

Next step is to expand the S matrix using Wick’s theorem and express the GF as a sum
of products of single particle GFs. If one moves also to the absolute and relative time
reference frames, i. e. G(t,t') — G(T, 1), where T' = (t+t')/2 and 7 = t —t, and assumes
that the system has reached an stationary state, i. e. G does not depend on T" but only
on 7, applying a Fourier transform with respect to 7,
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G(E) = —— / G(r)eErdr (2.6)
one finally obtains Dyson’s equation:

G(E) = g0(E) + 90(E)E(E)G(E) (2.7)

where gy is the non-interacting GF, and Y is the selfenergy, which takes into account all
the interacting terms.

Green'’s functions out of equilibrium

Out of equilibrium the integration is performed along the C' contour and, when Wick’s
theorem is applied, the times in each branch are mixed. However, it is possible to simplify
the problem defining six GF's:

G=(t,t) = i (Vg |Cl () Cu(t)| Vi) (2.8
G™(t,t) = —i (Wy |Cut)ClL ()| W ) (2.9)
GT(t,t) = 0(t — )G (t, 1) + 0t — t)G=(t,t) =

= —i <¢’H T(Cu(t)Cli ()] \i’H> (2.10)
GT(t,t) = 0(t' —)G™(t, 1) + 0(t — t)G=(t, 1) =

= i { Uy [T[Cu(t)Ch ()| ¥rr ) (2.11)
GR(t, 1) = (GT — G)(t, 1) = (G7 = GT)(t, 1) (2.12)
GA(t,t) = (GT = G™)(t, 1) = (G= = GT)(t,1) (2.13)

These are, respectively, the lesser, greater, causal, anticausal, retarded and advanced GFs.
T is the anti-time-order operator.

Expanding Se and following the same steps as in equilibrium it is possible to obtain
another Dyson-type equation:

G(E) = §o(E) + do( E)Z(E)G(E) (2.14)

where the different elements are now matrices:
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~ GT G< ~ gT g<
G = <G> GT> g:<g> gT (2'15)

- »7T p<
S = <2> 2T> (2.16)

This can be written in a more compact manner with the help of a unitary transformation:

= 0 GA

¥ = <EQA %R> (2.18)

where G = GT+GT = G<+G> = —i (y |[Ci(t), Cf; (#)])| ¥4 ) is the Keldysh GF and
O =3xT 4+ 3T = ¥< 4+ ¥>. One obtains then tree GFs, although only two of them are

linearly independent (G¥ and G* or G®). From this expression it is easy to demonstrate
that the retarded and the advanced GF's verify two separated Dyson’s equations:

GYAE) = g0 (B) + g (B)ZVA(E)GVA(E) (2.19)
Furthermore, following the same notation it is also possible to obtain another equation,

G/ = (14 GRER)g</> (1 + BAGY) — GRu/>GA = (2.20)
= GR(gR-1g</> g1 — u</>)GA (2.21)

This allows to express the out-of-equilibrium lesser and greater GF's in terms of the re-
tarded and advanced GFs.

Finally, in the limit of equilibrium
G<(E) =iA(E)f(F) (2.22)
G (E) = iA(B)f(E) - 1] (2.23)

where f(E) = f(E —ep) is the Fermi distribution function and A(E) = i[GR(E) —G*(E)]
is known as the spectral function.
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2.1.2 Simple model

As a first step to understand the implementation of the Keldysh formalism I consider a
very simple model which describes two semi-infinite leads and a scattering region made
of only one site:

H = Z €0 + Z tﬂc ¢ +

i#j
+ Eono + T(01€0 + Cocl> + Tl(é:r)él/ + éiléo) +

+ Y e+ > thches (2.24)
il i/#j/

where {7, j} /{7, j'} belong to the left/right lead, respectively. To obtain the total GF of
the system (and from it the density and the current) I follow the partitioned scheme of
Caroli et al. [71, 72, 73]:

1. Consider first the isolated leads and the scattering region. Obtain the retarded
and/or advanced surface GF's of the leads, gi/ A and gﬁ{é, which in this case can be

calculated analytically [74] (i *(F) = (E +id—¢go — \/(E +id —ep) — 4t2) /2t%),

and the GF of the scattering region, g&/A(E) = (E+id — Eg)~*. The plus (minus)
sign is used for the retarded (advanced) GF.

2. Bring together adiabatically the leads and the scattering region. In equilibrium use
Dyson’s equation, G = g + ¢XG, to obtain the retarded and/or advanced GFs of

the system:
R/A QR/A
Gog" = % 2.25
Y g g T — g A gl T (2:29)
GYA = gRATGRA (2.26)
GHA = GR/ A ghia (2.27)
GYA = g1+ TGE™) (2.28)
From this, evaluate the lesser GF as
Go(E) = [Goo(E) — Goo(E)f(E — p) (2.29)

or, equivalently,
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oo(E) = —2iIm GGy ()| f(E — p) (2.30)

where f is the Fermi distribution function and g is the chemical potential, which in
this case (zero temperature) is equal to the Fermi energy.

. Out of equilibrium use Keldysh formalism to obtain the corresponding Dyson’s
equation for G<:

G< = (1+ G g=(1 + 22G4) — g"u<gt (2.31)
0

The last term vanishes because it contains many-body contributions which do not
exist in a single-particle Hamiltonian. From this it is trivial to obtain

00 — G Z G + G /Zl/Gllo + G ZOG
Gfo = GlfozoGg*o +GREIGY (2.32)
01/ — G01121/G1/1/ + G EOGOI’

where f]L(R) = gf‘L_(Pl{R) gfL(RR) gfL_(T}{R) and the bias AV = Vi — VL, enters in f]l(E —
eVy,) and ill(E — eVr) and in the corresponding Fermi functions as upmy = e +
GVL(R).

. Calculate the density matrix as

pi={de) = o= [~ G3(B)E 2.33)

27

. Obtain the current using the continuity equation:

aﬂk

Ji—J
kY ey

=0 (2.34)
where the i (k) is the immediately previous (next) site to j. Taking into account
that pr = —i/h[px, H], the current at a given site is given by:

Ji = —Z% (tz‘ﬂ'_l <C;r_ici> - ti—l,i <C;‘[Ci—1 >> =
= o [T [651B) - GEu(B)] dB (2:35)
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H, B, 7V,

Fig. 2.2: Schematic view of the scattering region (the extended molecule) and the left and
right leads.

This example can be generalized to the case of non-orthogonal basis sets, i. e. with
overlap matrix elements given by S;; = (i|j). With the help of bi-orthogonal basis sets ,
i e. |l> =35(S7Y); |1) so that <z|l> — 67, it is easy to arrive at the following equation
for the GF: (ES — H)G = 1, where G is expressed in the {|i)} basis set, although its
matrix elements are the same as those calculated in the original basis.

This simple model helps to understand the implementation of the Keldysh formalism
and can be taken as a first step to study more complex systems. In fact, its formulae are
very general and can be applied almost without changes to more realistic situations, as [
will show in the next section.

2.1.3 General one-body problem

The above discussion can be easily generalized to more complex systems by substituting
scalars with matrices. The scatterer, also called the extended molecule (M), can be a
constriction, a molecule, an atomic chain, etc., and includes also those parts of the leads
(L and R) whose electronic properties differ from the bulk properties, as shown in figure
(2.2). Each of such regions should be larger than the screening length of the corresponding
lead to make sure the Hamiltonian at the end is equal to the bulk Hamiltonian.

Surface Green’s function

The surface GF, which describes the electronic structure at the end of a perfect semi-
infinite lead, can be calculated from the bulk GF of an infinite system grown along the
transport direction [75]. Such a system is divided in slices characterized by intraatomic
M x M Hamiltonian H, and overlap matrix Sy and coupled to first nearest neighbors
by Hﬂ and Sﬂ. To calculate the bulk GF [75] it is necessary to obtain M wave vec-
tors k,,, for positive directions, and M wave vectors l%z,,, for negative directions, and
their corresponding eigenvectors Wy,_, which for a given value of the energy E satisty the
equation
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(Fo + Hae™™ + H_je ™" — ES)¥y_, =0 (2.36)

where z is the transport direction, a is the distance between slices and [ = 1,..., M are
the degrees of freedom of each slice.

Once the bulk GF has been found, the total GF of a semi-infinite lead, ranging from
z = —00 to z = 2, is constructed by subtracting a certain wave function (built with the
previous eigenvalues and eigenvectors) which cancels out the bulk GF at the site zg + 1.
The surface GF is then obtained by evaluating this GF at z.

Although this procedure is much better than recursive methods (see e. g. [76]),
which are usually very hard to converge, it has the problem that in many situations the
matrix H;, which has to be inverted to find the eigenvectors, is singular. This difficulty,
however, can be overcome by decimating out [77] the singularities and using an effective
Hamiltonian whose connecting elements H.; are not singular [57].

Equilibrium

If the system is not coupled the relevant retarded and advanced GF's are the surface GF's,
gfIfR(ZA ) and gRé (Z) and the isolated scatterer or extended molecule GF, Qﬁ{\f (Z) =

(ZA RSy — Hama) ™Y, where ZAB = E +4§ (+/— for retarded /advanced quantities).
When the leads and the scatterer are brought together adiabatically, following the same
steps as in the previous case, the MM and LM retarded GF's are found to be [78]:

@ﬁmZ):éi}M(Z)[}—gMM( Wai(2)g1w.(Z )VLM( ) +
— on(Z2)Vur(2) gnr (2 )VRM( )
= [ (Z2) = S}(Z) - SR(Z )] b=
= [Z%Swum — Hat — BR(Z ) (Z)] (2.37)
Giu(Z) = g (2)Vi(2)Gin(2) = Vi 1 (2)28 (2) i (2) (2.38)

where VMR(L) rRym(Z) =7 SMR(L) /R(L)M_,’:{MR(L)/R(L)M> and iE(R) = VRI}L(R)gEL(RR)VLI?R)M
are the selfenergies, which include the coupling to the electrodes. These quantities are
not Hermitian, which means that the number of electrons in the system is not conserved.

The MM GF matrix elements are given then by the following expression:

Gt (2) = [Z8um — Haa — S1(Z) = SR(2)], (2.39)

nv

and the density matrix elements:



2. Molecular and Nanoscale Electronics 115
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Fig. 2.3: The contour L + C' used to evaluated the density matrix. Figure from [56]
(modified).

pntgor = — [ lim T G (B + i0)]f(B — ep)dB =

- = [  Giingu(B)E (2.40)

The numerical integration on a contour close to the real axis can be very hard to
evaluate due to the presence of the GF poles, which forces the inclusion of many integration
points. However, such an integration can be greatly simplified if one realizes the following
[56]: 1) the relevant energy range goes from the lowest energy state to a bit above the
Fermi energy, where the Fermi distribution function vanishes, ii) the GF is analytic on the
upper half plane. Taking this into account, the previous integration contour can be then
substituted by the contour shown in figure (2.3), which also includes the Fermi function
poles located in a line perpendicular to the real axis at £ = ep, where f(Z — ep) =
—kgT/(Z — Z,,) and Z,, = i(2n + 1)7wkpT + cF is one of the Fermi poles. The calculation
of the density matrix reduces then to:

R 1 . , No o
pMM,/u/ = —; ciL Im [GMM#V(Z)]]C(Z - EF)dZ — 27TZ]€BT Z GMM,,uu<Zn> (241)
n=1

where N, is the number of Fermi poles inside the contour. This trick reduces dramatically
the number of integration points and, therefore, the computer execution time and memory.

Finally, note that in equilibrium and in an isolated system GR can also be obtained
from the eigenvectors and eigenvalues of H, i. e. @EV(E) =, CauCry/(E+1i0 —¢,), and
therefore the density matrix can equally be found by directly diagonalizing the Hamilto-
nian (as was shown in the first chapter), i. e. p,, = >, couch, f(en —€r).
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Out of equilibrium

Out of equilibrium, when a bias difference AV = 1V}, — Vi is applied, the expression for
the lesser MM GF has the following form:

Gy = GRLSLGA + GRLSRGA 1+ GRS, (2.42)

The last term does not contribute to the density matrix when the system is coupled (when
it is uncoupled it is simply equal to gy and gives the density matrix) due to the fact
that

(CRineEnGiing (2) = [Ghindhind Gt Grinl (2) ~
~ Gl\R/[M (Z — SMM)d(Z — 5MM)(Z — 5MM)G$[M (243)

This expression vanishes when it is integrated in energies. Only two terms remain then,
each of which can be written in the following way (I focus on the first one):

R AR AR — AA 1A
GRLELGLM = GﬁMYMLQIE{LQLL gLLgLL LLVLMGMM =
= GEZMEEG&M (2-44)

where 35 = $5(Z — eV4) is given by
S = (VR o VAL = i[ViR aR VA — VR A VAL =
L MLITLVIM MLgLL LM MLILL YLMmlJL
= i[SF = S =Tufr (2.45)

with fi, = f(Z — 1), p = e + €Vi, and I’ = i(ZR — £4) is the coupling matrix, which
represents the coupling strength and the level broadening. Finally, using the left and the
right terms [78]

Gin(2) = iGYM(Z)[TL(Z — eV F(Z — ) + TR(Z — eVR) F(Z — )]G (Z)  (2.46)

which reduces to the equilibrium G5y, éf/IM@q, when AV = 0. Out of equilibrium,
however, it can be rearranged in the following way:
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Fig. 2.4: Integration region of the out-of-equilibrium part of the density matrix.

é1\</IM<Z) = GfAM,eq,L(Z) + ié?/{MfR(z - GVR)GQM(Z)[JC(Z —pr) — f(Z —po)] =
= éﬁM,eq,L(Z) + 5é§4M<Z) (2.47)

where CA}’MMyequ = Z'CAT'E”AM(FL + FR)GQM fi. A similar equation can be written using
GAMM@(LR and fL. The equilibrium term, which is analytic in the upper half complex
plane, is integrated using the previously defined contour. The second term, however, is
not in general analytic and has to be integrated directly on the real axis. However, due
to the fact that the Fermi functions differ only in a region e, — eg = eAV + 2kgT (see
figure (2.4)), this integration reduces to:

1 EL A
Y / G5 (E)E (2.48)
211 . ER

The current that passes through the system from left to right, Iy = —Iwr, can be
calculated as follows [78]:

1€ R N N .
ILM(V) = E Z[pML,V,u(V)VLM,uV - vML,MVpLM,V,U,(V>] -

2l

€ A ~ ~ A
= E ;/[GF/IL,UM(V)VLM,#V - VML,uuGEM’Vu(V)](Z)dZ =

= & [ TlG5n (V) Van — VGl (V))(2)42 (2.49)

The relevant matrices in this case are LM and ML due to the fact that the current is
calculated between two points.

The GF is expressed as

éfM = GEMiMéﬁM + éELiLGéM (2.50)
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where the first term does not contribute again. Therefore
Gim = ItLViMdim + gLLVLP%\AGhRdLiLLGéM (2.51)
Equivalently,
v = G Va9, + G Zen G Vat o, (2.52)
so that,
G1\</1L‘A/LM - VMLGEM = Glli{/[Mf‘LfL - GIP\{/IMf‘Léf/IMVI\//?LgLLVLPI{\/IfL +
— TG fr + VALt Vi G D LG S (2.53)

Since the current must be the same at every point in a stationary system it is possible
symmetrize the above equation using Iy = —Iry [79]:

1V) = Slhiae ~ ol (V) = o [ Te{(Pufi — P i) (Gl — Gin) +

+i(Ty — Tr)Gynl (2, V)dZ (2.54)

where the cyclic property of the trace has been used. Taking into account now Dyson’s
equations for Gypyy in and out equilibrium and also that the final quantity is not analytic
and has to be integrated also in the real axis between er and er,, the result is

1V) =5 [ GGl TE VB = (V) = (B = pm(V)E  (255)

which can be rewritten as

1V) = [ BB VIFE = (V) - - m(V)RE= (250)
= 5 [CTEV)HE = V) = FE = p(V))AE (2.57)

where {(E, V) = [[r(E, V)]"2GR\(E, V)[[L(E, V)]"/2 is the transmission amplitude ma-
trix [80] and T'(E,V) the total transmission. The conductance in the linear response
regime, G = I/V, is then given by [56]
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Go €L

G(V)_W j

T(E, V) (E = p(V)) = f(E = pr(V))AE (2.58)

where Gy = 2¢*/h is the conductance quantum (note that the trace over spin components
is also included here, so that for spin unpolarized cases both spin channels cancel out the
2 in the denominator of the previous equation). This expression can be simplified to

G = C;OT(EF, 0) (2.59)

when very small biases are applied.

2.2 The SMEAGOL Code

SMEAGOL [57] is composed of a series of subroutines which read the SIESTA Hamiltonian
and overlap matrices and construct the GF using the non-equilibrium Green’s function
formalism. From the GF, SMEAGOL calculates the density matrix, which is fed back into
SIESTA to build again the Hamiltonian and continue the self-consistent (SCF) procedure.
When the electronic and the molecular dynamics calculations have converged, SMEAGOL
obtains the transmission coefficients and the current.

Every transport simulation is partitioned according to the scheme of Caroli et al.
(71, 72, 73], i. e. the system is divided in three parts, which are supposed to be isolated
in the remote past: two semi-infinite leads and the extended molecule. Every SMEAGOL
calculation is then divided in two separated simulations: one or two to obtain the bulk
electronic structure of the leads and another one to calculate the transport properties of
the extended molecule.

2.2.1 Bulk simulation

Previous to the transport simulation it is necessary to obtain the leads Hamiltonians Ho
and 7%1, and overlap matrices, Sy and Sy, which are used to calculate the surface GF
and the selfenergies, in one or two separate ab initio simulations. Each lead is grown
periodically along the z direction and only interactions between first nearest unit cells
along z are permitted. If this condition is not fulfilled then either the cutoff radii have to
be reduced or the size of the unit cell along 2 increased.

On the perpendicular directions, x and y, the system can also be periodic and include
k points. If there is, however, large enough space and the unit cells along x and y do not
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interact, the system is not periodic and the simulation describes a nanowire. Mixed cases,
where periodicity is allowed along a certain vector @ = a€, + be, are also permitted.

When the bulk simulation finishes, the Hamiltonians, H,o and ﬂl, and the overlap
matrices, Sy and S7, are written in a separate file, which, along with the density matrix,
is used in the transport calculation.

2.2.2 Transport calculations

Since SIESTA can not simulate semi-infinite leads!, nor calculate out-of-equilibrium den-
sity matrices, the eigenvalue decomposition is substituted in the transport simulation by
the non-equilibrium Green’s functions subroutines which calculate the GF and the density
matrix on every SCF step.

At the beginning of the transport calculation SMEAGOL reads the bulk H,, H; and
So, S, and calculates the surface GF. The problems associated with the non-invertibility
of some connecting matrices are solved by identifying the singular elements with a
singular value decomposition and decimating them out. Once the surface GF is ob-
tained it is not necessary to calculate it again. The same applies to the selfenergies,
EL(R) = VML(R JLL(RR) VL rym- However, when perpendicular k& points are included, the
surface GFs and, consequently, the selfenergies have to be calculated for every k point.
This new variable adds a new dimension to the selfenery arrays and increases dramati-
cally the memory requirements. In such situation it is more advantageous to compute the
whole selfenergies on every SCF step rather than storage them.

Out of equilibrium the Fermi energy and the electronic states of the left and right
leads are shifted by the applied bias, AV = Vj, — VR, which, like in many experimental
situations, is applied symmetrically, i. e. Vi, = AV/2 and Vg = —AV/2. Therefore the
bulk Ho and H; and consequently the surface GFs and the selfenergies are rigidly shifted
by eAV/2.

The potential at the boundaries of the unit cell has a sharp discontinuity due to the
fact that the values at these points have to match the bulk values as well. However,
since the Hartree potential VH(7) is calculated in SIESTA with a fast Fourier transform
algorithm, which implies that it is periodic, the potential at such points has to be shifted
by the corresponding +AV/2 (with a linear term in between to help the self-consistent
process) after the calculation of V. The total potential is then

! This is not completely true. As shown in Chapter 5, using slabs with a large enough number of layers
it is possible to simulate surfaces, provided the electronic structure in the middle of the slab resembles
the bulk electronic structure.
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Vp is the sum of the pseudopotential, the Hartree and the exchange-correlation potential
and zp, and zgr are the positions on the left and right lead where the linear ramp starts
and ends. This ramp can then be different depending on zp, and zr but the final results
are the same due to the indetermination of the Hartree potential up to a linear term. The
only difference appears in the convergence of the SCF procedure, which can be improved
or worsened depending on whether the potential on each SCF step resembles the final
potential or not. For example, in a capacitor, made of two separated plates the best
choice for 2z, and zr would be as close as possible to the vacuum region. In a continuous
medium, however, the best ramp should be as flat as possible, i. e. z, and zg should be
close to the boundaries of the unit cells, in order to make the transition from left to right
smoother.

To ensure the last slices of the leads (the leftmost atoms in the left lead and the
rightmost atoms in the right lead) have the bulk electronic structure and to improve the
convergence of the simulation, the Hamiltonians and overlap matrices of these regions are
substituted by the bulk matrices. Since this does not warranty that the density matrix in
the outermost slices has the same values as the bulk density matrix, this quantity is also
substituted. Furthermore, the Hartree potential at these places is also shifted rigidly to
match exactly the bulk values (even at zero bias).

The main parameters of the transport calculation which are included in the input file
are the following:

e Number of points in circular part, C, of the integration contour used to calculate
the density matrix (see figure (2.3))

e Number of points in the linear part, L, of integration contour.
e Number of Fermi poles enclosed by the contour.

e Lowest energy value reached by the contour.

e Small imaginary part used in the GF.

e Number of energy points in the real energy axis used to calculate the out-of-
equilibrium density matrix.

e [nitial value of the bias potential.

e Final value of the bias potential.
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e Number of points between the initial and final value of the bias potential where the
current is going to be calculated.

Apart from the SCF loop and the molecular dynamics loop, there is also a bias loop,
which is the outermost one. For every point of the bias potential it is necessary then
to converge the density matrix and, if necessary, relax the atoms before the current
is calculated.

e [s the system periodic along the transport direction?

If the system is periodic the electronic structure of the outermost slices can be very
similar to the bulk electronic structure and the SCF convergence is better. If the
system is not periodic, however, there are surfaces at the boundaries of the unit cell
and it is necessary to include more bulk slices to avoid their effect.

e Initial and final energy value and number of energy points where the transmission
coefficients are going to be calculated.

In summary, SMEAGOL is a very efficient combination of the Keldysh formalism with
DFT and LCAO-pseudopotential methods specially designed to calculate the transport
characteristics of systems with small numbers of atoms. Its main advantages are a numer-
ically stable approximation to calculate the surface GF and the possibility of performing
spin-polarized and non-collinear spin calculations. I will show two examples of magnetic
calculations in the following sections.

2.2.3 Example 1: Giant magnetoresistance in organic molecules
between magnetic leads

The first suggestion to use organic molecules as electronic elements had been made by
Aviram and Ratner in 1974 [82] but it was not until 1997 that the first measurement of the
conductance of organic molecules between non-magnetic electrodes [43] was performed.
Since then, a series of theoretical calculations and computer simulations have been carried
out (see e. g. [81]). More promising is, however, the case of magnetic leads, where
giant magnetoresistance (GMR) effects are expected. Examples include the use of carbon
nanotubes as spin valves [83], spin transfer and injection in organic molecules [84, 85, 86]
and organic tunnelling junctions [87]. Such molecular systems have the advantage that
the effect of the spin orbit coupling and the hyperfine interaction is very small and the
spin coherence can be preserved over long distances.

One of the first calculations performed within the SMEAGOL collaboration was
done by Alexandre Reily Rocha, who simulated organic molecules anchored between
magnetic leads: 8-alkane-dithiolate (octane-dithiolate) and 1,4-3-phenyl-dithiolate (1,4-
tricene-dithiolate) sandwiched between nickel leads, as shown in figure (2.5). The obvious
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Fig. 2.5: Schematic view of the octane-dithiolate and the 1,4-tricene-dithiolate anchored
between Ni leads.
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Fig. 2.6: Transmission coefficients of a Ni(001) /octane/Ni(001) spin valve in (a) the paral-
lel and (b) antiparallel configurations. In the antiparallel case both transmission
coefficients are identical.

goal was to look for possible magnetoresistive effects when the magnetic configuration of
the electrodes was reversed.

In the calculations a single-( basis set was used for the H, C and S s orbitals, a
double-( polarized for C and S p orbitals and a double-( for all Ni orbitals. Exchange
and correlation was calculated with the LDA functional and the spin configuration was
collinear. The leads were described by alternated planes of 4 and 5 atoms each, grown
along the (001) direction of the fcc lattice and the molecule end atoms (S) were attached
to the hollow site of a four atom plane.

The transmission coefficients are shown in figures (2.6) and (2.7). In the octane the
transmission is dominated by a series of resonances and is in general very small, which
means that the transport is in the tunnelling regime. At the Fermi energy the parallel
configuration is dominated by a sharp resonance that disappears in the antiparallel case.
This produces a GMR ratio 6G = (Gp — Gap)/Gap of ~ 40%. In the tricene, however,
the transmission is bigger and the molecule can be considered metallic. The predicted
GMR at the Fermi level in this case is ~ 100%.

In conclusion, it was demonstrated with SMEAGOL the possibility of producing large
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Fig. 2.7: Transmission coefficients of a Ni(001)/tricene/Ni(001) spin valve in (a) the paral-
lel and (b) antiparallel configurations. In the antiparallel case both transmission
coefficients are identical.

magnetoresistance ratios by anchoring organic molecules between magnetic leads. This
study opens the door to the design of future molecular spintronics devices much faster,
smaller and efficient than current magnetic-based electronic elements.

2.2.4 Example 2: Nickel nanocontacts

Magnetoresistance (MR) experiments are based on the measurement of the current change
in systems composed of a non-magnetic region sandwiched between two magnetic leads
when the magnetization of the leads is reversed, as in the previous example. However, MR
effects have also been reported in Ni nanocontacts, [88, 89, 90, 91, 92, 93, 94, 95, 96, 97],
where the chemical composition of the leads and the intermediate region is identical.
Although some groups obtained high values of MR, others predicted small or even negative
ratios [88, 92]. The reason of these discrepancies is that the structure of the contact, where
the domain wall is constrained [98], is not exactly known and small changes in the atomic
positions, due for example to the local heating or the applied magnetic field, can lead to
dramatic changes in the conductance [99].

To demonstrate the capacity of SMEAGOL to deal non-collinear magnetic systems, I
performed a series of calculations, based on the previous experiments, of Ni nanocontacts
with different lengths of the atomic constriction. I used a double-zeta basis set and the
LDA approximation. Like in the previous section, the leads were composed of alternative
atomic planes with 4 and 5 atoms each, grown along the (001) direction of the fcc lattice,
as shown in figure (2.8). All distances were set equal to the bulk distances.

I studied four different cases, depending on the number of atoms in the constriction
(between 1 and 4). Larger chains were not considered because they are not stable [64]. In
the four atom case the domain configuration can also be symmetric or non-symmetric, de-
pending on where the domain wall is placed, as shown in figure (2.10). I also distinguished
between collinear configurations, where the spin vectors are constrained to lie parallel to
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Fig. 2.8: One of the Ni nanocontacts (the four atoms case) used in the calculations.

B: -0
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Fig. 2.10: The four-atom domain walls. The parallel, antiparallel symmetric and antipar-
allel non-symmetric conductances are shown for both collinear and non-collinear
spins. Notice that the non-collinear conductances are just the sum of the con-
ductances of both collinear channels.
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Tab. 2.1: MR ratios for the 1-4 Ni nanocontacts.
Magnetoresistance ratio (%)

1 atom -2
2 atoms. -69
3 atoms. 20
4 atoms symm. 68
4 atoms antisymm. 60

the quantization axis, and non-collinear configurations. In the latter case the Hamiltonian
and, consequently, the GF are split in four components and the total transmission is given
by

62

“=%

[Ty + Ty + Ty + Ty (Er) (2.61)

This configuration allows to have smoother changes of the spin vectors along the domain
wall, as shown in figure (2.9), in contrast to the more abrupt variations present in the
collinear configuration.

Although one would naively expect to observe a non-collinear evolution of the magneti-
zation, i. e. to have spin vectors that rotate smoothly from atom to atom, the calculations
show that this is not the case. The spin magnetization of each atom remain almost ex-
actly collinear and the domain wall is abrupt. This is confirmed by the results for the
collinear and the non-collinear calculations, which are essentially the same, as can be seen
in figure (2.10). Besides, the modulus of the magnetization of the central atoms increases
significantly up to a value of 1.2 ugp, almost as twice as the bulk magnetization. This is
somewhat expected since the abrupt reduction of the crystalline field in the constriction
drives the electronic structure towards high spin configurations.

The MR results are summarized in table (2.1), where the definition 6G = (Gp —
Gap)/Gp was used. As can be seen, for one and two atoms the MR ratio is negative
and, in the first configuration, very small. This is in agreement with some experiments
(88, 92]. For 3 and 4 atoms the MR ratio is positive and increases with the number of
atoms in the chain. On the other hand, the 4-atoms symmetric configuration has larger
MR than the non-symmetric configuration. This is also expected, since larger changes in
the conductance are produced where the spin vectors are bigger, i. e. in the middle of
the chains. However, in practice only the non-symmetric configuration will develop since
it is 0.1 eV more stable than the symmetric configuration.

The differences between the conductances of the parallel and the antiparallel config-
urations can be understood in terms of the s and d levels. The s, which have no spin
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polarization, are localized mainly above the Fermi level (for energies approximately bigger
than 0.5 eV), with a transmission of ~ 1 G/2 for both spin channels. However, the d or-
bitals, which carry the spin polarization, appear around Fr, where the differences between
the parallel and the antiparallel cases are more pronounced. The fact that the magne-
toresistance is not very large is due to the presence of s electrons also around FEp, which
gives a non-vanishing contribution to the conductance in the antiparallel configurations.

In summary, SMEAGOL was used to show that the MR ratio in Ni nanocontacts can
be either positive or negative. For long constrictions the spin vector grows in the middle
of the atomic chain and increases the MR, although the non-symmetric configurations,
which have smaller values of MR, are more stable. These calculations pave the way to
more sophisticated studies with bulk leads and relaxed configurations in the middle of the
constriction.

2.3 Single Channel Conductance of H, Molecules Attached to
Platinum or Palladium Electrodes

The smallest possible molecule, namely the Hy molecule, which has just one bonding and
one anti-bonding state in a given energy range, is a very simple system. It should be
very easy then to predict the effect of tuning a range of adjustable parameters in break
junction experiments where the molecule is placed between two adjacent leads, including
the position and orientation of the molecule, the distance between the electrodes and
the materials which make up the electrodes. However, despite the apparent simplicity of
this junction, there is currently no agreement about the position and orientation of the
molecule and no explanation exist for the observed differences between some materials.

Smit and coworkers [44] found that the conductance histograms of the molecule, sand-
wiched between Pt leads had a sharp peak at about 0.9 GGy and therefore argued that
electronic transport was dominated by a single channel with an almost perfect transmis-
sion. In addition, from the experimental phonon spectra they concluded that the molecule
bonds to the electrodes in a bridge configuration (BC), i.e. with the Hy bond axis parallel
to the transport direction (see figure (2.11)). This was also confirmed by Cuevas et al.
[59].

A different interpretation was given by Garcia and coworkers [60], who showed theo-
retically that an arrangement where the molecule bonds perpendicularly to the transport
direction (perpendicular configuration, PC) has a lower energy, and therefore should be
the preferred atomic configuration. Their simulations gave conductances of around 1.0
Gy and 0.2 G for PC and BC, respectively. However, Thygesen and collaborators [61, 62]
challenged Garcia’s results. They performed a careful study of the vibrational spectra,
providing further theoretical evidence in favor of the initial interpretation of Smit et al
[44], and found that the current is carried by the anti-bonding state of the molecule with
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Fig. 2.11: Atomic configuration of the scattering region for the BC (a) and PC (b) arrange-
ments. Shaded and white balls indicate Pt (or Pd) and H atoms, respectively.
Figure (b) has been rotated 45 degrees around the z-axis with respect to figure
(a), to achieve a better view of the orientation of the hydrogen molecule.

Fig. 2.12: New atomic configurations studied in this work: BC zigzag (a), PC zigzag (b)

(top view of the molecule) and zigzag with the molecule chemisorbed on the
surface (CZ) (c).
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a conductance of the order of 1.0 GGy. But, in agreement with Garcia, they also predicted
that the PC has a lower energy than the BC when the separation between the leads is
small.

Additionally, Csonka et al. [58] performed transport measurements on Hy molecules
sandwiched between Pd electrodes and found that the smallest peak had a conductance
of ~ 0.6Gy. This value changed with the hydrogen gas pressure and temperature on the
vacuum chamber, due to the dissolution of hydrogen into the palladium, but remained
around that value. Also, due to the same reason a second peak appear sometimes around
the quantum of conductance. Although the inclusion of hydrogen into the palladium could
explain the origin and movement of those peaks, it is not clear why in the case where
no dissolution is expected the conductance is smaller than in the valence-isoelectronic
platinum.

To shed light on these contradictions and open questions I performed a detailed calcu-
lation of the stability, electronic structure and conductance of the Hy molecule attached to
either Pt or Pd electrodes. I used SIESTA [21] with a double-¢ and a double-( polarized
basis set for H and Pt/Pd, respectively, and the LDA functional [10, 11]. These parame-
ters gave bond distances and lattice constants very close to the experimental values (0.81
A for the bond distance of Hy [100] and 3.93 A and 3.91 A for Pt [101] and Pd [100],
respectively).

The leads were simulated as a fcc crystalline structure grown along the (001) direction
for both Pt and Pd, with a unit cell containing two 3 x 3 atomic layers, although other
configurations were also used, as shown below. The scattering region, presented in figures
(2.11) and (2.12), consisted of a Hy molecule attached to the tips of two pyramids of
Pt or Pd atoms. These pyramids can be viewed as a sequence of two atomic fcc (001)
layers comprising 4 and 1 atoms respectively. The scattering region also included three
bulk Pt (or Pd) buffer layers with the same atomic configuration of the leads, that were
seamlessly attached to the pyramids. The hydrogen molecule was placed both in the
BC and in the PC setup, as shown in figures (2.11) (a) and (b) respectively. Periodic
boundary conditions were applied in the basal plane, and 4 irreducible k-points in the
2-dimensional Brillouin zone were used?. The electrical conductance was calculated using

SMEAGOL [57] in the limit of small biases.

In contrast to the previously studied configurations [59, 60, 61, 62] shown in figure
(2.11), I also considered BC and PC arrangements where the leads were not faced and an
arrangement where the Pt or Pd leads were bonded directly and the molecule was located
on one of the surfaces (zigzag configuration, CZ)3, as can be seen in figure (2.12). Every
simulation was labelled according to the distance d between the innermost buffer layers of

2 Tests performed with 12 k-points provided essentially the same results. 4 k-points are enough to
avoid spurious peaks or gaps in the transmission coefficients.

3T call this cases "zigzag” because in longer chains the most stable arrangement corresponds to a
zigzag configuration.
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the scattering region. For a given distance d the pyramids and the hydrogen atoms were
always relaxed and the total energy and transport were calculated at zero applied bias.

2.3.1 Influence of the leads

As a first step I used finite leads along the x and y directions, made of alternating slices
of 4 and 5 atoms. The results are shown in figure (2.13), where the conductances of the
parallel and the perpendicular configurations are plotted for a series of distances. Around
the Fermi energy the conductances are very irregular and have many peaks and gaps.
When the 9-12 leads are used (figure (2.14)) there is no improvement and many sharp
variations still remain.

I note first that T'(E) of gold, where the d-levels lie below Ef, is smooth regardless of
the size of the section of the leads employed in the simulation. On the contrary, I find for
platinum that the presence of d-states at the Fermi energy opens minibands and minigaps
that translate into strong oscillations in T'(E ~ Er). These minibands and minigaps arise
from interference effects of the d-states along the transverse directions. Consequently,
oscillations in T'(E) should disappear when bulk electrodes are used. Indeed, this is what
I find when slabs made of 3x3 atomic planes with PBC are employed, as shown in figures
(2.15). I moreover show how T'(E) converges when the number of transverse k points is
increased from 4 to 12. Although some small variations and peaks still remain when 4 k
points are used, the transmission at the Fermi level is essentially converged. These results
demonstrate the importance of using bulk electrodes in systems with open d shells.

2.3.2 Platinum electrodes

I consider first the case of Pt electrodes. As stated above, I find that the isolated molecule
has an equilibrium distance of 0.81 A and a bonding-antibonding energy gap of about
11.5 V. This bond is weakened when the molecule is attached to the electrodes, since the
relaxed distances are 0.99 A for BC and 2.46 A for PC (this last configuration is close to
a dissociated state).

The densities of states projected onto either hydrogen or the Pt atom at the apex are
shown in figure (2.16) for both BC and PC configurations. Figure (2.16) (a) demonstrates
that the bonding state in BC arrangement remains a localized state of the junction. On
the other hand, the DOS projected onto the hydrogen atom shows that this state is
essentially unaffected by the proximity of the electrodes. It indeed remains as a sharp
peak located at almost the same energy as for the isolated molecule, somewhat below
the lower Pt valence band edge. These results are confirmed by also plotting the DOS
projected onto the neighboring Pt atoms, where the weight of such bonding state has
decreased by a factor of four. In contrast, the anti-bonding state is completely spread,
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Fig. 2.16: Pt electrodes: DOS projected on one of the hydrogen atoms and the Pt atom
at one of the two apexes (solid and dashed lines, respectively) in (a) BC and
(b) PC configurations. Dashed-dotted vertical lines: position of the bonding
and anti-bonding energy levels of an isolated H2 molecule. Energies have been
referred to the Fermi energy of the Pt leads.
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Fig. 2.17: Transmission coefficients in (a) BC, and (b) PC settings at their equilibrium
distances. Solid and dashed lines indicate platinum and palladium, respectively.

coupling strongly to the leads. I can therefore conclude that the bonding channel of
conduction is completely closed down, having zero transmission, while the antibonding
state is clearly open. Moreover, a closer examination of the density of states (DOS)
projected onto single orbitals and also of the Hamiltonian shows that such antibonding
state hybridizes only with the s and d,= orbitals of the leads, as expected by symmetry.
Indeed, I find that each hydrogen atom gains 0.27 electrons, that populate the antibonding
state DOS below the Fermi energy.

The situation of the PC arrangement is somehow different. In this case the Hy molecule
hybridizes again with both the s and d.2 orbitals of the tips. However, figure (2.16) (b)
shows that the bonding state of the molecule participates also in the chemical bond to
the leads since the corresponding peak in the DOS has slightly moved up in energies and
splitted, to place itself at the band edge of the d-band of the Pt electrodes. Moreover,
the amplitude of the peak does not decrease when moving from the hydrogen to the Pt
atom at the apex. These facts demonstrate that the bonding state becomes delocalized
and therefore opens up as a conduction channel.

Turning now the attention to the electron transmission through these states in the
BC configuration I find that the conductance is almost flat, and approximately equal
to 0.9 Gy, for a wide range of energies around Er within the Pt bandwidth, as seen in
figure (2.17). Moreover, I also found that T'(E) remains essentially the same for the whole
range of distances where BC is stable until the contact breaks. This almost perfect and
constant transmission of the anti-bonding channel, added to the fact that the bonding
channel is completely closed down, leads to the prediction of a narrow peak in conductance
histograms with low conductance fluctuations.

In contrast, for the PC arrangement I obtain a conductance of about 2.0 GGy. In this
case T (E) shows strong variations around Er and achieves values even higher than 2
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for distances around deq ~ 9.5 A, which implies the existence of more than two channels
available for conduction. These arise from direct transport through Pt atoms at the apices
of the pyramids, which at such a short distance have a small but finite overlap. Therefore
if the PC were realized experimentally, one would expect the conductance histograms to
display a peak centered at 2.0 Gy, with rather strong fluctuations around that value. This
result is in contradiction with that of Garcia [60].

I discuss now the stability of the structural configurations of the junction. The sim-
ulations confirm that the PC has a lower energy than the BC as shown in figure 5, in
agreement with other authors [60, 61]. At first sight, this seems to be in contradiction
with the experimental data, since the PC configuration has a conductance of about 2.0
G instead on 1.0 GGy. However, a closer look into the energetics of the problem reveals
two important features.

First, the last Pt atoms of the tips may prefer to bond in a zigzag configuration,
thereby continuing the fcc alignment. I performed further simulations using such zigzag
arrangements and found that their energy is substantially lower than the energy of the
aligned counterparts whenever the two Pt atoms at the tip bond directly. In contrast,
the energy-cohesion curves are insensitive to the alignment of the pyramids if a hydrogen
molecule sits between the two Pt atoms, independently of the BC or PC configurations.

Secondly, if the distance between electrodes is too short, the hydrogen molecule may
prefer to gain energy by bonding elsewhere on the Pt surface. I simulated then zigzag
configurations (CZ) where the hydrogen molecule is initially on the surface of one of
the leads, as shown in figure (2.12) (c), and, after relaxing the coordinates, found that
both atoms achieve their equilibrium position on top of the triangular sites between the
pyramid and the lead. Figure (2.18) shows that the CZ arrangement is indeed lowest in
energy for short distances, as expected, while there is a window of about 1 A where the
PC is stable and competes in energy with all the different possible realizations of CZ.
This last configuration snaps for distances larger than 11 A, giving zero conductance.
For these distances the BC becomes then the most stable configuration.

Based on the above results, I propose the following evolution of a Pt break junction in
presence of hydrogen as a function of the Pt-Pt lead separation. For short distances (up
to about 10 A) the junction arranges itself as a zigzag Pt point contact. The Hy molecules
attach to the Pt surface at the triangular sites, away from the atomic constriction. The
electrons travel then between the leads through several Pt channels and the conductance
can vary between values much larger than Gy and ~ 1.5 Gy. As the separation between
the contacts increases from 10 to 11 A, the PC configuration may take over in a few
of the pulling cycles of the break junction. For distances larger than about 11 A, all
configurations other than BC snap. The junction therefore arranges in a BC configuration
before eventually also snapping at a distance ~12.5 A. This latter arrangement provides
a single channel conductance of about 0.9 GGy, that results in the sharp peak found in the
experimental conductance histograms [44].
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and anti-bonding energy levels of an isolated Hy molecule. Energies have been
referred to the Fermi energy of the Pd leads.
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2.3.3 Palladium electrodes

Finally T consider the case of Pd [58], whose bonding properties are similar to those of Pt.
For the BC, I find again that the bonding state of the Hy molecule does not participate
in the chemical bond. Figure (2.19) (a) shows that the bonding state remains a sharp
peak that is clearly detached from the lower edge of the d-band of Pd. The amplitude of
the peak in the DOS decays very fast as one moves away from the Hydrogen atom. As
in the platinum case I also find that the anti-bonding state strongly hybridizes with the
s and d,2 orbitals of neighboring Pd atoms, so that electronic conduction is carried again
by the anti-bonding channel. For the PC configuration, the bonding state also hybridizes,
leading to the opening of a second conduction channel. Figure (2.19) (b) shows that the
peak of the bonding state moves up in energies by 2 eV when the molecule hybridizes
with the Pd electrodes in the PC configuration, placing itself at the band edge of the
d-band. Moreover, the amplitude of the peak is almost the same on the hydrogen and the
Pd atom at the apex of the electrode.

The transmission coefficients for the BC and PC are shown as dashed lines in figure
(2.17). In complete agreement with the experimental data [58], I find a conductance
of 0.6 Gy for the BC arrangement at distances around deq ~ 11 A. This means that
the transmission through the anti-bonding channel is not so perfect as in the case of Pt
electrodes. I also find that the conductance of the PC is somewhat larger than 1.0 Gq for
distances around deq ~ 9.2 A Interestingly I find in the BC configuration that Pd atoms
in the tip acquire a net magnetic moment for distances larger than about 12 A. This
produces a spin polarized current, which is different for spin up and spin down electrons.
Experimental evidence for spin-polarized transport in Pd point contacts has also been
reported [102].

The different transmissions found for Pt and Pd may be understood in terms of the
alignment of the centers of the s-d band of the atoms in the tip and the hybridized
anti-bonding state. Analyzing the Hamiltonian matrix elements one finds that in Pd the
misalignment is much bigger than in Pt. Indeed, a simple one-dimensional tight-binding
model [72] (shown in the next subsection) consisting of two leads connected to a two-level
system shows that the transmission coefficient T'(E) plateau, which has a value close to
1 if the on-site energies of the level and the atoms at the leads differ only slightly, is
rounded and the transmission decreases as the difference between both energies is made
larger. This behavior is evident in figure (2.17), which demonstrates the validity of the
model in this special case and helps to understand the different transport behavior of the
isostructural and valence-isoelectronic Pt and Pd.
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Fig. 2.20: DOS and transmission of the one-dimensional model with two sites in the scat-
tering region as a function of the on-site energy Ey (in arbitrary units) for an
orthogonal basis set (S = 0).

2.3.4 Simple model with overlaps

To study the effect of the misalignment between the energy levels of the hydrogen molecule
and the tip atoms it is useful to use a simple one-dimensional model which describes a
one- or two-level system coupled to semi-infinite leads. If a non-orthogonal basis is used
the retarded surface GF acquires the following form:

E—zy—J(E—2)?—42 E—g—R

(2.62)
22 22

95, (E) =

where tg =t — ES and £ = E + ).

Using expressions previously obtained (Equations (2.25-2.28)) it is straightforward to
find the retarded Gyy and Gg; for a one-level system:

goo 1
Gon = = 2.63
R 290015911 Ts E — Ey — %(E —¢co— R) (2.63)
G01 = Gonggfl (264)

where T =T — ES.

The total DOS (A) and the conductance (G) are given, respectively, by A =
—(1/m)Im[Tr(GS)] = —(1/7)Im[Gop + 25G 1| and G = GyTr[t?], where



2. Molecular and Nanoscale Electronics 138

— DOS S0t B 0,8

£,=0,t=1,E =0,5=0
AT T T T T AT T T T AT T
JLT=0 ] ;=02 13 T=05 |
2 - 2r q 2r b
1= - 1 q4 1 B
ol 11 7 L LA LA 0 ~ 1
4 2 0 2 4 4 2 0 2 4 4 2 0 2 4
S AT AT
s T=07s ] 0 | T=1 150 T=125 ]
2~ - 2F q 2F B
- = 1 19 1 b
0 P e 0 s -

4 2 0 2 4% 2 0 2 4% 2 o0 2 4
ST AT AT T
S| T=s ) O 50| T=wrs| 40| T=2 || ]
2 1. J . ]
1+ - 1 q4 1 B
0 0

4 2 0 2 4 4 2 0 2 4 2 0 2 4

Fig. 2.21: DOS and transmission of the one-dimensional model with two sites in the scat-
tering region as a function of the coupling T (in arbitrary units) for an orthog-
onal basis set (S = 0).
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Fig. 2.22: DOS and transmission of the one-dimensional model with two sites in the scat-
tering region as a function of the overlap S (in arbitrary units).
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t = 2m(p,) " *TsGooTs(p51)"? = 27 p3, T2Goo (2.65)

is the transmission amplitude and p3; = —(1/7)Im[g,].

The generalization to a two-level system is direct: the couplings are Tgl = (Ts,0) and
T éOT = (0,Ts) and Goo is a 2x2 matrix, with intra-coupling Tj and intra-overlap Sy. The
DOS and the transmission are given respectively by A = —(1/7)Im[2G} (1 + 28Tsg5,) +
250GE2] and t = 2mp§, T2GR3.

The results are summarized in figures (2.20), (2.21) and (2.22). In the first one it is
shown the DOS and the transmission as a function of the on-site energy of the central
region, Ey (for simplicity I consider here all the overlaps equal to zero). From the evolution
of the transmission it is evident that the conductance becomes asymmetric and decreases
when the mismatch between the on-site energies increases. Also, for very big mismatches
the DOS shows that the states of the central region decouple from the band and become
localized states. These facts are in complete agreement with the behavior observed in the
ab initio simulations, despite the simplicity of the model.

It is also interesting to observe the evolution of the DOS and the transmission as a
function of the couplings and the overlaps. In the first case (figure (2.21)) the system
evolves from a isolated site (17" = 0), characterized by two single eigenvalues and zero
transmission, to a perfect one-dimensional system (7' = t), characterized by a dispersion
relation E(k) = ¢ + 2t cos k and one single channel with perfect transmission within the
band. Note that for very small couplings the transmission is given by resonances of height
equal to one located at the molecular levels (this is the resonant transport regime, which
can be described by the Breit-Wigner formula [103]). On the other hand, if the coupling
becomes stronger than the couplings in the leads, the transmission decreases again and
the DOS tends to a configuration with four states (two states of the molecule and another
two corresponding to the end atoms of the leads).

When the overlaps are included (2.22) the definition of the band is modified, i. e.
E(k) = (g0+2tcosk)/(142S cos k). Such overlaps have to be smaller than 0.5, otherwise
this expression has singularities when cosk = —1/(2S5). Their net effect is to drive the
ban towards smaller energies, making it asymmetric, and increase its width.

2.3.5 Conclusions

In summary, I found that Hy molecules bind to Pt or Pd leads in the PC or the BC
configurations but only the BC corresponds to the sharp peak observed in the conductance
histograms. The bonding state of the Hy molecule does not participate in the chemical
bond, and does not contribute to the low bias conductance. The conductance is close
to 1.0 Gq for Pt leads, since the energy of the hybridized antibonding orbital is close to
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the center of the s-d band. Such alignment is not realized for Pd electrodes, leading to a
smaller conductance, in agreement with a very simple model.

2.4 Conductance Oscillations in Zigzag Platinum Chains.

The existence of single atom chains was demonstrate using the scanning tunnelling mi-
croscope (STM) and mechanically-controllable break junctions (MCBJ) [41, 42] where a
quantized conductance close to G for gold was measured, in agreement with previous
theoretical predictions [52]. Since then, a number of experiments [104, 63] and theoretical
calculations [64] have proved that the 5d elements Ir, Pt and Au can be used to produce
monoatomic chains. The chain length is usually obtained from MCBJs [42] by measur-
ing the distribution of lengths of the last conductance plateau over a large number of
contact-breaking cycles. These length histograms typically show three or four equally-
spaced peaks indicating the lengths at which the chains break [104, 63]. For gold chains
[41, 42], the average distance between conductance peaks was found to be 2.5 A, with
the conductance G of the last plateau being very close to Gy. The ensemble-averaged
conductance also shows small oscillations around Gy as the length of the chain increases
[63]. Although the actual structure of these chains (zigzag vs straight chains) is still a
matter of debate [65, 66], both the integer conductance and the small dispersion in the
conductance distribution were attributed to the monovalency of this metal.

For platinum, the average distance between peaks in the length-histograms is about
1.9-2.3 A [104, 63] and it is not known whether the structural configuration is linear
or zigzag. In contrast with gold, the conductance is no longer an integer multiple of
Gy, but instead decreases from 1.6 Gy to 1.2 Gy as the length of the chain increases [63].
Significant conductance oscillations are also superimposed on top of this decreasing trend,
which have been attributed to a universal, even-odd parity effect associated with chains
of fixed atomic spacing, but varying numbers of atoms [63, 105, 106]. The rich behavior of
platinum [106], compared with gold arises from the larger number of conduction channels
at the Fermi energy due to the presence of d bands.

2.4.1 Infinite chains

To understand the structural, electronic and transport properties of platinum chains at-
tached to platinum fcc leads, I performed a complete series of first principles simulations
using SIESTA [21] and SMEAGOL [57] with double-¢ polarized basis set and the LDA
functional [10, 11]. T start, however, by discussing the case of infinite platinum chains,
which is useful to understand the basic physics of the constriction when a long chain is
formed. I used a two atom cubic cell with the chain grown along the z direction and large
enough distances along z and y to avoid spurious intra-chain interactions. I simulated
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Fig. 2.23: (a) Cohesive energy F. and (b) number of open scattering channels at the Fermi
energy N(Er) of infinite platinum chains as a function of d,. Number of open
scattering channels N(FE) as a function of energy E calculated at (c¢) d, = 2.38
and (d) d, = 2.15 A. Solid and dashed lines stand for zigzag and linear chains,
respectively.

two kinds of chains: linear chains, where the atoms are constrained to lie on the z axis,
and zigzag chains, where forces are allowed to relax along the three spatial coordinates.
In agreement with previous theoretical simulations of gold [65] I find that zigzag chains
are more stable than linear chains, as it can be seen in figure (2.23) (a). The equilibrium
distances along z are d, ¢q = 2.15 and 2.38 A for the zigzag and linear chains, respectively.
In the zigzag arrangement the Pt-Pt bonds are located in the xz plane and make a 24.8
degrees angle with the z axis. This means that the interatomic distance for the zigzag
configuration is d = 2.37 A, which is very similar to the distance of the linear case. The
angle decreases almost linearly as the chains are stretched, and becomes approximately
zero for d, larger than 2.5 A. Interestingly, if the distance is reduced below the zigzag
minimum the system falls into another stable configuration with a ladder arrangement,
similar to that predicted by Sen et al. [107]

The number of open scattering channels N(Eg) at the Fermi energy of an infinite
zigzag chain is equal to 5 for small d,, but decreases to 2 as the chain is stretched beyond
1.95 A and maintains that value for quite a large range of distances, as can be seen in
figure (2.23) (b). For d. somewhat larger than 2.25 A, N(Eg) increases in two steps to
4, and stays constant thereafter until the chain breaks. To understand which channels
are opening and closing, I analyzed the projected density of states (PDOS) for chains
at different stretching. As limiting cases I compared a linear chain at d, = 2.38 with a
zigzag chain at d. = 2.15 A. For the linear chain I find that the dsy and dg2_,2 orbitals are
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completely filled, while the hybridized s, d,., d,. and d,2 orbitals have all finite weight at
Erg, leading to four open channels, as shown in figure (2.23) (c). Atoms in zigzag chains

make small angles with the z axis at this distance and, therefore, the d.-dependence of
the PDOS and N(EF) look both fairly similar to those of the linear chain.

In contrast, the number of open channels N(E) as a function of energy F, shown in
figure (2.23)(d), and the PDOS of zigzag chains at dz = 2.15 A look rather different from
those of the linear chains. The zigzag chain has only two, and not four, open channels
at the Fermi energy, corresponding to a mixture of all d orbitals, since now the s orbital
is completely filled, while the d,, and d,2_,» have moved up in energy. This analysis of
infinite chains can explain why in some experiments the conductance increases when the
electrodes separate: there is a gradual transition from a zigzag to a linear configuration
upon the stretching of the chain, with the linear chain presenting larger number of open
scattering channels.

2.4.2 Chains between fcc electrodes

The simplified picture of an infinite chain cannot however explain all the features that are
present in a real experiment, since the contact to the electrodes and the rearrangement
of the leads near the surface can decrease the transmission of some channels or even close
them. To investigate this possibility, I simulated finite chains of various lengths (between
1 and 5 atoms), attached to fcc platinum leads oriented along the (001) direction (see
figure (2.24)). The leads were composed of repeated slices of 3x3 atoms and connected
to the chain through a square of 4 atoms, i.e. through the fcc (001) hollow site. In
order to get rid of undesirable oscillations in the transmission coefficients, I used periodic
boundary conditions along the xy plane and summed over 12 k£ points. Finally, to treat
the contact region self-consistently, I included number of atomic planes of bulk platinum
(between 3 and 5) in the scattering region until the results were converged.

I calculated the most stable configuration for each chain keeping fixed the bulk Pt
leads and relaxing the central region, i. e. the two 2x2 planes forming the hollow site and
the chain. The ground state energy was therefore calculated as a function of the distance
d. between the innermost 3x3 planes, as indicated in figure (2.24). In figure (2.25) I plot
the cohesion curves for zigzag atomic chains with a number of atoms ranging between 2
and 5.

The cohesion curve of the single atom contact (not shown) is a parabola whose mini-
mum is located at the equilibrium distance d, ¢q = 6.3 A. A parabolic dependence is also
found when two atoms are placed facing each other, with d, ., = 9.1 A. However, if the
outer planes are allowed to move along the x and y directions, these two atoms achieve a
zigzag configuration that has a lower energy, as shown in figure (2.25), although this ar-
rangement is actually a local minimum, since for shorter distances the atoms gain energy
by forming further chemical bonds to other atoms at the electrodes. The same kind of
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Fig. 2.24: The different atomic chains connecting (001) oriented fcc leads studied in this
paper: (a) Four-atoms chain, (b) single atom contact and (c) 2-atom chain. d,
is the distance between leads
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Fig. 2.25: Cohesion curves of the chain plus leads systems, for zigzag and linear chains of
two atoms (circles and squares, respectively), and zigzag chains containing 3, 4
and 5 atoms (triangles, diamonds and stars, respectively). All curves have been
shifted in energy in order to make the local minimum coinciding with the zero
value and allow a better comparison. d, is the distance between leads. Lines
have been added to guide the eye.
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curves are observed for 3, 4 and 5 atoms, with d, . = 11.4, 13.3 and 15.4 A, respectively.
The distance between chains of n and n + 1 atoms lies in the range 1.9 — 2.1 A, in very
good agreement with experiments [63]. The only configuration which does not fit into
this pattern is the single atom contact, whose equilibrium distance is 2.8 A away from
the two-atom chain. Indeed, the single atom contact does not constitute a chain by itself,
since a large number of bonds link the central atom to its neighbors, which must be broken
simultaneously in order to snap the chain. In contrast, atomic chains can be topologically
characterized as broken by cutting just one single bond. Consequently, the peaks found in
length histograms [63] can be ascribed to chains 2-, 3-, 4- and 5-atoms long. Figure (2.25)
also indicates that the region of stability of the (n 4 1) atom chain begins at a distance
where the n-atom chain is very stretched and therefore close to being broken. This helps
to understand why the first two peaks found in length-histograms, which correspond to
chains with two or three atoms, are much higher than those attributed to chains of four
or five atoms [104, 63]. At a more detailed level, the angles between the atomic bonds and
the chain axis are small for short chains (9.1 degrees for the 3-atom chain), but increase
with the chain length (21.6 degrees for 4-atom chain). The case of the 5-atom chain is
more complicated: the two atoms joining the leads make angles of 36.3 degrees, while
those in the middle have angles equal to 16.1 degrees.

Moving to transport, the calculations show that the single atom contact behaves very
differently from any other, with a conductance of about 5.9 GGy at the equilibrium distance,
which decreases almost linearly to G = 3.5 GGy until the contact breaks. These values are
very different from those obtained by Nielsen et al. [105], where the pyramid-like structure
of the contact was not included, leading probably to an overestimation of the interatomic
distance. For the 2-atom chain I find a conductance of 1.5 Gy at the equilibrium distance
in the zigzag arrangement and a conductance ranging between 1.8 and 2.0 GGy in the linear
case, as shown in figure (2.26) (a). The second value can be associated with the return
conductance measured when a contact is made after the system breaks [105]. I therefore
propose that the first configuration established between two atoms when both tips are
brought together is linear.

For larger chains there is a clear non-monotonic behavior of the conductance as a
function of d,. When the separation between the leads increases, the conductance initially
decreases and then exhibits a plateau at around the equilibrium distance. Under further
expansion it grows again (for stretching of about 1 A beyond the equilibrium separation)
and finally decreases exponentially, as can be seen in figure (2.26) (b). This behavior
can be understood as follows. For small distances the number of open channels is large,
since atoms in the chain are very close to each other. As the distance increases, the
transmission through many of these channels is reduced and the conductance decreases
until a value between 1.0 and 1.5 Gy, corresponding to the zigzag configuration. If the
chain is stretched further, the conductance increases again, following the evolution from a
zigzag to a linear chain, until a value of 2.0 GGy, where a small plateau is formed. Finally,
the chain enters the exponential tunnelling regime, as shown in the inset to figure (2.26)
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Fig. 2.26: Conductance of platinum monoatomic chains. (a) 2 atoms in a zigzag or linear
arrangement (circles or squares, respectively). (b) 3 atoms; in the inset is plot-
ted the tail of the curve in a logarithmic scale, that clearly shows the tunnelling
behavior when the chain breaks.

I
2 atoms |+
3 atoms |
4 atoms | |
5 atoms

Number of atoms

Fig. 2.27: (a) Evolution of the conductance of 2-, 3-; 4- and 5-atoms chains as a function
of d, (circles, triangles, diamonds and stars, respectively). (b) Conductance
vs. the number of atoms in the chain measured at the equilibrium distance
(crosses) and averaged over a range of two Angstrom about such equilibrium
distance (squares).
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(b), whose onset signals the point where the chain would break or a new atom would enter
into it.

To make contact with the experiments of Smit et al. [63], the conductances of all
chains are shown together in figure (2.27) (a). I find clear oscillations with a periodicity
equal to the interatomic distance, which have a structural origin. These oscillations are
due to the gradual closing and opening of channels, which occur as the angles between
the atomic bonds and the z-axis increase and decrease. For a stretched chain, the angles
increase if a new atom enters the chain, and subsequently decrease as the chain is further
stretched. The size of the conductance is linked to the biggest angle subtended by atoms in
the middle of the chain. Larger chains tend to have bigger angles and lower conductances.
One exception is the 5-atom chain, whose conductance, 1.2 Gy , is slightly bigger than
that of the four-atom chain (1.0 Gy ). This is also easily explained by the calculations,
since atoms in the middle of the 5-atoms chains have a smaller angle than those of four
atoms chains (16.1° versus 21.6").

The large geometry oscillations shown in figure (2.27) (a) may mask those due to the
parity effect, which have a larger periodicity but a smaller amplitude. Since the experi-
mental conductance curves are obtained by averaging individual conductance traces over
thousands of pulling cycles, the short-distance fluctuations, such as the large geometry
oscillations discussed above, should be smoothed out and only the parity oscillations,
that have a longer wavelength, should remain. To explore such a possibility, I plot in
figure (2.27) (b) the conductance of each chain, taken at its equilibrium distance. As
can be seen, the large geometry oscillations have been completely washed out, leaving
only a small oscillation that has a periodicity equal to twice the interatomic distance. To
further check the stability of these results, I plot in figure (2.27) (b) the conductance of
each chain, but now averaged over a range of lengths of about two Angstroms around
each equilibrium distance. Such a procedure may reproduce the most important features
of the experimental averaging of conductance curves. Interestingly, both curves almost
overlap. The remaining curve actually shows two peaks, corresponding to chains with
three and five atoms. The position of the conductance peaks, the overall shape of the
curve and the magnitude of the conductance are in excellent quantitative agreement with
the results of Smit et al. [63]. In view of the above results, I propose that the geometry
oscillations found in the simulations are averaged over in the experiments, leaving only
the smaller-amplitude but robust parity oscillations.

2.4.3 Conclusions

To summarize, I have found that zigzag platinum chains are more stable than linear chains,
both in the case of perfect infinite chains, whose conductance is halved compared to that
of the linear configuration, and the case of chains between two fcc (001) electrodes. The
smallest chains are composed of at least two atoms, while the single atom contact shows
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significantly different structural and transport features. The negative slope observed in
the experiments is easily explained by the increasingly large angles subtended by atoms
in the middle of long chains. Superimposed to the negative slope there are conductance
oscillations which can have a structural or electronic origin. The first are related to the
evolution from a zigzag to a linear structure and are washed out in the experimental
averages. The second are due to the parity or even-odd effect and do not disappear in
the experiments.

2.5 Electrical Nanowires

Since the demonstration of the possibility of filling carbon nanotubes with differnet com-
pounds [67], a large number of nanowire devices with new and interesting electronic prop-
erties have been produced [45, 46, 47, 48, 49, 50, 51]. These experiments demonstrate,
on one hand, that it is feasible to fabricate long and stable chains of single molecules or
atomic clusters by placing them in the interior of CNTs and, on the other hand, that
electronic and structural properties of CNT can be conveniently tailored by the encapsu-
lation of different compounds. A special case corresponds to the filling of single-walled
CNTs with metallocenes [108], a process that strongly depends on the diameter of the
nanotube and involves chemical bonding between the metallocene and the CNT. Based on
this experiment I performed a series of ab initio simulations of metallocene chains inside
metallic and semiconducting CNTs. I studied the stability, the electronic and magnetic
configurations and the transport characteristics, and I found that some metallocenes can
give rise to magnetoresistive effects, among other interesting properties.

2.5.1 Isolated metallocenes and metallocene chains

Bis-cyclopentadienyl TM (TMCp,) is a kind of metallocene composed of a transition
metal atom, TM, sandwiched between two aromatic rings made of five carbon and five
hydrogen atoms each. It may be formed with the six elements in the middle of the 3d-
row, V, Cr, Mn, Fe, Co, and Ni, as well as with those in the column of iron, Ru and
Os. All TMCp; therefore share a similar shape, which is depicted in figure (2.31). Their
electronic structure, which I calculated using SIESTA [21] with a double-( basis set for
hydrogen and carbon atoms, a double-( polarized basis set for the 3d metal atom, and
the GGA functional [13], is also very similar, with differences that can be traced to the
diverse electronic filling of the d-shell of the TM atom.

The crystal field associated with the benzene rings lifts the degeneracy of the d-shell
into a triplet that lies lower in energy (d,2_,2, d,, and d,2) and a doublet (d,. and
dy.). The levels in the doublet are split into two peaks due to their bonding with the
carbon atoms. In addition, there is an exchange field that breaks the spin degeneracy to
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Fig. 2.28: Densities of states g; of VCps, projected onto the d-shell orbitals of the vana-
dium atom, for spin up and down electrons (black solid and red dashed lines,
respectively).The index i denotes the orbital flavor, i = d,2_2, dy., ds2, dyz, dgy
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Fig. 2.29: Densities of states g; of FeCpy, projected onto the d-shell orbitals of the cobalt
atom, for both spin up and down electrons. The notation is the same as in
figure (2.28).
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Fig. 2.30: Densities of states g; of CoCpa, projected onto the d-shell orbitals of the cobalt
atom, for spin up and down electrons (black solid and red dashed lines, respec-
tively). The notation is the same as in figure (2.28).

accommodate the magnetism predicted by Hund’s first rule. Accordingly, VCp,y, CrCpa,
MnCps, FeCpy, CoCpy and NiCp, have magnetic moments equal to 3, 2, 1, 0, 1 and 2
s, respectively. FeCps is paramagnetic since its core atom has a closed-shell electronic
structure. The other metallocenes display a sort of mirror symmetry about FeCp,. In
figures (2.28), (2.29) and (2.30) I plot the density of states projected onto the d-shell of
VCpa, FeCps and CoCps, respectively.

The high magnetic moment present in some metallocenes could give rise to magne-
toresistive effects in chains made with these compounds. However, metallocene chains
(grown along the Cjy axis) are insulating due to the small charge transfer between them
(as expected in stable molecules) and, although they are energetically more favorable than
the isolated molecule, the difference in energy is so small (< 0.02 eV) that in practice they
are not formed. It is necessary then to look for alternative methods to stabilize them and
increase the charge transfer.

2.5.2 Metallocenes inside armchair nanotubes

The obvious candidates to stabilize metallocene chains are carbon nanotbutes. The differ-
ent behavior of the metallocenes is highly advantageous, since by placing these molecules
in the interior of CNTs it is possible to fabricate molecular chains whose electrical and
magnetic properties can be tailored at will. The CNT is the external coating, whose con-
ducting properties can also be modified by changing its chirality from armchair to zigzag.
Such a coating isolates mechanically and, to a point, electrically the metallocene chain.
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Tab. 2.2: Lattice constants of carbon nanotubes, whose chirality is expressed in parenthe-
ses, and TMCp, chains, all given in Angstrom.
| (n,n) | (n,0) | (124) | (155) | V | Cr | Mn | Fe | Co | Ni |
| 250 | 4.32 | 1559 | 15.59 | 7.88 [ 7.99 | 7.63 | 7.55 | 7.93 | 8.20 |

In the simulations the periodicity along the axis of the nanotube or the chain was
modeled using a number of k points ranging between 20 and 100 and all atomic coordinates
of all atoms in the unit cell were relaxed. The resulting lattice constants are shown in
Table (2.2). According to such results, metallocene chains can be accommodated rather
well inside armchair (n,n) CNTs, with one molecule every three unit cells of the nanotube.
They can also be placed inside zigzag (n,0) CNTs, with one molecule every two unit cells,
but in this case the chains are somewhat stretched. Other chiralities may also be chosen
for the CNT. For instance, (15,5) and (12,4) CNTs can also host metallocene chains, with
two molecules per unit cell.

To test the stability of the encapsulated chains, I simulated CoCps chains inside metal-
lic (n,n) CNTs, with n ranging from 6 to 10, i. e. with radii between 3.39 A and 6.78 A,
respectively. The structural periodic unit of the simulations, denoted as TMCp,@QN (n, n),
comprised N = 2, 3 or 4 unit cells of the nanotube and a single metallocene. In addition,
the C5 axis of the metallocene was oriented either parallel or perpendicular to the axis of
the nanotube, as shown in figures (2.31) (a) and (b). I obtained the binding energy Ep
per structural unit cell,

EB = ETMCpg@N(n,n) - NE(n,n) - ETMCp2 (266>

as well as the charge transferred from the metallocene to the CNT, AQ), and its magnetic
moment, m, as a function of the radii of the armchair CNTs. Figure (2.32) shows the
results for parallel and perpendicular CoCpy@N (n,n) wires, with N = 3 and 4. The
small energy differences between N = 3 and N = 4 are due to the formation energy
of the chain. The configuration N = 2 is always energetically unfavorable because the
metallocenes are too compressed.

Figure (2.32) (a) shows that parallel CoCpy@N (n,n) nanowires become energetically
favorable for n equal or larger than 7. The most stable configuration, with a binding
energy as large as 0.85 eV, is parallel CoCp,@N (7,7), which has a radius equal to 4.75
A. This result is in excellent agreement with the experiment of Li et al. [108], where the
preferred radius was found to be 4.67 A.

By examining also the motion of single cobaltocenes along the nanotube axis it is
possible to obtain information about the chain formation, since large energy barriers
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Fig. 2.31: Schematic view of a TMCp,@3(7,7) unit cell, where the axes of the metallocene
and the nanotube are parallel (a) or perpendicular (b) to each other. The atoms
in the metallocene have been highlighted in red, green and grey colours (TM,
C and H atoms, respectively).

E,(eV)

AQ (e)

m ()

Fig. 2.32: (a) Binding energy Ep, (b) charge transferred to the nanotube AQ), and (c)
total magnetic moment m, for CoCpy@QN (n,n) wires, where n varies from 6 to
10. Blue solid and red dashed lines correspond to parallel and perpendicular
CoCp2@N (n,n), respectively. Circles represent N = 3 and squares N = 4.
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Fig. 2.33: Energetic barriers F); that cobaltocenes have to overcome when they move
along a (n,n) nanotube axis. The energies are referred to the most stable
configuration.

will hinder the fabrication of chains with no faults, while if the barriers are too small,
metallocenes will move almost freely, rendering nanowires useless for operation at room
temperature. I therefore simulated parallel CoCpy@4(n,n) with the cobaltocene placed
at different positions along the nanotube axis without relaxing the coordinates again. I
estimated the energy barrier Fj; as the difference between the energy at each position
and the energy of the relaxed configuration. The results are shown in figure (2.33). Thin
nanowires have energy barriers of the order of several eV. On the contrary, CoCp,@4(7,7)
has an energy barrier of only 12 meV, which along with its large binding energy, makes
this nanotube a promising candidate for encapsulating cobaltocenes. For larger radii, F),
decreases to values smaller than 3 meV, which allows the molecules to move almost freely.

Operation at room temperature also requires perfect alignment of the metallocenes. I
therefore studied now how easy was to rotate a cobaltocene from a parallel to a perpen-
dicular configuration. Taking into account that perpendicular cobaltocenes only fit inside
CNTs with n equal or larger than 8, only for this radius or bigger radii can the chains be
broken. I found that the energy cost to rotate a cobaltocene in CoCp2@3(8,8) nanowires
is as large as 0.15 eV. On the contrary, metallocenes can be missaligned at room tem-
perature in CoCp,@4(8,8) nanowires, due to the negligible overlap of metallocene wave
functions that leads to a energy difference between both orientations of only 30 meV.

A Mulliken-population analysis of the total amount of charge transferred from the
cobaltocene to the nanotube reveals that the nanotube is always n-doped and does not
acquire any spin polarization [48]. The total charge transferred is of about 0.3 to 0.4
e, depending on the configuration, as shown in figure (2.32) (b). The effect of such
transference is a reduction of the total magnetic moment, which is considerably smaller
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Fig. 2.34: Band structure of parallel TMCp,@3(7,7), for spin up and down electrons,
where TM = V. Fe, Co and Ni. The perpendicular case is similar but the
cobaltocene bands are flat due to the negligible overlap between the wave func-
tions of the molecules.

than in the isolated molecule (1.0 up).

The charge transfer is also evident in the band structures, shown in figure (2.34), where
I plot the spin up and down electronic bands of parallel TMCp,@3(7,7), with TM = V|
Fe, Co and Ni. The relative position of the CNT and the transition metal 3d bands signals
the charge transferred and therefore the strength of the chemical bond. As a consequence,
some metallocene bands appear at the Fermi level, as opposed to the isolated chains which
were found to be always insulating.

The ferrocene in the FeCp,@3(7,7) has three 3d bands at the Fermi energy that are
essentially unsplit and dispersionless. The CNT bands show on the contrary a large
dispersion. This implies that the conducting properties of this nanowire must be carried by
the external coating. Something similar happens in the vanadium wire, where the bands
are exchange-split, but still dispersionless and therefore not conducting. In contrast, the
3d bands of cobaltocene and nickelocen nanowires are both exchange-split and dispersive
and therefore can carry a spin polarized current.

According to the above discussion, parallel CoCp,@3(7,7) and CoCp,@3(8,8) are the
best candidates for spintronics devices and can give rise to magnetoresistive phenomena.
To test this possibility I simulated with SMEAGOL devices comprised of two leads, each
made of CoCp,@3(7,7) with spin up, that sandwich a scattering region which contains
one unit cell of CoCp,@3(7,7) with spin up or down or a CNT without the metallocene (a
fault), and computed their conducting properties in the limit of small biases. This made
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Fig. 2.35: Different configurations simulated with SMEAGOL to obtain the conductance
of CoCp,@3(7,7) chains.
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Fig. 2.36: Conductance of the CoCp,@3(7,7) magnetorresistive devices u, d, dd and ddd
(black solid, red dashed, green dash-dotted and blue dash-double-dotted lines,
respectively), for (a) spin up and (b) spin down electrons.

a total of 9 nanotube unit cells and 315 atoms in the heaviest simulations. I denote each
device by the spin (u or d) of the metallocene in the scattering region. Flipping such
spin from up to down costs an energy of 0.05 eV, which means that the ferromagnetic
configuration can be stabilized at room temperature but that a relatively small magnetic
field may switch it.

The u configuration, where the spin of all cobaltocenes points upwards, corresponds
to a perfect ferromagnetic chain with no scattering. The transmission coefficients are
determined then from the band structure and are equal to the number of open scattering
channels. Figure (2.36) shows three channels for spin up in a region around the Fermi
energy that extends from -0.1 eV up to 0.4 eV. Two of them correspond to the nanotube
and one to the cobaltocene. This excludes a tiny segment, where both cobaltocene bands
contribute. For spin down, however, there are only two channels at the Fermi energy,
associated to the nanotube, while the cobaltocene channels appear 0.3 eV above E.

In the d configuration the spin up channel associated with the cobaltocene is severely
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Fig. 2.37: Band structure of parallel CoCp,@2(11,0) and VCp,@2(11,0), for spin up (top
panels) and down (bottom panels).

reduced, whereas the transmission for spin down is unaffected. As a consequence, the
difference in conductance between u and the d configurations is 0.9 €?/h. Defining the
magnetoresistance (MR) ratio as 6G = (G, — G4)/Gy, the predicted ratio is 0G = 22%.

Since the spin flipping of only one cobaltocene may be difficult to achieve in practice,
I also simulated two other configurations with two and three CoCpy@3(7,7) unit cells
in the scattering region and all the metallocene spins pointing downwards (see (2.35)).
These configurations, which had a total of 420 and 525 atoms, are denoted by dd and ddd,
respectively. As shown in figure (2.36), the resulting transmission for spin up channels
around the Fermi energy decreases slightly, yielding a modest additional increase in the
magnetoresistance ratio to 25%.

I also studied configurations with no cobaltocene in the scattering region, i. e. with a
fault, and found that the cobaltocene channels completely disappear, remaining only those
associated with the CNT. This implies that the chains should be as perfect as possible to
reproduce the previous magnetoresistive behavior.

2.5.3 Metallocenes inside semiconducting or insulating nanotubes

Finally I also examined the effect of the CNT coating. With a view to improving the MR
ratio, it is desirable to increase the fraction of the current passing through the metallocene
chain and so, instead of using armchair CNTs, which are always metallic, I choose now
non-conducting zigzag CNTs, which make an insulating coating. However, the charge
transferred from the metallocene to the CNT moves the CNT valence bands downwards
in energy, as illustrated in figure (2.37), and the CNT coating becomes conducting for
CoCp2@2(11, 0) and semimetallic for VCp2@2(11,0). For chiral nanotubes, such as (12,4)
and (15,5) CNTSs, the coating also becomes semimetallic, as shown in figure (2.38) for
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Fig. 2.38: Band structure of parallel 2CoCp,@1(12,4) and 2VCp,@1(12,4), for spin up
(top panels) and down (bottom panels).

2CoCp,@1(12,4) and 2VCp,@1(12,4). Consequently, the magnetoresistive ratio at low
voltages does not improve when the character of the coating is changed.

2.5.4 Conclusions

In summary, I demonstrated that electrical nanowires consisting of a core made of a
metallocene chain and a CNT coating may be fabricated. Their magnetic and electrical
properties can be tailored at will by the appropriate choice of metallocene molecule and
chirality of the CNT. The numerical simulations agree very well with the experiments and
show that engineering of molecular spintronics properties is possible.



3

Non-Collinear Magnetism and Spin Spirals

In this chapter I describe the implementation in SIESTA of the generalized Bloch’s the-
orem [109], which is necessary to simulate spin-spiral arrangements of spins, and an ap-
proximation to calculate the GGA exchange-correlation potential in non-collinear spin
systems. The resulting code will be used to obtain the structural and magnetic properties
of the iron phases.

3.1 Introduction

Many magnetic systems have collinear magnetic configurations, i. e. all their magnetic
moments are parallel to a spin quantization axis (ferromagnets) or alternating antipar-
allel/antiparallel (antiferromagnets). The collinear or spin-polarized Hamiltonian is split
then into two components, spin up and spin down, with different exchange-correlation
potentials [110], and the size of the resulting ab initio calculation is twice the size of
the corresponding non-magnetic calculation since the Schrodinger equation has to be
solved separately for each component. On the other hand, in non-collinear systems
[111, 112, 113, 114] the spin magnetization is described by a vector which can point
to any direction and vary from site to site. The components of the vector are given by the
inner product of the density matrix and the x, y and z components of the Pauli matrices.
The non-collinear Hamiltonian and density matrix terms are therefore transformed into
2x2 matrices and the size of the calculation increases by a factor of 4.

Examples of non-collinear configurations include systems of low dimensionality (clus-
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Fig. 3.1: Example of unit cells which can be used to simulate (a) paramagnetic, (b) fer-
romagnetic, (c) antiferromagnetic and (d) helical or spiral structures.

ters [113, 114] and molecular magnets [115], whose magnetic properties can be explained
in many cases with only the Pauli exclusion principle and Hund’s rules [121]), systems
with low symmetry or in a disordered state [116, 117], and periodic systems with spin-
spiral arrangements [118, 119]. Non-collinear magnetism is also important to describe
spin waves, as I will show in chapter 3, and temperature effects [120]. In many of such
systems the non-collinearity is usually understood in terms of a combination of spin-orbit
and superexchange [122, 123]. However, in metals the spin-orbit interaction is much
smaller than the spin-spin interaction and does not give a significant contribution to the
energy. Only the exchange interaction remains as the main source of magnetic order and,
consequently, has to be accurately calculated. This means that the exchange-correlation
functional plays a crucial role in the characterization of the magnetic properties.

3.1.1 Spiral arrangements of spins

In infinite and periodic systems (wires, surfaces and crystalline solids) the wave function
has the following form:

V() = e Tig(7) (3.1)

Rirg(7) = "Ry (7) (3.2)

where R is the translation operator and W, are eigenfunctions of the Hamiltonian H.

Since R and H commute, the Hamiltonian eigenstates have translational symmetry and
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Fig. 3.2: The direction of the magnetization at a certain lattice site can be described in
terms of the polar (0) and azimutal (¢) angles.

therefore only one unit cell is needed to simulate the whole system. However, when
some physical observable vary from cell to cell, like for example the magnetization in
antiferromagnetic or helicoidal systems, it is necessary to use more than one unit cell, i.
e. a supercell, to completely characterize the system, as shown in figure (3.1). Such a
supercel can increase dramatically the size of the calculation.

However, using Herring’s theory [109] it is possible to generalize Bloch’s theorem to
cases with translational symmetry of the lattice and rotational symmetry of the magne-
tization. This later quantity, which can vary smoothly from site to site, is described in a
certain unit cell I by the vector

M; = Mii; = M(cos(q- R;)sinfy,sin(7- Ry) sin 6, cos 6) (3.3)

where M and u; are the magnitude and direction of the magnetization, respectively, 6
is the polar angle, which is fixed, and ¢ is the azimutal angle, which is calculated as the
product of the vector of the unit cell, R}, and the spiral pitch vector, ¢, which is used to
describe the spiral structure (see figure (3.2)). The new wave function is defined in such
a way that it verifies the generalized Bloch’s theorem [124]:
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The operator {R|q R} translates the spatlal part of the wave function by a unit cell
vector I and rotates the spinor an angle ¢ - R. The rotational matrix is defined as

U, 4(7) = 57 (3.5)
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where 7, is the third Pauli matrix. The wave function is then an eigenfunction of the
Hamiltonian and takes into account all the translational and rotational symmetries.
Therefore, only one unit cell is then needed to describe the system and the simulation
becomes feasible.

3.2 Implementation in a DFT-LCAO Scheme

To be able to simulate spiral arrangements of spins, the Hamiltonian, the overlap matrix
and the density matrix have to be redefined, since the rotation matrices, which act on
the spinors, modify the general structure of the wave function. Such matrices implement
the generalized Bloch’s theorem with an azimutal angle ¢ = ¢ 7, which defines the spiral
arrangement.

3.2.1 Wave function

The wave function, which can be described as an electronic part multiplied by a two
component spinor, has the following form:

—

U (7) = vﬁ_}:ékmyﬁ (R)e, 05, (F— Ry (3.6)

where

is the azimutal rotation matrix and 7, is the z component of the Pauli matrices. The
initial state of the spinor is produced by rotating an angle 6y a collinear state:

T 0
= | ) = 0 (ay) [ o (3.8)
nku Ci]}’u Y 0

where

0o
Sin 2 COS 2

~ y 90 0o
%w@_dé%_<“m Sm&) (3.9)
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is the matrix which performs the polar rotation.

3.2.2 Bloch’s theorem

When the translation and rotation operator acts on the previous wave function the result
is the following:

{7 BRI}, \/_ > MU (R, — Ry, 0p, a7~ B, +R)  (3.10)
R’,u
where the property Uzq(ﬁ) U !q(ﬁL) =U !q(éL — ﬁ) has been used. Applying the change

R = RL — R, the outcome is
R ARG, 07, (7 — BL) = R0, 1(7) (3.11)

The wave function verifies then Bloch’s theorem. Such a wave function can be expressed
as the product of a phase, a rotation matrix and a function which has the periodicity of
the basic unit cell:

= eMTUL (7)1, 1 () (3.12)

The generalized Bloch’s theorem ensures the conservation of the azimutal angle ¢- 7 in
the ab initio calculation. However, it does not work when the Uy matrices are included,
since in such situation the Hamiltonian and the total rotation operator do not commute
and, consequently, the polar angle 6, is not conserved. There are, however, some cases
like 8 = 0° and # = 90°, where the total rotation operator and the Hamiltonian commute.
Spirals are simulated with § = 90°, since for 0° the azimutal rotations have no effect.

3.2.3 Schrodinger equation

As was shown in the first chapter, the Schrédinger equation has two terms which are
calculated separately. When the rotation matrices are included the first term, which
involves the Hamiltonian, can be written as follows:
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The second term, which is the overlap matrix, is calculated in the same way:

= —ik-(dy—Ru) AT 7 74 3 5\ A
<\IJ’VLE TLE> = Z € ' ( " R )CLEMUZ,§<dM>SMEVUJ,Q(RV)CnEV -
,u,]jf,l/
=>_ >, {Ze‘““‘d“"“%y > U7F (4,017 @} o (3.14)
o,V 0—’0—/ R’ o

All matrices are then defined in terms of the orbitals of the unit cell and the resulting
Schrédinger equation is the same as the Schrodinger equation of the first chapter, but the
terms between braces are different.

3.2.4 Electron density

The electron density in a non-collinear system was expressed as a two by two matrix.
When the spiral is included it acquires the following form:

so that
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Equivalently,
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U,(0)U. #R,) (3.17)
where

’ - —

P, = TP, Pt Pty P T T ), (3.18)

and

:
. ps 0
piiﬁ,:( 0 ) (3.19)

is the diagonal density matrix.

3.2.5 Magnetization
The non-collinear magnetization operator is defined in the following way:

M(7) = —in(F) = ~UL (7)U} (0)7.0, (80) U 4(7) (3.20)

This operator does not commute in general with the Hamiltonian and therefore the wave
functions W _;(7) are not eigenstatates of it. This means that the initial magnetization is
not conserved in the self-consistent procedure.

3.2.6 Exchange and correlation potential

The current LDA and GGA functionals are only valid in a collinear reference frame. This
implies that the density has to be diagonalized at every point. In case of LDA, which
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only needs local information to calculate exchange and correlation, the collinear potential
at every point 7 is calculated as follows:

V() = G = D000 (VT (710(6) =
= (Veen(D) Y ) = 3 @1 + Vw7 (3.21)
where
V() = {1V} = VT ) v ) (3.22)
and
V() = Vee(P), = Te{FU()} (3:23)

Since the functional dependence in the LDA is f*“(n,m, u,,), where the vector i, defines
the spin direction, u, coincides with ,, and the rotation angles which transform the
density and the potential turn out to be the same (with opposite sign). The procedure
to follow is then

() 2 () = Vel (7), n (7] V() (3.24)
Consequently, with LDA no approximation is needed to rotate back the potential and the

scheme is exact within the limits of the functional.

With GGA the procedure is not so simple because the functional dependence,
fEe(n, m, U, Vn,Vm, V21i,,), also includes a gradient term which changes the direction
of the potential:

_ 0B, V] | B[R, VA §(Va)i(P) _

ch 2
=50 &S o)
1 A -
= 5 Vo (O + Vit + VS V2l + VSTt x V2 (7] (3.25)

The last three elements correspond to vectors parallel to i, and V?i,, and perpendicular
to both of them, respectively. The GGA discrepancies come from the fact that the
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rotation matrices which are used to diagonalize the density can not be applied in general to
diagonalize the components of the gradient of the density. The exchange and correlation
potential is then approximated following two possible ways: (i) the density is rotated to
the collinear reference frame where the gradient is also calculated,

a(7) — ad(7), Val(F) — VU ad(7), Val(F)] (3.26)

or (ii) the gradient of the non-collinear density is also rotated and the small non-collinear
terms are drop [125]:

@, valn) - e, (V0] -

Although these approaches seem to be rather different I have implemented both of
them and verified that in practice the results are very similar. This means that, in many
cases, the rotation matrices which diagonalize the density and the gradient of the density
are very similar. Such a property suggests that rotations of the magnetic vector from
point to point of the grid are very small, i. e. in a intraatomic scale the magnetization
changes only smoothly and tends to be largely collinear [126].

3.3 Structural and Magnetic Properties of Iron

The most common state of iron in the earth crust is the bee phase (a-iron), which is
firmly established to be ferrromagnetic and remains stable for a wide range of pressures
and temperatures. When it is highly compressed (=~ 13 GPa) it undergoes a transition to
a hep phase (e-iron) [127] which looses the ferromagnetic long range order [128] and can
even develop superconductivity [129]. At 1183 K there is another transition, this time to
a fcc phase (-iron), which can also be stabilized at room temperature and below in the
form of alloys [130], thin films grown on an appropriate substrate [132, 133] and pellets
in noble metal matrices [119, 134]. This phase exhibits very interesting phenomena like
the invar effect (the suppression of the thermal expansion in a wide range of temperatures
[131], which was explained by the existence of high- and low-spin configurations [135])
and a magnetic configuration which stands at a crossing point between high spin ferro-
magnetic and antiferromagnetic states and whose actual realization depends sensitively
on the atomic volume and, possibly, strains [133]. Tsunoda discovered a decade ago using
neutron scattering experiments that v-iron could be easily stabilized as pellets of radii up
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Fig. 3.3: Spiral configuration in the « phase of iron. Figure from [119]

to 100 nm, with a lattice constant of 3.577 A[119, 134]. He also found that the magnetic
structure of the pellets was helicoidal, with pitch vector gep = (27/a)(0.12,0, 1), as shown
in figure (3.3).

A number of authors have subsequently looked for theoretical low-energy collinear and
non-collinear states appearing in such v-phase. [125, 126, 136, 137, 138, 139, 140, 141].
In almost all cases the predicted spiral minimum at the theoretical lattice constant was
found to be ¢ = (27/a)(0,0,0.6), both with LDA and GGA, whereas the experimental
minimum developed for much smaller lattice constants. Bylander and Kleinman included
a spin stiffness correction to LDA which improved considerably the results [141], but they
calculated the spiral curve at the Cu lattice constant (3.61 A) and, besides, the absolute
minimum appeared at the antiferromagnetic configuration, ¢ = (27/a)(0,0,1). Knopfle
and co-workers [125] found that the GGA ground state was indeed a spiral with the cor-
rect pitch vector, but, since the augmented spherical waves method which they used tends
to overestimate the atomic volume, it is difficult to extract what their equilibrium lattice
constant ay might be. Finally, Marsman and Hafner simulated v-iron under tetrahedric,
orthorombic and monoclinic distortions [126]. They obtained for the undistorted case the
correct spiral state but at an equilibrium lattice constant a = 3.49 A, like in previous stud-
ies. They also found an equilibrium lattice constant a = 3.51 A for ¢ = (27/a)(0,0,0.6),
which was also very far from the experimental value.

In order to verify the accuracy of the previous simulations and study the influence of
different parameters and approximations, I carried out with SIESTA a complete study of
the iron phases. Since the degree of precision needed in some cases was very high (of the
order of 1 meV) it was very important to converge the system very well before doing any
serious simulation. For that reason the influence of the pseudopotential, the integration
grids and the basis set, among other parameters, had to be carefully analyzed.

3.3.1 Choice of pseudopotential and integration grids

Izquierdo and coworkers [142] proposed to generate the norm conserving pseudopotential
(NCPS) for iron from the atomic configuration [Ar]3d"4s!, with core radii for 4s, 4p, 3d
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functional.
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and 4f orbitals set equal to 2.00 a.u. They found that the optimal radius for partial-core
corrections was 0.7 a.u. Instead, I looked carefully for a pseudopotential which could
produce a better fit to bulk bee iron. The first criterium was to determine the cutoff
radii comparing the eigenvalues of the valence shells of atomic iron obtained from the
NCPS and the all-electrons Hamiltonians and try to minimize their differences. The
resulting radii obtained using such procedure were very different from each other and the
pseudopotential produced fits to the bulk bce phase of poor quality as compared with
the proposal of Izquierdo et al. Inclusion of the partial-core 3p levels into the valence did
not help, mostly due to the fact that 3s electrons are still taken as part of the core and
therefore there remains a strong overlap between valence and pseudocore charge. The
chosen pseudopotential was then the one proposed by Izquierdo and coworkers.

Since the energy of the different states does not shift rigidly when increasing accuracy
and moreover competing ground states for (fcc) iron have energy differences as tiny as 5
meV, the number of k points!, the electronic temperature and the grid cutoff? were set to
match an accuracy of about 1 meV. Figure (3.4) shows typical results for the convergence
of the energy of bee ferromagnetic iron as a function of those parameters. 4.000 k£ points
and up to 700 Ry (which corresponds to 50.000 points in the real space grid) were then
needed to meet the desired accuracy. Figure (3.5) shows that increasing the temperature
to an optimal value of about 200 or 300 K speeds the convergence of the self-consistent
process significantly while not damaging the accuracy required for the energy.

3.3.2 Optimization of the atomic basis and phase diagram for bulk
iron

The minimum basis required to accommodate the eight valence electrons of iron is SZ for
both s and d orbitals, which provides a total of 6 wave functions per spin. SIESTA is set up
to the default maximum basis set TZTP, which corresponds to 72 wave functions (WF) per
spin. Using more wave functions is equivalent to filling up the Hilbert space and provides
a better variational estimate of the ground state. Junquera and coworkers [31] pointed
out that the confinement radius of each orbital are also variational parameters. Very
fast calculations or simulations of a large number of atoms may therefore be performed
using SZ basis of rather confined orbitals. Such calculations usually provide much of the
features of a material or device but they tend to be very inaccurate, and DZ bases with
polarized s orbitals are rather used.

I minimized basis sets ranging from SZ-SZ (6 WF) to TZTP-TZTP-TZTP (72 WF).
Figure (3.6) shows the evolution of the cohesion curves for different basis sets in the

L STESTA performs Brillouin zone integrations on a grid of Monkhorst-Pack [143] special points typi-
cally extended to cover half of it [21, 144] due to time reversal symmetry.

2 Hamiltonian matrix elements are partly computed on a real space grid, whose fineness Az is controlled
by a grid cutoff, E, ~ (7/Ax)?/2.
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Fig. 3.6: Cohesion curves of the bee ferromagnetic phase of iron calculated with different

Fig. 3.7: (a) Evolution of the free energy of some of the most stable states of iron as a

function of the size of the basis set. AF = antiferromagnetic (fcc), HS = high-
spin ferromagnetic (fcc), FM = ferromagnetic (bee). (b) Cohesive energy curves
of those same three states as a function of the atomic volume (Vi = a®/2,
Viee = a/4), calculated with a double-¢ basis set. The discontinuous curves
correspond to radii of 6 a. u. and the continuous to 10 a. u. The calculations
were performed with the GGA functional.
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Fig. 3.8: Free energy and magnetic moment of the ground and lowest excited states of
bulk iron as predicted by LDA, using (a) BSD and (b) BST, as a function of
the atomic volume. PM = paramagnetic, FM = ferromagnetic, LS = low spin
ferromagnetic, HS = high spin ferromagnetic, AF = antiferromagnetic, SS =
spin spiral.

bee ferromagnetic phase of bulk iron while figure (3.7) (a) shows the convergence of the
energy for bee ferromagnetic, fce ferromagnetic high spin and fce antiferromagnetic as a
function of the number of orbitals used in each basis set. A TZ-TZ-TZ basis set (27 WF)
is essentially converged for p, d and f orbitals, since the free energy of the three states
changes only a little when more basis functions (polarized orbitals) are added. While I
have not checked explicitly that a fourth ( for the s orbital may still change somewhat
the energy, a inspection of the curve shows that the results are completely converged.

Special attention was paid to the minimization of the basis set DZP-SZ-DZ (BSD,
double-( polarized) and TZ-TZ-TZ (BST, triple-C polarized), where a grid software pro-
gram was used to look for local minima of the energy as a function of the radii of the first
¢ of s, p and d orbitals. There is a first local minimum for somewhat confined radii of
about 6 a.u. and a deeper one for radii of about 10 a.u. The energy still decreased upon
looking further away, tending to the ideal case of infinite radii. Figure (3.7) (b) shows
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Tab. 3.1: Bond length a (A), binding energy per atom Ej, (eV/atom) and total magnetic
moment M (upg) for iron clusters with up to 5 atoms, calculated with a TZ basis

and GGA.
a (A) B (eV/A) M (up)
Fe, 2.02 1.51 6.00
Fes Do,  2.28 1.72 5.62
Fes; Cs,  2.27 1.88 10.00
Fe, Cy,  2.30 2.21 14.00
Fe, Ty 1,23,4 2.27 2.31 14.00
12, 34 2.65
Fes D3, 12,3 253 2.43 2.58 17.07
1,2,3+4,5 2.37

that extended radii improve both the energy and the lattice constant substantially. For
instance, the lattice constant of the bee ferromagnetic state obtained using BSD with the
GGA functional as predicted by the first minimum is 2.90 A, while the second one gives
ag = 2.88 A.

BSD predicts erroneous orderings of the ground and first excited states. Such effect
is particularly evident in LDA. Figure (3.8) (a) shows that BSD erroneously gives lower
energies for the LDA ferromagnetic bce state than for the paramagnetic fcc one. Figure
(3.8) (b) shows that usage of more complete basis sets correct such a mistake. Under
such proviso, SIESTA provides pretty accurate results for the LDA predictions of the
different physical magnitudes. For instance, the lattice constant, magnetic moment and
bulk modulus of ferromagnetic bee iron are found to be 2.76 A, 2.08u5 and 2.68 Mbar,
which compare extremely well with the best all-electrons Plane-wave calculations [145].
Moreover, the lattice constant for paramagnetic fce, 3.38 A, is also very similar to all-
electrons estimate of 3.375 A, while the energy difference between both states is somewhat
underestimated (55 versus about 70-80 meV). [145].

BSD also provides awkward results with the GGA functional, even though the relative
stability of the lowest energy states is correct (see figure (3.9)). Nevertheless, the shape
of the energy curves of the fcc states change significantly when the size of the basis is
increased from BSD to BST. Increasing further the size of the basis set, including more
polarization orbitals of p, d and f symmetry, does not change significantly the energy of
these curves, which means that they are essentially converged (see figure (3.7)). The spiral
state was computed for lattice constants well below 3.54 A, which produced a binding
energy curve with clear parabolic shape and a minimum at a = 3.56 A, very close to the
experimental value (3.577 A). In the bee phase the equilibrium lattice constant, magnetic
moment and bulk modulus are 2.85 A, 2.31 up and 1.83 Mbar, which compare reasonably
well with former all-electrons or ultrasoft-pseudopotentials-based plane waves calculations
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Fig. 3.10: Free energy (a) and magnetic moment (b) as a function of pitch vector ¢ of the
spiral state for lattice constants ranging from 3.48 Ato 3.61 A, calculated with
LDA and a double-( basis.

[146, 125] and with the experimental values 2.87 A, 2.22 ug and 1.68 Mbar.

I also simulated clusters with a number of atoms ranging from 2 to 5, using a BST
and the non-collinear GGA, as shown in table (3.1). These calculations compare again
very well with previous theoretical simulations [113, 147, 142, 148, 115] and even improve
them when comparisons are made with the experimental values of the Fey cluster [149].

3.3.3 Spiral states in the 7 phase

I turn now to the predictions for the spiral state in LDA. The energy was scanned as
function of pitch vector along the I'X and XW directions, where it has two minima,
¢ = (27/a)(0,0,0.6) and ¢ = (27/a)(0.2,0,1). On closer inspection of figure (3.10),
it can be seen that the energy curves for lattice constants equal or larger than 3.58 A
only develop the ¢ minimum. The second minimum appears when the lattice constant
a is decreased below 3.54 A, becoming lowest in energy at a ~ 3.50 A. The curves
corresponding to smallest lattice constants are very shallow. Their two minima have
almost the same energy up to 1 meV, and are separated by energy barriers as small as 4
meV. If LDA were accurate enough for iron, one would expect both phases not only to
coexist but also to change dynamically from one to the other.

On the other hand, the results obtained with GGA show that the ¢ state has already
clearly developed when a = 3.52 A, but the ground state is ¢; down to lattice constants
of 3.47 A (see figure (2.26)). The energy curves change rather much when the size of the
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Fig. 3.11: Free energy (top) and magnetic moment (bottom) as a function of pitch vector ¢
of the spiral state for lattice constants ranging from 3.45 Ato 3.61 A, calculated
with GGA and double (a) or triple (b) ¢ bases.

basis is increased, but for BST the ferromagnetic state has always considerably higher
energy and there is a clearer asymmetric double-well structure with activation barriers
of about 5-7 meV. The equilibrium lattice constant for the §; state is a = 3.56 A, which
is much closer to experiments than the result of Marsman and Hafner [126], and the
resulting spiral curve, which interpolates between the antiferro and the ferro high-spin,
has a clear minimum, in contrast to the case of Knoplfe and coworkers [125].

3.3.4 Conclusions

In summary, I can say that this results reproduce or even improve previous calculations.
I found lattice constants and magnetic moments which compare very well with the ex-
periments. Using my implementation of the generalized Bloch’s theorem in SIESTA I
found a spiral cohesion curve with a well defined minimum and a lattice parameter al-
most identical to the experimental value. However, I also failed to reproduce the correct
pitch vector. The discrepancies are probably due to some inherent failure of the GGA
functional, since it was originally developed for collinear configurations. I would expect
then that a more accurate functional, which would also include the off-diagonal elements
of the density matrix, would produce better results.



4

Ab Inito Calculations of Spin Wave Spectra

I describe in this chapter the implementation and optimization of a theoretical approach
to calculate spin waves and other spin configurations. I apply the resulting code to the
study of the magnon dispersion relation in Fe and Ni and I obtain results which nicely
agree with previous theoretical simulations. This work paves the way to future studies of
spin wave spectra in a wide range of materials.

4.1 Introduction

The finite temperature behavior of magnetic materials can be understood in terms of
spin fluctuations which rotate or reorient locally the local magnetic moments. These low-
energy excitations, characterized by energy scales of tens of meV, can explain the Curie-
Weiss law and the observed Curie temperatures [120] and take active part or influence
many properties that lie in the same energy range: electrical and heat transport, specific
heat and superconductivity. Accessibility to the knowledge of such fluctuations is obtained
experimentally by measuring the neutron scattering cross section, which is directly related
to the imaginary part of the magnetic susceptibility [150]. Such a knowledge opens the
way to understand many intriguing phenomena related to spin dynamics. For example,
some people believe that the high-temperature superconductivity could be mediated by
a spin fluctuation mechanism [150].

The wave vector and frequency dependent spin susceptibility, which gives the response
of the medium to an external perturbation, is, according to the fluctuation-dissipation
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theorem, directly related to the fluctuation spectrum [151]. Theoretical calculations of
this quantity based on first principles simulations can give then accurate information
about the spin configurations and spin dynamics of many materials [152, 153, 154], and
can be taken as as first step to reproduce and understand other properties. Typical
dynamical responses studied by ab initio methods are spin waves, also called magnons,
which can be generated applying a transverse oscillatory magnetic field to a magnetic
material [155, 156, 157, 158]. Additional information about magnetic configurations is
also given by the zero frequency susceptibility, which provides an alternative method to
calculate spin spiral arrangements.

4.1.1 The magnetic susceptibility

When a magnetic ﬁeld H is applied to a magnetic material it induces changes in the
magnetization §M = M — M, which can be highly nontrivial. In the limit of small H
however, it is possible to get rid of non-linear components and express the dependence of
the induced magnetization as follows [151]:

t -
- / A7’ / At (7, 7' t, )V H (7' 1) (4.1)

or, in reciprocal space,
SR Q) = X [ dwk (k.6 2,0) H(Gw) (42)

where x(q,w) is the dynamic susceptibility,

_OM, O
X = 9H, ~ 9H,0H,

(4.3)

which is a functional of the magnetic field. In stationary and/or spatially uniform mediums
the susceptibility depends only on the difference of times ¢ — ¢’ and/or the relative spatial
coordinates 7—7" [151]. It can also be complex when the magnetization and the field have
different phases. Experimentally it is measured using neutron scattering [155, 156, 157].

In ferromagnets and other collinear systems it is possible to distinguish between trans-
verse and longitudinal susceptibilities. Longitudinal responses are produced by fields that
change the moduli of the magnetic vectors. The longitudinal component of such fields
generates spin-spin, spin-charge, charge-spin and charge-charge susceptibilities [160, 159]
which increases dramatically the complexity of the calculation. However, pure transverse
responses, which are created by transverse magnetic fields that change only the direction
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VY

Fig. 4.1: A schematic example of the magnetization in a transverse magnetic wave prop-
agating perpendicular to the magnetic field.

of the magnetization [158, 159], are much easier to compute since only the spin response
is necessary to describe them.

Modern investigations of the transverse dynamical susceptibility were initiated by
[zuyama and coworkers [161], who, using the Hubbard model [162], obtained the result

0/ =
; X (7, w)
W) = 4.4
X@w) = 2 e (14)
where U is the intraatomic repulsion and x° is the susceptibility of the noninteracting
reference system. In general any transverse magnetic susceptibility calculated using per-
turbation theory can be reduced to the above expression [158, 159].

4.2 Spin Waves

Transverse spin fluctuations are generated when an oscillatory transverse magnetic field
is applied to a ferromagnetic material. Such fluctuations can give rise to collective excita-
tions known as spin waves or magnons (see figure (4.1)) when the applied magnetic field
is circularly polarized,

H (7 t) = Hlcos(q- 7 — wt)&, + sin(q- 7 — wt)é,] =

[efi(tj’-Ffwt)é»Jr + ei((jﬁf’fwt)e—'i] _

~5l=

— E[H_éq_ + H,é ] (4.5)

where €y = (€, i€,)/ V2and Hy = H, +iH,. The wave vectors and frequencies at which
spin waves are generated are given by the poles of the imaginary part of dynamic suscep-
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tibility, which can be calculated using perturbation theory [158] within the formalism of
time-dependent density functional theory [163]. This section shows how to do it.

4.2.1 Magnetization

The circularly polarized magnetic field induces a new spin vector, m = m°®+m! (see figure
(4.2)), which drives the initial collinear and stationary density matrix into a non-collinear
and non-stationary state [158]:

_ (7 ) + gm (7 1) 0
= ( 0 (7, 8) — oty ) T (4.6)
N n* (7, t) + gm* (7, t) cos 6 iml (7,1

smk (7t n' (7, t) — sm* (7, t) cos 6

where 6 is the polar angle (see figure (3.2)) of the m! vector and the transverse components
are given by

ml = —Tr{7.a'} = —m! sin ™" (4.7)

where 74 = 7, £17, and ¢ is the azimutal angle. When the induced part of the density
and the modulus of the induced spin vector, n! and m!, are much smaller than n° and
m?, respectively, it is possible to get rid of the longitudinal terms:

A7 1) ~ ; ( . ?F, ) ml—gﬁ t)> (4.8)

m3

Finally, the components of the magnetization are M} ~ —ml.

4.2.2 Susceptibility

Next step is to link the spin components ml to the magnetic field components H, using
the susceptibility. According to the fluctuation-dissipation theorem [151], which relates
the susceptibility to the spin fluctuations, it is possible express x in terms of the correlation
function:
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Fig. 4.2: Change induced in the spin vector by an external magnetic field. The magneti-
zation has the opposite sign.

Xij ~< 5185 > (4.9)

where i, 7 = {z,y, z,+, —}. For pure transverse responses one has

Xzz Xzy 0
X = | Xyz Xyy O (4.10)
0O 00

Taking into account that Sy = S, £45,, Hy = H, £iH,, < SlS_ >=< S_S_>=0 and
<SS, >=< 8.8, >=0, it is easy to demonstrate that

1

M, = §X++H+ (4.11)
1

M_ = §X,,H, (4.12)

where xy, . =< SLSJF >=< 5.5, >and y__ =< ST S_ >=< §.5_ >, which verify

Re [+ (¢ w)] = Re [x_ (¢, ~w)] (4.13)
I [+ 1 (¢ w)] = —Im [x— (g, —w)] (4.14)

For an oscillatory field acting on a stationary medium one has

1
M+(F7 t) = 5//X++(F, F/,t — t/)H+(F/7t/>dt/dF, =

H o) /
-5 / / s (P75t — 1)@ =) gt g (4.15)
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—t') =0 for t <, and then

By the causality principle, x(7,7"';¢
(4.16)

- H ., —iw
My (7 t) = §X++(7“7q7 —w)e !

In periodic systems the susceptibility verifies Bloch’s theorem and can be decomposed

as the product of a phase and a periodic function
(4.17)

X(F, q,w) = €77Y(F, §,w)

with y (7 + ]3L, ¢,w) = X(7,¢,w). This periodic part can be expanded in Fourier series, as
I will show later. The first term of the Fourier expansion gives the value of y integrated

to the whole unit cell, which is what is needed to determine the poles.

4.2.3 Hamiltonian

The initial stationary and collinear Hamiltonian is the usual DF'T Hamiltonian:

N T,

HO(7) = [T(F) + /df’lz_(m

On the other hand, the external oscillatory magnetic field introduces an external potential

given by

Such a potential produces a change in the density matrix which induces a first order

component
(4.20)

where n'! is the longitudinal change in the density matrix, which is negligible. The second

term can be approximated in LDA by
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V| L VEIOE V@ (0 i)
on(r) | (7, 1) ~ 0T (7) — 0 L) 2 ( ) (4.21)

The spin vector is related to the component of the magnetization and, subsequently, to
the magnetic field. The sum of the external potential and the induced Hamiltonian is a
matrix whose diagonal elements are zero and whose off-diagonal elements are given by

HUN(F ) + VIR = VAL (F, §, —w) =
V;rcT o VLBCL s .
= H <— (7) (7) X—— (7, —q,w) + e‘””’) et (4.22)

4mO(r)
H(F ) + V(7 ) = Ve (7, 4 —w) =
VICT ) — VCECl r i iq-r —iw
=H <_ (43710(77') ( >X++(TJQ> —w) + € )6 ' (4.23)

The final time-dependent Hamiltonian! is then written as the sum of the initial Hamil-
tonian and an additional term which is supposed small enough to perform a perturbative
expansion.

4.2.4 Perturbation theory

Using first order time-dependent perturbation theory? it is easy to arrive at the following
expression:

G;—H%ﬂ¢g<> (F1 7 1) + F5 (7, 1) 907, 1) (1.2

. . - —ie0 ot :
where the unperturbed and collinear wave functions W02(7,t) = W0 2()e”“»i " are eigen-

states of HO. The perturbed wave functions P! are expanded in terms of such eigenstates:

o Zc ()] ~(7,1) (4.25)

! The time-dependent version of the Hohenberg-Kohn theorems are the Runge-Gross theorems, which
relate the time-dependent density and the time-dependent potential [163].

2 Since the susceptibility is calculated as the second derivative of the energy with respect to the
magnetic field, it is necessary to obtain the energy up to second order. This implies, according to the
2n + 1 theorem [164], that the wave function has to be determined to first order.
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where 0 = {7, |} and i and j stand for {n, E} The expansion terms have opposite spin
because the magnetic field flips it. Using equation (4.24) is is possible to obtain the
following relation (I focus on the ++ component):

V. rq, — * (= -\ —i(w—e; *—¢ =
1) = [T ) gt eet  a (4.26)
wte "t —¢ )

%

where ¢§ is a small imaginary part which is added to fulfill the causality principle.

4.2.5 Selfconsistent equation

The induced density matrix is calculated in this way:

~ N ]- 0 ml_ F,t o 200 — Tlo/— 210 — T00/—
000 =5 (e "0 ) = 07 (B 00 + 8 0 (70)
’ (4.27)

where f7 = f(e?7 — ep) is the Fermi distribution function. Working out this equation
and taking into account equation (4.26), it is possible to derive the following expression:

Lt =y — L h i .
2 i w + 51' — 53‘ — 7/6
x / Viy (7, @, —w) 00 L ()00 T (7 d” (4.28)

Using now equations (4.7) and (4.11) which relate the spin vector, the magnetization m!
and the susceptibility, the following self-consistent equation is found [158]:

£l =t 01 %0
Fq, —w) =4 L ) (P T(F) x
X—H—( q ) %-:ers?l—g?T—id () j ()
VMT(F/) _ V:pci(;/) o o
X /<— AmO () X+ (7 @ —w)e ™ + 1) x
x TGP FEN WO T () di (4.29)

Decomposing also the susceptibility as a product of a phase and a periodic function
(equation (4.17)) and defining it as
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—

Nt (G —w) = 46T (7, 4, —w) (4.30)

one finally obtains

o fi =1t g0 L0 T
Xt (T, q, —w) = —e T (P) WL () X
PG =) ST T Y50

Vch ,':’/ o Vmcl ,':’/ - L
X / <_ ( TT)LO<7?,) ( )X++(T/7Q7 _w) + 1)
x T E) WY T () A (4.31)

Taking into account that x, (7, ¢,w) is periodic, e*i‘ﬁzn’n,ﬁ’k, \Ilo,lk/ (F’)\I/(:Lki(f') must
also be periodic®. On the other hand, using the fact that each wave function \ifn,g can be
decomposed as a product of a phase and a periodic function, it is easy to demonstrate
that k' = k + ¢. Finally, expressing the wave functions as linear combinations of atomic

orbitals (see equation (1.39)) the previous terms can be written as follows:

S W@V =Y Y eIl 8~ d)og, (T R,) (4.32)

=
n,n’,k,k’ nn'k pu,Rv

Equation (4.29) acquires then the following form:

floefle

- . k 'kt
X+ (7, —w) = E f . Tq .
TwHte —€ 70

n,n’ .k n’ +q nk

x e TN e"q"d“e_”‘*(d“_R“)clf;ﬂH el (i — d,)og (F— R,) %

X

Ry

(_ Vel (7 — Voo L(7)

mo(f”) X++(F/7 (77 —CU) + 1) X

qr Z eflqd/ zkd/ R )Ci—‘ CTi‘ %
n

/R/ l//

X Gl — d)og (7' — B,)d7" (4.33)

X

—

This is a self-consistent or Dyson-type equation [158] which is used to calculate the mag-
netic susceptibility from the electronic structure provided by the DFT calculation.

3 From now on the indexes i and j are substituted by (n,k) and (n/, k') respectively.
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Equation (4.33) can be solved using a recursive method, i. e. starting from a guessed
X++ and iterating the equation until the difference between the input and the output
susceptibilities is small enough. However, it is more convenient to work in reciprocal
space, expanding the susceptibility in terms of the reciprocal lattice vectors G:

X4+(7 ¢ —w) = v > X (GG —w)e T (4.34)
Ve (G.@ —w) = %76 —w)e O Tar (4.35)

where V' is the unit cell volume. The self-consistent equation is then transformed into a
matrix equation:

fle—1
~ = k 'e4-a
X++(G, ¢, —w) = Z Il nrq .5><
n,n’,Ew +e /E+*_ gnE -t
—i(G+q) 7 iq-dy, —ik-(du—Ry) .| )
% /e e Z T )Cn’%JrcTuCnEy
u,R,v
X ¢u(F—d,) oz (7 — R,)dF X
Vel (ph) — Vae (7 = A .
ol ) = ( >Z>Z++(G/,§,—W)GZ(G/+®'T' + T | %
mo(r ) G
=24 7.1—‘ i _*/
w R
X G (7 = d)pg (7' — R,,)di’ (4.36)

v

The final equation can then be written as follows:

X4 (G, G —w) = X0, (G, q,—w) + Y TG, G, G, —w)X+4 (G, G, —w) (4.37)
G
where
fre—Flr
S0 (A = _ nk n'k+q 11 T *
X++(G7 ) _w> - ZE w+ gl . - 5Tﬂ . Z5 nknlE_;’_q‘(G? @B e ’E—Q—(T(O’ (f) (4 38)
n,n’, n'k+q nk
Fre =Tl
N Al . nk n'k+q I ~ T1 * =~
H(Ga G s 4 W) - Zk + gl - _ gTE B Z(anEn/E_i_(j(G? @Cnff’n/fg’_,_q*(G 7@ (439)
n,n’, n'k+q n



4. Ab Inito Calculations of Spin Wave Spectra 185

and
Bl oG T = Y el l,;qflky S5, (G, @) (4.40)
/LRV
_Zk d — 4w l* T
nkn’k+q ’(D Z R) ’k+qucnky “RD( (D (441)
usz
with
S, (G.d) = / G+ DTy (7 Yo (F— R,)d7 (4.42)
VU VI g
uRy( Q) = _/ i(G+)- Vi) Gu(F—dy)pp (7= R,)dr (4.43)
Finally,
)Z-l—-l—(éa (77 —W) = Z [1 - H]il (éa G_;,a Cfa _w)ig——i- (é/7 q_; —(.U> (444)
C_j/

The solution is calculated for every vector G , although only the G = 0 term, which gives
the integral of the susceptibility in the unit cell, is needed. These expressions, which
are implemented numerically as an appendix to the SIESTA code (the ‘magnon code’)
are used at the end of the self-consistent procedure of SIESTA to evaluate the magnon
dispersion relation.

4.2.6 Paramagnetic systems

In systems with no spin polarization both density matrix components, n° and n°!, and
both exchange-correlation potential components, V=¢T[7%(7)] and V*¢[A%(7)], are equal.
The first part of the term V., is then calculated using LL’Hopital rule, i. e. taking the
functional derivative of the numerator and the denominator. With the LDA functional
the result is the following:

Veeln,m] — Velin,m] 0 (chT[mm] —Vein, m])

m—0 om
R

sveelnt nl] v Hnt, nt
on° one

(4.45)

l\')\»—tS
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where sgn(7) =1 and sgn(|) = —1.

With GGA the derivation is a bit more complicated because gradients have to be
taken into account:

Veeln,m,Vn, Vm] — V= ln, m,Vn, Vm]

lim h
m—0 m
1 oVeelnt,n!, Vnl,Vn!] 6V ![nl 0!, Vnl, Vn!]
-} X sl { i - e +
. i syzel [nT7 nl’ VnT’ an] B (Svmcl[TLT, nl’ VnT> vnl] 5<vn0)l (4 46)
2 5(Vno); (Vno); one .

The zero-frequency g-space structure of the paramagnetic susceptibility can be used
to study non-collinear or spiral magnetic configurations that may be stabilized in these
systems at low temperature [165, 166, 167|. This method, apart from giving informa-
tion about spin fluctuations, provides an alternative technique to reproduce spin spiral
arrangements.

4.3 Approximations

The numerical execution of the previous method is extremely demanding due to the
large amount of computer memory and processor time that it needs. The first problem is
produced by the matrix H(é , G ,{, —w), which depends on four components and generates
an array with NéN,ij elements. Another problem comes from the huge amount of sums

that enter the calculation of II and Xo- These sums, which involve many different terms
(bands, atomic and orbital indexes, k points, w-points, and G-points), originate multiple
loops that increase the execution time dramatically. In order to make the calculation
feasible it is then necessary to reduce its size with some approximations.

4.3.1 Leading matrix term

The number of loops can be considerably reduced by using perturbation theory to ap-
proximate the product of the II matrix and the y vector,

S I(G, GR(G) = (G, 0)x(0) + 1I(G, G)x(G) (4.47)

=

):

and extracting the term x/(
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b X
i nGd)
¥(0) ~ _L-I(G6) (4.48)

This simple trick, which assumes the leading terms in the II matrix for a certain col-
umn/row are the first and the diagonal element, simplifies the calculation dramatically
but produces results which differ significantly from the exact solution. Anyhow, it can be
used in some cases to obtain information about the simulation (for example, to study the
dependence on the basis set, the number of & points, etc.).

4.3.2 Padé approximant

The evaluation of x¢(w) and II(w) near the real frequency axis can be numerically very
expensive due to the large number of points which are needed to reproduce the lorentzian
peaks. To decrease such a number and further simplify the problem it is better to calcu-
late these functions, which I will call F'(w), on a set of N points on the imaginary axis
(Matsubara frequencies) {z, = iw,,n = 1, ..., N} an then make the analytic continuation
to the real axis using a N-point Padé approximant [168]:

AN(Z)

Py(z=w—1id) = B (o)

(4.49)

where Ay and By are polynomials of order (N —2)/2 and N/2 for even N and (N —1)/2
for odd N. Such polynomials are calculated with Thiele’s reciprocal method:

Api1(2) = An(2) + (2 — 2n)anp1 An—1(2) (4.50)
Bp11(2) = Bu(2) + (2 — 2n)ant1Br-1(2) (4.51)

where Ag =0, Ay =a; and By = B; =1 and

an = gn(zn), 91(zn) =F(2z,), n=1,..,N (4.52)
_ Gn-1(z0-1) — gn1(2)

gn(z) = C—olia() "2 2 (4.53)

?

are the coefficients of the expansion.
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This approximation reduces dramatically the execution time and the required amount
of memory since it decreases significantly the number of w-points which are used in the
most demanding part of the simulation. According to Lee and Chang [168], it can also
reduce the number of £ points if the functions are smooth enough. However, to obtain
results similar to the exact solution I had to use as many k points as in the case without
Padé approximant. This means that the approximated functions xo(w) and II(w) are not
smooth and have to be calculated very carefully.

4.3.3 Numerical cutoffs

In the calculation of II and Xo there are many elements which are very small and do not
influence the final result. To optimize the code it is necessary to get rid of them:

e Only the bands close to the Fermi energy whose Fermi weight differences are not
vanishing (see equation (4.29)) and whose energy difference is smaller than the
maximum value of w need to be taken into account.

e Many matrix elements of S, ﬁu(é’ q) and H, ﬁu(é7 q) are negligible. Such elements
can be identified and eliminated before the summations are performed.

e Many of the products Bjﬂ%n, B ( ,q) li:, e ( ,q) are also negligible since their size
progressively decreases as |G| or |G'| increase. It is possible then to use a G- and
('-dependent cutoff, ¢ = a(1 + (G| +|G'|)/b where a is an the biggest cutoff value
and b is a constant which is optimized for every system, to reduce the execution
time and the size of the arrays that depend on G and G'.

With an intelligent selection of the cutoffs the calculation can be dramatically speeded
up. However, care must be taken to ensure the final results are good enough, since large
cutoffs can significantly decrease the accuracy of the calculation.

4.4 Spin Wave Spectra of Iron and Nickel

I applied the magnon code to study the spin wave dispersion relation in the bce phase of
iron and the fcc phase of nickel. The dynamic susceptibility of bee iron, which has been
largely studied, is characterized by a parabolic dispersion relation for ¢ along the (001)
direction (in units of 27 /a) [155, 157, 169, 170, 152, 171, 153, 154, 172] before it is damped
by the presence of Stoner excitations [151]. The dispersion relation in fcc nickel along the
same direction is also parabolic at the beginning [156, 159, 170] but has an acoustic and an
optical branch which split at w ~ 100 meV. This behavior is not accurately described by
LDA due to its overestimation of the exchange splitting [173, 169, 174, 175, 152, 154, 172].
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Fig. 4.3: Dependence of the position of the ¢ = 0 peak on the number of G’s. A single—(
basis set and 729 k points were used. The Padé approximant was not included.

I use iron and nickel as test cases to check the validity of the general theory, the
numerical implementation in a DFT scheme and the precision of the approximations.
The aim of this section is, therefore, to verify that the code works and determine the
minimum number of k£, G and Padé points and the size of the numerical cutoffs needed to
perform accurate and fast calculations. I used the LDA functional, whose expression for
the derivative of the exchange-correlation potential can be explicitly derived, and single—(
or double—( basis sets. Most of the simulations were performed in the bee phase of iron
at the theoretical lattice constant (2.78 A). The following examples refer to this material.

4.4.1 Optimization of the code

First I check Goldstone’s Theorem [176], which predicts an excitation at ¢ = 0 and w = 0
for ferromagnetic systems. This implies that the imaginary part of X(@, 0, w) must have a
peak at w = 0. In practice, however, such a peak only appears at the correct position for
very high accuracies, i. e. for very large numbers of k, G and Padé-points, as [ will show

in the following paragraphs.

The dependence on the number of G’s is shown in figure (4.3). For few G’s the peak?
appears at very high energies, but progressively moves towards the origin as the number
of G’s is increased®. For q # 0 the dependence is very similar to the case ¢ = 0 and,

4 The units of the vertical axis are arbitrary because the height of the peaks depend on the value of
d (see equation (4.26)). T take § equal to the separation between w points in the real energy axis, but
sometines I multiply it by a certain factor to smooth the curve.

5 Each G is calculated as a combination of integer multiples of the reciprocal lattice vectors and its
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Fig. 4.4: Dependence of the dispersion relation curve on the number of k points. A

single—( basis set and 1331 G points were used. The Padé approximant was

not included.
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Fig. 4.5: Dependence of the ¢ = 0 peak on the number of Padé-points and the basis set

(single—( and double—(). 1000 k points and 1331 G points were used.
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used for the products BL%H,EJF(T(G,Q)CIL]%:/EJFJ(G,@, calculated with a single-¢
basis set. The observed behavior does not depend on the number of G’s and

therefore a relatively small number (125) was used.

therefore, the curve moves almost rigidly when this parameter is changed. However, the
overall shape of the curve for ¢ # 0 depends dramatically on the number of k£ points, as
can be seen in figure (4.4). The minimum number of k& points needed for bece iron is 15625,
although some noise still remains. To obtain very smooth curves, like the one shown in
figure (4.11), it is necessary to employ even more k’s.

Another important parameter is the number of Padé-points, whose dependence is
shown in figure (4.5). In general a number of 25 Padé-points is enough to accurately
describe all features of the dispersion relation, both with single—( and double—( basis
sets. Without such approximation, the number of w points needed to generate accurate
curves increases to 100 or even more. Therefore, the Padé approximant really decreases
the execution time, although, as stated above, the minimum number of k points remains
almost unchanged due to the fact that the functions xo(w) and ITI(w) are not smooth.
oG (G
shown in figures (4.6) and (4.7). To obtain reliable results for ¢ = 0 the numerical cutoff
has to be equal or smaller than 107°. Such a cutoff produces a reduction in the execution
time of a 30%. For ¢ # 0 the dependence is very similar to the case ¢ = 0 (see Fig (4.7))
and, therefore, this parameter does not change the shape of the curve.

The effect of using a numerical cutoff in the products Bl]%n

The cutoff introduced in the overlap and Hamiltonian matrix elements, Suﬁy(é,(j)

modulus has to be smaller than a certain Gpax. Therefore, the number of G points can not have arbitrary
values but it is given by (2n + 1)3, where n is a positive integer which depends on G ay.
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Fig. 4.7: The same as figure (4.6) calculated at ¢ = 0.40 x 27/a.
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basis set. Continuous and dotted lines represent majority and minority spins,
respectively.
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Fig. 4.9: Dependence of the ¢ = 0.24 x 27 /a peak on the cutoff used in the elements
S.5,(G. @) and H 5 (G, ), calculated with a double-( basis set. The case with-
out cutoff is indistinguishable from the black curve (107°).

and 'H " ﬁw(é , q) respectively, reduces also substantially the execution time. Such a cutoff
becomes very important when double—( or higher bases are included, since the number of
matrix elements increases sharply when new orbitals are used. The use of more complete
basis sets is essential to converge the band structure and obtain reliable results (see the
comparison between the band structure provided by single—( and a double—( polarized
basis sets in figure (4.8) an the positions of the peaks calculated with a single—( and a
double—( basis sets in figure (4.5)). The results obtained with a double-( basis set are
shown in figure (4.9). The maximum numerical cutoff, which is of the order of 107°,
reduces the execution time a 40%.

4.4.2 Results

Once the minimum number of k, G and Padé points and the best cutoffs have been
determined it is possible to carry out an accurate calculation in a reasonable period of
time (smaller than one week). I used the code to obtain the spin wave dispersion relation
along (001) in bee ferromagnetic iron and fee ferromagnetic nickel. The experimental and
theoretical curves are shown in figure (4.10) and my results, obtained with double-( basis
set and the LDA functional, in figure (4.11).

In iron the resulting dispersion relation, calculated at the theoretical lattice constant
(2.78 A), is parabolic and agrees qualitatively with other theoretical calculations [152].
However, for ¢ # 0 the curve moves to much higher frequencies and maintains always the
same shape (compare it with figure (4.10) (a)). Such behavior is probably due to the basis
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Fig. 4.10: Theoretical (continuous line and background) and experimental (dots) magnon
dispersion relations for bee ferromagnetic iron (a) and fee ferromagnetic nickel
(b) calculated along the (001) direction. Figure from [152].

(a) (b)

0.50 0.75

g

|
(2rn/a)

(2n/a)

o} 200 400

o (meV) o (mev)

0.00

Fig. 4.11: (a) Magnon dispersion relation for bee ferromagnetic iron calculated along (001)
at the theoretical lattice constant (2.78 A) with the LDA functional and a
double—( basis set. (b) Magnon dispersion relation for fcc ferromagnetic nickel
calculated along (001) at the theoretical lattice constant (3.40 A) with the LDA
functional and a double—( basis set. 39304 k points, 1331 G points, 25 Padé
points and numerical cutoffs of the order of 10~° were used in both cases. The
scale goes from dark (y = 0) to white (highest values of ).
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set, a double-( without polarization, since, as shown in the previous chapter, at least a
triple-¢ polarized basis set is needed to accurately describe iron. Another reason could
be the number of GG points, which was probably too small. However, without further
simulations it is difficult to say. More work is needed to clarify this point.

The case of nickel, which was also calculated at the theoretical lattice constant (3.40
A), agrees relatively well with the theoretical result [152, 154], although due to the small
number of ¢ and w points used in the calculation (as as consequence of a lack of time
and computer memory) it is not possible to clearly distinguish the central region where
the acoustic and the optical branches split. Anyhow, this example demonstrates that the
code works and can produce good results.

4.4.3 Conclusions

In conclusion, I have shown that it is possible to perform fast calculations of spin wave
spectra starting from the ab initio electronic structure provided by SIESTA. I used bcc iron
and fcc nickel as test cases to check the accuracy of the method and I found that, although
the dispersion relation in iron moves to high frequencies due to a lack of precision, the
agreement with previous studies is good. This study opens the door to future simulations
of magnons and magnetic configurations in many different materials.






Tailoring Surface States via Strain

[ present in this chapter a series of ab initio simulations of Cu/Ru(0001) layers and surfaces
which help to understand the main processes that influence the superficial reactivity, i.
e. strain, proximity of the last layer to the substrate, crystal structure, etc. Such effects
modify the surface state and populate/depopulate it, altering dramatically many surface
properties. By knowing how this state moves and behaves it is possible then to design
surfaces with the desired reactivity.

5.1 Introduction

Real materials are not infinite solids but have surfaces surrounding and limiting them
which interact with the atoms and molecules around. FEach surface has characteristic
physical and chemical properties which depend mainly on the material. Among these
properties, the surface reactivity and catalytic behavior have a prominent role [177] and
great effort has been devoted to understand and modify them at will. Only with the
development of new experimental techniques (the scanning tunnelling microscope [190])
and theoretical methods (density functional theory [1, 2]) it has been possible to shed light
on many of their mechanisms and achieve the desired goal of tailoring their behavior. Such
an understanding will have deep consequences in the processes related to the adsorption
and modification of molecules and will allow the fabrication of materials with very specific
properties.

The reactivity is directly linked to the electronic structure of the surface, which can
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Fig. 5.1: Periodic potential (dotted lines) and corrected potential (continuous line) which
produces surface states. Figure from [181].

differ strongly from the bulk electronic structure as a consequence of the deep changes in
the potential and the boundary conditions. Such changes give rise to important rearrange-
ments of charge and atomic positions and produce what is called the dipole, depletion
or double layers [178]. The shape and extension of this region depend on whether the
material is metallic or semiconducting/insulating. In the former the charge can be easily
distributed near the surface and the effect of the electric fields goes sharply to zero away
from it [179]. In the later, however, due to the lack of screening the depletion region is
much larger and spreads deep into the bulk [180].

The charge redistribution, which depends on the material and the surface orientation,
produces an increase in the work function, on one hand, and induces a relaxation of the
atomic coordinates closer to the surface, on the other hand. Depending then on the type
of system and the growth direction it is possible to obtain different electronic states and
structural configurations which dramatically influence the reactivity and other properties
of the surface.

5.1.1 Surface states

Every surface has electronic states that contribute to the local charge density localized
between the material and the vacuum. These states, which play a very important role
in many physical properties (adsorption of molecules, catalysis, surface reconstruction,
surface magnetism, etc.) can be classified in two types: surface resonances and surface
states. The former are bulk states with a enhanced weight on the surface. They can be
considered as modified bulk states or surface states which overlap with bulk states. Surface
states, however, are confined to the surface and decay exponentially into the vacuum and
the solid. It is very easy to find them by using the bulk projected band structure, since
they are localized in forbidden regions, i. e. within bulk band gaps, whereas the surface
resonances appear inside bulk regions. The wave vector dependence of a perfect surface
state can be then decomposed as follows:
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insulator

Fig. 5.2: Image potential felt by an electron in a surface state localized inside a bulk band
gap that contains the vacuum. d is of the order of the interatomic distance,
where the simple electrostatic model does not apply. Figure from [182].
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where || and L denote the parallel and perpendicular components to the surface, respec-
tively. The surface state has then an extended character on the plane parallel to the
surface and an inverse exponential behavior in the perpendicular directions, where it can
not penetrate due to the absence of bulk states.

The origin of these states can be understood by observing how the energy of a set
of atoms varies when they are brought together to make a solid with the corresponding
surfaces [181]. As the distance decreases the wave functions begin to overlap and the
degenerated states split. If the potential is kept symmetric, as in the bulk (see figure
(5.1)), there appear forbidden zones or gaps between bands, jus like in the case of an
infinite crystal. However, if a more realistic potential is used, i. e. one that is a bit
higher at the outer positions due to the absence of other atoms in the vacuum region,
some states move into the bulk forbidden region. Such states correspond to typical surface
states, with an imaginary component of k£ perpendicular to the surface.

An special case, which explains some situations where charge can appear far away from
the surface, arises when the band gap contains the vacuum level. In such a configuration an
electron outside the surface feels two forces: an repulsive force coming from the material
and an attractive force coming from the image potential created by the image charge
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Fig. 5.3: KRIPES measurements taken on the Cu(111) surface as a function of the incident
angle in the I' K azimuth at the phonon energy hw = 10.2 eV. SS corresponds to
a crystal-induced surface state, IS to a image-potential state and BB to a bulk
band feature. Figure from [183] (modified).
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Fig. 5.4: Dispersion relation in the Cu(111) surface corresponding to figure (5.3) (full
circles). Crosshatched area is the projection of the bulk band structure. Open
circles and dashed lines correspond to measurements at other photon energies and
numbers refer to the bulk bands. SS follows a parabolic dispersion (m* = 0.42m)
whereas IS has a free electron dispersion (m* = m). Figure from [183].
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Fig. 5.5: STS spectra measured on top of a Au(001) surface on a terrace and a monoatomic
step. Figure from [189].

(182, 184, 185, 183]. Electrons in such situation are less localized and can be as far as 200
A away from the surface, giving rise to what are called image-potential states (see figure

(5.2)).

Experimental characterization

Experimentally, surface states can be measured by using k resolved inverse photoemission
spectroscopy (KRIPES) [186, 184]. This technique is based on bombarding the sample
with electrons with a defined energy and a certain angle 6 (which defines the incident k
vector) and measuring the intensity of photons produced at a given energy by the decaying
of the excited electrons within the solid. Such technique is sensitive to the surface due
to the short path length of low energy electrons. The surface state is observed as a
peak in the photoelectron spectrum within the energy bulk band gap, which is sensitive
to adsorbates and other changes in the surface. Surface resonances are found similarly
but they appear inside bulk bands. A typical example is shown in figure (5.3) for the
Cu(111) surface. From the information provided by such measurements it is possible to
construct dispersion relations like the one shown in figure (5.4). KRIPES, together with
other methods such as Auger electron spectroscopy (AES) [187] and low-energy electron
diffraction (LEED) [188], can then be used to completely characterize the electronic and
structural properties of surfaces.

In the last decades, however, the most popular technique has been the scanning tun-
nelling microscope (STM) [190], which allows, on one hand, to measure surface structures
in real space by mapping the variation of the tip height for a given tunnelling current,
and, on the other hand, to determine the local density of states (LDOS) at a given point
above the surface (scanning tunnelling spectroscopy, STS [191]). The LDOS is related to
the differential conductance measured at a fixed height [192]:
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Surface states are observed as peaks in the differential conductance curves, as shown
in figure (5.5). The STM also allows to measure other interesting properties like the
formation of standing waves of quantum interference [193], the shape of the Fermi contour
[194], surface state dispersions [193] and surface state lifetimes [195].

Strain and finite size effects

Surface states are very sensitive to structural and electronic changes, which can dramat-
ically alter their shape and occupation [196]. For example, by adding atoms below the
surface which modify the electronic properties of the dipole layers [196] or by covering the
surface with different adsorbates [197], the work function can be substantially affected
and, therefore, the energy barrier at the surface can be lowered or increased, something
which substantially modifies the energy position and dispersion of the surface state. Other
changes include reducing the number of layers until the depth is smaller than the decay
length of the surface state (this allows it to interact with the substrate), modifying the
terrace width [198] (which has dramatic consequences on the mass transport and the
growth behavior), or straining the material by using different substrates [196] or changing
the temperature [199]. All these possibilities allow a precise tuning of the electronic and
chemical properties of many surfaces.

5.1.2 Surface reactivity

Surfaces can be used to adsorb atoms and molecules or catalyze chemical reactions. In
both situations a detailed knowledge of the electronic structure is essential to understand
the elementary processes involved, but their complexity makes this a difficult task. In
some cases, however, just by taking into account the number of dangling bonds and their
shape it is easy to estimate the differences in reactivity between different sites on the
surface [200]. Something similar can be applied to surfaces of transition or noble metals,
whose chemistry is dominated by s, p and d states. In such surfaces it is possible to
identify some rules that greatly influence the chemical interactions, due to the fact that
the sp states are essentially the same for all these elements (although they make the
biggest contribution to the adsorption energy) and the trends in reactivity are dictated
by the d states. Such rules, which are based on the correlation between the surface core
level shift and the molecular adsorption [201], are i) the position of the centroid of the d
band?, ii) the degree of filling of the d band and iii) the coupling matrix elements between

! In a very crude approximation the whole d band is substituted by its center of mass (the centroid).
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the d band and the adsorbate states [202, 203].

However, there is another contribution that has not been properly taken into account.
It comes from the surface state, since it was predicted that its depopulation can dramat-
ically enhance the reactivity [204]. A populated surface state increases the charge in the
surface and consequently increases the electronic repulsion between the surface electrons
and the electrons of the incoming molecule. This repulsive interaction produces a high
physisorption barrier which forbids the molecule to bind to the surface. However, if the
surface state is depopulated, the repulsion becomes much smaller and the molecule can
easily reach the surface.

The physisorption/chemisorption process can be understood easily by analyzing the
energetic curve of a simple molecule that approaches a surface, as shown in figure (5.6).
When the molecule is far away from the surface the relevant forces have an electrostatic
origin (dipole-dipole interactions and/or van der Waals (dispersion) forces). Such forces
attract the molecule to the physisorption minimum, where it is weakly bound. If the
distance is decreased more, two effects coming from the sp states start gaining influence.
One is the hybridization of the molecular levels with the sp continuum, which splits and
broadens them. The second effect is a pure electrostatic repulsion. Schematically this
process can be understood in terms of bonding and an antibonding orbitals: first both
of them are occupied, but when the antibonding orbital crosses the Fermi energy (which
defines the top of the activation barrier) its electrons pass to the surface and the process
becomes energetically favorable. After that, the molecular levels start hybridizing with
the d band until the Pauli repulsion becomes important. Therefore, the sp states are
responsible of the physisorption barrier whereas the d states define the chemisorption
minimum.

The energy of the d states and the sp surface states can be conveniently modified by
straining or compressing the surface. This can be done for example by including bubbles
of noble gases below the surface during the fabrication process, which expand locally
the surface and compress the regions in between [205]. However, the most efficient way
of producing a lateral expansion is by growing a material on top of a substrate with a
larger lattice constant [206, 196, 207, 208]. Such an expansion produces an increasing
in the reactivity which has been attributed to the up-shift in energy of the d states
[209]. However, the influence of the sp states, which also change dramatically during the
deformation process, was clearly underestimated.

5.1.3 The system Cu/Ru(0001)

The interest in this system comes from the fact that the Ru(0001) surface works reasonably
well as catalyst to convert hydrocarbons. However, this catalytic activity can be enhanced
as much as a factor of 40 when a monolayer of Cu is added on top of it [210], something
that has deep consequences on the chemical reactions that involve these molecules.
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Fig. 5.6: Energetic curve which describes the adsorption process of a simple molecule that
approaches the surface. The first step (1) corresponds to an attractive electro-
static potential which brings the molecule to the physisorption minimum. When
the distance is decreased the interaction with the sp surface state starts being
repulsive (2) until the antibonding state crosses the Fermi energy and its elec-
trons pass to the surface (3). The process becomes then energetically favorable
(4) until the Pauli repulsion increases the energy again (5). The interplay of the
last two processes defines the chemisorption minimum.
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Fig. 5.7: Side (a) and top (b) view of the hcp Cu/Ru(0001)-(1x1) structure. Distances
are given in terms of the hard sphere model, where Cu atoms are supposed to
be a 5.8% smaller than Ru atoms. Figure from [208].

The structure of monolayers (ML) of Cu on top of hecp Ru grown along (0001) has
been extensively characterized using LEED and x-ray photoelectron diffraction [211, 212,
207, 208]. The first Cu monolayer is pseudomorphic wit the Ru substrate [206] and is
separated from it 2.10-2.15 A . An schematic representation can be seen in figure (5.7),
where distances are calculated in terms of a hard spheres model. When more Cu layers
are added, the vertical distances tend progressively to the bulk Cu distance (2.08 A).
The same happens with the lateral distances but the uniaxial relaxation of the strain
produces a stripe-phase reconstruction, with three possible directions along which the
atomic positions of the second Cu layer can relax (see figures (5.8) and (5.9)). When
more ML are added the reconstruction becomes more complex due to the fact that the
atoms can relax along more directions, as can be seen in figure (5.10). For more than ten
layers the surface is indistinguishable from a Cu(111) surface.

Experiment

The experiment was performed by the group of R. Miranda at Universidad Autonoma
de Madrid. It was carried out in a ultrahigh vacuum chamber equipped with a variable
temperature scanning tunnelling microscope, LEED, AES, and facilities for ion sput-
tering, metal evaporation and control of the gas exposure. The Ru(0001) crystal was
Ar™ sputtered and heated until no traces of contaminants were observed. The resulting
morphology consisted of 600 A wide terraces separated by monoatomic steps and some
bunching areas in between. In some cases it is also detected a small density of smooth
circular protrusions due to the presence under the surface of Ar bubbles originated during
the sputtering, which produce a upwards bending of the surface layer. Cu was deposited
from a W basket filled with Cu pellets. To obtain well ordered Cu films with thicknesses
below 2 ML the sample was kept at 500 K during deposition. The [-V curves were taken
at 65-300 K and numerically differentiated to obtain the d//dV tunnelling conductance
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Fig. 5.8: Top (a) and side (b) view of the surface reconstruction in the second Cu layer.
Distances as in figure (5.7). Figure from [208].

Fig. 5.9: (a) 160 nmx 127 nm STM image of 2 ML of Cu grown on Ru(0001). The brighter
parts of the image correspond to subsurface Ar bubbles. (b) 10 nmx8 nm STM
image of 2 ML of Cu grown on Ru(0001) which shows the atomic details of the
reconstruction (see figure (5.8)).

spectra. Finally, oxygen was dosed by backfilling the vacuum chamber with molecular
oxygen.

The STS spectra recorded on a clean Ru(0001) surface shows the presence of a sharp
peak located slightly above the Fermi level, as can be seen in figure (5.11). This peak
disappears if the measurement is performed on a step, which clearly shows the surface
character of the state. A similar peak is also found in the Cu(111) surface (see figure
(5.12)) but it is completely filled since it is located below the Fermi level. However, in a
pseudomorphic ML of Cu on top of Ru the peak shifts upwards in energy and crosses the
Fermi energy. This is accompanied by a sudden change in the reactivity of the surface,
seen as a sharp increase in the adsorption of oxygen?. When a second layer is added and

2 The surface chemical reactivity can be quantified by measuring the initial average sticking probability,
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Fig. 5.10: 3 ML (a) and 4 ML (b) of Cu on top of Ru(0001). The average lattice constants
are 2.610 A and 2.557 A, respectively.

Tab. 5.1: Sticking coefficients for different Cu thicknesses on top of Ru(0001) and a clean
Cu(111) surface.

Cu coverage (ML) Initial sticking coefficient

1 0.6 £0.1

2 0.10 &= 0.05

3 0.002 = 0.001
Cu(111) 0.0005 £ 0.0002

the strain is partially relaxed the peak moves down and the adsorption rate decreases,
starting thus a trend in the peak shift and the surface reactivity that can be clearly seen
in figure (5.12) and table (5.1). In view of these results it is possible to conclude that
those effects are correlated, i. e. the strain induces the depopulation of the surface state
and decreases the activation barrier needed to adsorb oxygen. This is also verified by
measuring STS spectra on top of locally strained zones produced by the presence of Ar
bubbles. Such zones are very reactive and produce another upward shift of the surface
state (see figure (5.13)).

5.2 Ab Initio Study of Cu/Ru(0001)

To understand the basic physics involved in this system and unveil the influence of strain,
proximity to the substrate, crystal structure, and other properties, I performed a series
of ab initio simulations of surfaces of Ru, Cu and layers of Cu on top of Ru(0001) (1-4
ML) with the ab initio package SIESTA. The special characteristics of this code (density
functional theory, localized basis sets and pseudopotentials) allowed me to simulate a
relatively large amount of atoms with a reasonable degree of accuracy and obtain results

which is defined as the ratio of the rate of adsorption (determined using AES) and the rate of impingement
of molecules on the surface.
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Fig. 5.11: STS spectra recorded on on a clean Ru(0001) surface, on top of a terrace (con-
tinuous line) and a step (dashed line). The disappearance of the peak recorded

on the step demonstrates the surface character of the state.
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Fig. 5.12: Tunnelling conductance vs. sample voltage measurements taken on Ru(0001),
1, 2, 4 and 8 ML thick Cu films and Cu(111). All curves have been shifted

along the vertical direction for clarity.
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Fig. 5.13: Upper panel: 23.2 nm x 14 nm STM image of 1 ML of Cu on Ru(0001). Lower
panel: STS spectra recorded above the Ar bubbles (A) and on the flat terrace

(B).

that nicely agree with the experiments.

5.2.1 Parameters of the calculation

Since LDA works reasonably well for non-magnetic materials, I used this functional instead
of GGA, which tends to overestimate the lattice constant, although I also performed some
tests with GGA and I obtained very similar results. Other important parameters that I
had to consider were the real space grid cutoff and the k grid cutoft. For the first one I used
400 Ry, which gave, like in the case of iron, an accuracy of about 0.02 eV. To determine
the minimum number of & points (along = and y) I used two criteria: the convergence
of the energy (with an accuracy of at least 0.02 eV) and the spurious oscillations that
appear in the DOS if few k points are used. The minimum number of k points necessary
to achieve the desired accuracy and get rid of the oscillations was 70 x 70 = 4900 (defined
according to Monkhorst and Pack [143]), which was reduced to 2520 thanks to time
reversal symmetry.

Other ‘parameters’ that had to be taken into account were the number of basis orbitals
and the cutoff radii. An accurate determination of these quantities is very important since
the precision of the calculation and the computer execution time and memory depend
dramatically on them. In principle the number of basis orbitals should be as big as
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possible, but a clever determination of the most important shells allows to reduce it. The
initial number of basis orbitals was not very big (SZ for both Ru and Cu) but in order to
reproduce the correct behavior of the d-band centroid and the surface state (see below)
upon expansion of the lattice I had to use TZ in the d of Cu and DZP in the d of Ru?.
To determine the radii cutoffs I used a mixed procedure where some of the radii were
found variationally and other were adjusted to give equilibrium lattice constants closer
to the experimental values. Such a procedure was justified by the fact that a careful
determination of the structural parameters was very important for this study. Finally I
used Ru(6.0DZ, 6.0DZ, 6.0DZDP) and Cu(5.2, 5.2, 5.2(4.0)TZ) for s, p and d orbitals,
respectively. The second (, the polarization orbital, and the third { were calculated
automatically by SIESTA using the split norm parameter (see chapter 1). Such basis
sets gave theoretical lattice constants of 3.60 A for bulk Cu and 2.71 A for bulk Ru and
reproduced accurately the d bands and the surface states.

5.2.2 Determination of the minimum number of slices on each
surface

To simulate a surface I used a slab made of a large enough number of atomic planes grown
along z (the direction perpendicular to the surface), large unit cell vectors along the same
direction to avoid interactions between the first and last layers of different unit cells, and
periodic boundary conditions along x and y. In this case it was only necessary to include
one atom per plane and, consequently, the number of atoms in the unit cell was equal
to the number of slices. The last number should be as big as possible to ensure that the
physical properties of the atoms in the middle of the slab do not differ significantly from
the bulk properties. However, as the number of slices increases, the computer execution
time and memory increase dramatically. It is necessary then to look for a compromise, as
I show below. Finally, is important to stress that the surface layer was not relaxed along
the z direction because the experimental distances were found to very similar to the bulk
distances in both Cu and Ru [207, 208].

The electronic properties of the atoms in the middle of the slab were compared with
the electronic properties of bulk atoms using the projected density of states (PDOS). In
the case of Cu, the minimum number of layers necessary to converge the calculation was
15. In figure (5.14) I plot the total density of states obtained in a bulk calculation and
the PDOS on central atoms in slabs of 6 and 15 monolayers. In the 6 ML case the central
PDOS differs significantly from the bulk PDOS at many points, whereas the 15 ML PDOS
is almost converged. Clearly the DOS is dominated by the d states, which have a very
large contribution below the Fermi level. However, at this level the s and p states have
also a large DOS. In figure (5.15) I plot the central PDOS on these orbitals. As can be

3 A double-¢ polarized basis set for both Cu and Ru is enough to describe accurately the surface state
but not the d band complex.
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Fig. 5.14: Total density of states of bulk Cu and projected density of states on central
atoms of Cu(111) slabs constructed with 6 and 15 leads.
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Fig. 5.15: s + p PDOS of bulk Cu and projected on central atoms of Cu(111) slabs
constructed with 6 and 15 leads.
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Fig. 5.16: Schematic representation of the density of states of a 2-dimensional surface
state, calculated integrating to the whole BZ (left) and to 1/4 of the BZ (right).

seen, the degree of convergence needed to have a good agreement at the Fermi energy was
only achieved with 15 ML. For Ru the central and surface PDOS evolutions were very
similar to those observed in Cu, but the minimum number of slices needed to converge
the results was 13.

5.2.3 Brillouin zone integration and character of the surface states

The PDOS on atoms of the surface shows dramatic disagreements between slabs with
small number of slices and converged slabs, as can be seen in figure (5.17) (a). The reason
for such big discrepancies is due to the penetration of the wave function of the surface
state into the substrate, which can ‘see’ the other surface when few slabs are used. This
again demonstrates that calculations performed with a relatively small number of slices
are not precise and can produce significant errors. However, this was not taken into
account in previous works [202, 203, 213], where a small number of slices was used and
only the change in the d states was studied.

The most important contribution to the surface state comes from electrons with mo-
menta close to the center of the 2D Brillouin zone, which have the largest component
perpendicular to the surface, decay slowly into the vacuum and, therefore, give the largest
contribution to the tunnelling current. For those reasons the PDOS has to be integrated
to 1/4 of the 2D Brillouin zone (BZ) in order to clearly distinguish the surface state and
obtain results similar to the experimental curves. As a consequence of such integration,
the density of states of the 2-dimensional surface state, which ideally has a step-like shape
(see figure (5.16)), transforms into a sharp peak which resembles a single state. Such be-
havior was also found in the ab initio result, plotted in figure (5.17) (b). In addition,
the integration increased further the difference between non-converged and converged
surfaces. This demonstrates again the importance of using a big enough number of slices.

Once the minimum number of slices has been determined next step is to find the
biggest contribution to the surface state. One would naively expect that those orbitals
which have the smallest decay into the vacuum, i. e. the s and the p, orbitals, which
point outside the surface, would have the largest weight. Indeed this is what I found in
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Fig. 5.17: s 4 p surface PDOS calculated with 6 and 15 ML of Cu(111). (a) Total s + p
surface PDOS. (b) s + p surface PDOS integrated to 1/4 of the BZ.
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Fig. 5.18: Orbital resolved surface PDOS of s + p, and p, + p, character integrated to
the whole BZ (a) and to 1/4 of the BZ (b) calculated with 15 ML of Cu(111).
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the orbital-resolved PDOS, plotted in figure (5.18), where a slab of Cu(111) with 15 ML
was used (I found also something very similar with 13 ML of Ru). While the whole PDOS
did not allow to distinguish the presence of the surface state, when it was integrated to
1/4 of the BZ the state clearly appeared as a sharp peak with s 4+ p, character. I can
conclude then that the central states of the BZ with s and p, character produce the main
signal in the STS spectrum and are responsible of many properties associated with these
surfaces.

It is also important to point out that the PDOS was obtained by integrating in real
space and projecting on the surface atoms, instead of calculating the local density of
states (LDOS) at some point a bit above the surface, where the STM measurements are
performed. However, due to the localized character of the surface state (as opposed to a
image-potential state) I expect not to find much deviation between both cases. This is
confirmed by the fact that results agree very well with experiments, as I will show.

5.2.4 Effect of lattice expansion, crystalline structure and interlayer
separation

When films of Cu are grown on top of Ru there are various possible influences which
can affect the surface state, namely the strain, the proximity to the substrate and the
structure of the growing films. In order to separate these influences from each other I
simulated first slabs of fcc Cu(111) and hep Cu(0001) under different conditions of strain.
In figure (5.19) I show results obtained with 15 ML of Cu(111). In the non-expanded case
all distances were equal to the bulk distances of Cu (a,y = 2.55 A and a, = 2.08 A). The
d PDOS of the surface atoms shows the characteristic two peaked shape of Cu and the
s + p, PDOS has a clear peak whose onset (defined as the midpoint of the rise, which
corresponds to the bottom of the surface state) starts below the Fermi energy. When
the lattice was uniformly expanded, the corresponding PDOS maintained their shape but
both the d band centroid (defined as the center of mass of the band), shown in table (5.2),
and the surface state were shifted upwards in energy, as detected in previous simulations
(213, 214]. The shift of the surface state is partly in contradiction with simple arguments
based on a single band model, where expansion of the lattice parameter leads to smaller
overlaps among atomic orbitals which in turn narrow the bands. In such a model, all
features above (below) the Fermi level are then shifted downwards (upwards) in energy.
The centroid of the d band, which is completely occupied, shifts 210 meV towards the
Fermi level and supports the established idea that expanding the lattice moves these
states upwards in energy [213, 214]. Other calculations for hep Cu(0001) indicate that
the the shifts of the centroid and the surface state detected upon expansion of the lattice
are obtained independently of crystalline structure.

An additional parameter that could possibly be tuned in some experiments was the
distance a, between the last two layers. To clearly see the effect of varying it, I simulated
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Tab. 5.2: Calculated centroid of the surface d bands for fcc Cu(111) slabs under different
strain conditions. a,, is the lateral nearest neighbor distance, a, the interlayer
distance and agy¢ the interlayer separation of the surface layer. All distances

are given in A.

azy @, Gsue Centroid (eV)

2.55 2.08 2.88 -2.64

2.70 2.20 2.20 -2.43
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Fig. 5.19: d (left panels) and s + p, (right panels) surface PDOS calculated with 15 ML of
Cu(111). The continuous line corresponds to bulk distances a,, = 2.55 A and
a, = 2.08 A, where gy is the nearest neighbor distance in the surface plane and
a, is the distance between layers. The broken line corresponds to a uniformly
expanded lattice, a,, = 2.70 A and a, = 2.20 A, while the dashed-dotted line
shows the results for an expanded lattice with the surface layer contracted to

a, =194 A.
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Fig. 5.20: 1 ML of Cu on top of 13 ML of Ru(0001), calculated at the bulk Ru distances
gy = 2.70 A and a, = 2.14 A. Continuous and dashed-dotted lines represent

Cu-Ru distances of 2.10 A and 1.94 A, respectively.
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Tab. 5.3: Calculated centroids of the surface d bands in Cu films 1-4 ML thick on Ru(0001)
under different strain conditions. a,, is the lateral nearest neighbor distance,
a, the interlayer distance, ac,_gr. the interlayer separation between the first Cu
layer and the Ru substrate and ac,_cy the interlayer distances in the Cu film.
All distances are given in A.

Azy @y  GCu—Ru Gcu—cu Centroid (eV)

IML 270 214 210 -2.53
2ML 261 214 210 2.08 -2.60
AML 255 214 210 2.08 -2.63
2ML 270 2.14  2.10 2.08 -2.45
AML 270 214 210 2.08 -2.46

uniformly expanded Cu with the last layer compressed from 2.20 to 1.94 A (~ 12%). The
net result, which can be seen in figure (5.19) and table (5.2), was another upward shift of
the surface state, whereas the d band centroid followed timidly the opposite trend. This
demonstrates on the one hand that only big changes in a, produce reasonable effects and,
on the other hand, it suggests a possible method to separate the effects of the d band and
the s + p, states.

5.2.5 Simulations of 1, 2 and 4 ML of Cu on top of Ru(0001)

In 1 ML of Cu/Ru(0001) simulated at the experimental distances (a,, = 2.70 A, a, = 2.14
A, agur = 2.10 A) the calculated shape of the d band complex showed only one peak,
in excellent agreement with ultraviolet photoelectron spectroscopy (UPS) spectra [215].
Such a peak moves 250 meV towards the Fermi level compared with the main peak of
pure Cu(111) at the equilibrium distances and is even higher in energy than the peak of
pure Ru(0001). This agrees well with experiments which show that both the 2pz/, [216]
and the d states [215] are shifted upwards by 0.3 eV when going from thick Cu films to
the first ML of Cu on Ru(0001). However, the calculated centroid was found to move
only 110 ev upwards, as shown in table (5.3), which suggest that this quantity is not a
good parameter to quantify surface properties. The corresponding surface state PDOS
also changed, becoming more pronounced, and was completely depopulated due to the
upward shift in energy. Simulations performed contracting the interlayer distance at the
surface (figure (5.20)) showed that the surface state was also shifted upwards in energy.

Results for Ru(0001) covered with 1, 2 and 4 ML of Cu are shown in figure (5.21), with
the DOS projected on d and s + p, orbitals (left and right panels, respectively). The
lateral lattice constant of the slabs, a,,, was taken for each thicknesses as the average
experimental distance among Cu atoms at the surface. The theoretical model did not
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Fig. 5.21: Calculated evolution of the surface DOS projected on the d orbitals (left pan-
els) and the s + p, orbitals (right panels) for increasing Cu thicknesses in
Cu/Ru(0001). Solid lines represent results obtained at the experimental lateral
distances for each coverage (2.70, 2.61 and 2.55 A for 1, 2 and 4 ML, respec-
tively) and broken lines correspond to results calculated at the lateral distance
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The left panel shows the tunnelling conductance vs. sample voltage measure-

ments on clean Ru(0001) (continuous line) and (from bottom to top) 1 and 2
ML-thick Cu films grown on Ru(0001) and Cu(111). The right panel shows the
calculated PDOS of s + p, character at the surface atoms. All curves have been
shifted in the vertical direction for clarity.



5. Tailoring Surface States via Strain 218

consider then the observed reconstruction of the Cu layers, due to the extremely large
unit cell needed to simulate such a system. The perpendicular interlayer distances acy_gru
and the distances among Cu layers ac,_cy for films of thickness 2 and 4 ML were set
according to x-ray diffraction [208] and x-ray photoelectron diffraction data [207]. In
addition, to separate unambiguously the effect of strain and proximity to the substrate
the same system was simulated at the lateral distances of bulk Ru.

In agreement with the experimental trends, I found that both the d band complex
and the surface state shifted downwards in energy with increasing thickness of Cu, as the
lattice was compressed due to strain relaxation. For a 4 ML thick Cu film the position
of the centroid was almost identical to that of a thick fcc slab and the overall shape of
the d band was indistinguishable from that of Cu(111). Furthermore, the characteristic
two-peak structure was already recovered for a Cu coverage of 2 ML independently of the
applied strain, which means that the presence of only one peak for 1 ML of Cu is entirely
due to the influence of the Ru layer.

Assuming that the Cu film keep on growing pseudomorphic with the Ru substrate
shifts the centroid and the surface state upwards in energy as the film thickens (see table
(5.3) and the broken lines of figure (5.21)). For 4 ML of Cu/Ru(0001) the surface state
was calculated to be 500 meV above the Fermi level, i. e., almost at the same energy
position that the state for a thick slab of fcc Cu(111) expanded to the lattice parameter
of Ru (see figure (5.19)). This indicates that, if the geometry of the film is kept constant,
the Cu(111) surface state is lower in energy closer to the substrate. This prediction is in
excellent agreement with STM and UPS data for Ag films on Cu(111) [217], where the
Ag layers keep their own lattice parameter from the first monolayer on due to the large
mismatch between Ag and Cu, and the surface state is 120 meV lower in energy for 1 ML
of Ag/Cu(111) than for bulk Ag(111).

5.2.6 Conclusions

In summary, the energetic evolution of surface states and d band complexes was studied
in Cu, Ru and 1-4 ML of Cu on top of Ru(0001). In general the surface state and the d
band shift upwards in energy when the surface is strained and then progressively move to
the bulk values as the strain is reduced when the number of layers increases. The energy
of the surface state for increasing thicknesses was determined by the competing effects
of increasing distance to the Ru substrate, which moves the state to higher energies,
and the partial relaxation of the strain, which pushes it downwards in energy. Since
the experimental an the theoretical results show a continuous trend to lower energies, as
shown in figure (5.22), the conclusion is that strain is the main responsible of the shift in
the surface state.
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(GGeneral Conclusions

Ab initio calculations are a fundamental tool to understand many experiments and make
new predictions. One of the most important approaches used by the ab initio community
is density functional theory (DFT), which allows to simulate systems with relatively large
numbers of atoms and high degrees of accuracy. Based on DFT, SIESTA uses also linear
combinations of atomic orbitals and pseudopotentials which reduce even more the exe-
cution time and memory consumption. In this thesis it was indeed shown that very big
systems can be simulated with high precision and the results compare nicely with exper-
iments. However, in some cases, like SnOs with cobalt impurities, the results differ from
the measured values due to inherent failures of the exchange and correlation functional.
Anyhow, such results can be improved with the use of more sophisticated approximations.

Another important code is SMEAGOL, which uses non-equilibrium Green’s function
techniques to calculate the transport characteristics of nanoscale materials from the elec-
tronic structure provided by SIESTA. This code, which was used to study atomic con-
strictions and nanotube-based devices, incorporates the possibility of doing spin-polarized
and non-collinear spin calculations, as shown in the studies of giant magnetoresistance
in organic molecules between nickel leads and nickel nanocontacts. It was also used to
examine the structural stability and transport characteristics of (i) Hy molecules sand-
wiched between platinum and palladium leads and (ii) platinum atomic chains. In the
first case it was demonstrated that the most stable configuration of the Hy molecule in
the constriction corresponds to an arrangement where it bridges both leads. Such con-
figuration gives conductances of 0.9 and 0.6 G for platinum and palladium electrodes,
respectively. The differences between both materials are due to the different alignment
of the on-site energies of the contact atoms and the molecule. In platinum chains it was
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predicted that the ground state configuration corresponds to a zigzag arrangement. This
structure generates the non-monotonic behavior of the conductance which, apart from the
typical even-odd effect, is found when the electrodes are separated, and can explain why
in some experiments the conductance increases upon stretching. Finally, SMEAGOL was
also used to study the stability, electronic structure and transport characteristics of met-
allocenes encapsulated inside carbon nanotubes. These new and interesting systems can
produce high magnetoresistance ratios and can be used to fabricate electrical nanowires
with the desired properties.

SIESTA was also used to study the structural and magnetic properties of iron and try
to reproduce the correct magnetic ordering in the v phase. In order to do that it was
necessary to implement in SIESTA the generalized Bloch’s theorem and an approximation
to calculate the non-collinear GGA. The results showed that (i) at least a triple-( basis
set is necessary to obtain the correct theoretical energetic ordering found with LDA, (ii)
the GGA works much better than the LDA since it correctly predicts that the bce phase
is the most stable and gives equilibrium lattice constants much closer to experiments,
and (iii) both approximations give an incorrect spiral ground state. The LDA gives the
correct magnetic order but predicts a very small equilibrium lattice constant. With GGA
happens just the opposite: the equilibrium lattice constant is similar to the experimental
lattice constant but the predicted magnetic order is incorrect. The disagreement is due
to deficiencies of the exchange and correlation functionals.

A code to calculate spin waves (magnons) was also implemented as an appendix to
SIESTA. Once the self-consistency is finished, the magnon dispersion relation is calcu-
lated from the Hamiltonian eigenvalues and eigenvectors by using first order perturbation
theory. The code works and gives proper results, but the amount of memory and execu-
tion time needed to perform accurate calculations were very high. It was necessary to use
different numerical cutoffs and the Padé approximation to reduce the size of the numeri-
cal loops and decrease the effective number of energy points that enter in the calculation.
Thanks to such approximations it was possible to obtain the magnon dispersion relation
in fce nickel and bee iron. The results for iron agree qualitatively with the experiments,
although the curve moves to higher frecuencies. In the case of nickel the magnon curve
does not fit the experimental data due to the wrong exchange splitting given by LDA but
it agrees with previous theoretical calculations.

Finally, SIESTA was also used to investigate the change in the surface states of clean
ruthenium, clean copper and one to four monolayers of copper on top of ruthenium under
different expansions of the lattice, in a first step to understand the influence of these
states on the surface reactivity and separate their effect from the centroid of the d bands.
When the lattice is laterally expanded the surface state moves upwards in energies and
is depopulated. The same effect is also found when the last monolayer is contracted,
although the d band follows the opposite trend. When the number of copper layers
increases there is a competition between the contraction of the lattice, which drives the
state to lower energies, and the loss of influence of the substrate, which produces the
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opposite trend. The total effect is a movement of the state downwards in energy, which is
therefore populated. This can be linked to the surface reactivity, since it decreases with
the number of copper layers.

In summary, the work done in this thesis clearly demonstrates that ab initio methods
based on density functional theory are an essential tool to characterize and understand
many systems with small numbers of atoms and bulk solids. In general the theoretical
predictions given by SIESTA and SMEAGOL agree very well with the experiments and
can be used as a starting point to new studies.






Conclusiones Generales

Los célculos ab initio son una herramienta fundamental para comprender muchos exper-
imentos y a hacer a su vez nuevas predicciones. En particular, los codigos basados en la
teoria del funcional de la densidad son realmente eficientes y permiten simular sistemas
formados por cantidades relativamente grandes de a&tomos. Uno de los mas importantes es
SIESTA, que usa combinaciones lineales de orbitales atomicos y pseudopotenciales para
reducir aun mas el tiempo de ejecucion y la cantidad de memoria. En esta tesis se de-
mostré que se pueden simular sistemas muy grandes con mucha precision. Un ejemplo
fueron las matrices de SnO, con impurezas de cobalto, aunque en este caso particular,
debido a fallos inherentes a la aproximacion que calcula el canje y la correlacion, los
resultados finales difirieron de los experimentales.

Otro codigo importante es SMEAGOL, que utiliza el formalismo de funciones de
Green de no equilibrio para calcular propiedades de transporte en sistemas de tamano
nanométrico a partir de la estructura electrénica producida por SIESTA. Este cédigo,
que fue utilizado para estudiar contricciones atéomicas y dispositivos basados en nanotu-
bos, incorpora la posibilidad de realizar calculos de espin polarizado y espin no colineal,
como se mostro en los estudios de magnetorresistencia gigante en moléculas organicas en-
tre electrodos de niquel y en nanocontactos de niquel. Ademéds también fue empleado para
examinar la estabilidad estructural y las caracteristicas de transporte de (i) moléculas Hy
situadas entre electrodos de platino y paladio y (ii) cadenas atémicas de platino. En el
primer caso se demostro que la configuracién mas estable de la molécula en la constriccién
es aquella en la que la molécula se sitia paralela al flujo de la corriente, con conductancias
de 0.9 y 0.6 G para electrodos de platino y paladio, respectivamente. También se mostré
que las diferencias entre los dos materiales son debidas al distinto alineamiento de las
energias de la molécula y los atomos de contacto. En el caso de cadenas de platino se
predijo que el estado fundamental corresponde a una configuracion zigzag. Esta estruc-
tura es responsable del comportamiento no mondtono de la conductancia que, a parte



Conclusiones Generales 224

del tipico efecto de paridad, aparece cuando los electrodos se separan, y puede explicar
por qué en en algunos experimentos la conductancia aumenta al estirar. Finalmente,
SMEAGOL también se usé para estudiar la estabilidad, estructura electréonica y carac-
teristicas de transporte de metalocenos encapsulados dentro de nanotubos de carbono.
Estos nuevos e interesantes sistemas pueden presentar altos porcentajes de magnetorre-
sistencia dependiendo del tipo de molécula y pueden ser utilizados para producir nanohilos
con determinadas propiedades.

SIESTA fue empleado para estudiar las propiedades estructurales y magnéticas de
hierro e intentar reproducir el ordenamiento magnético correcto en la fase v. Para ello fue
necesario implementar en SIESTA el teorema de Bloch generalizado y una aproximacion
para calcular la GGA no colineal. Los resultados mostraron que (i) al menos una base
triple-¢ es necesaria para obtener el orden energético tedrico correcto con la LDA, (ii) la
GGA funciona mucho mejor que la LDA puesto que predice correctamente que la fase bece
es la mas estable y da constantes de equilibrio mucho mas cercanas a los experimentos,
y (iii) las dos aproximaciones producen un estado fundamental de la espiral incorrecto.
La LDA da el estado magnético correcto pero la constate de red es muy pequena. Con
la GGA ocurre justo lo contrario: la constante de red es similar a la experimental pero
el orden magnético es incorrecto. Sin embargo, los resultados obtenidos con SIESTA son
mejores que los producidos por otros codigos, donde las diferencias entre las constantes de
red tedricas y las experimentales eran mucho mayores. El desacuerdo en la configuracion
magnética de la fase v se debe basicamente a deficiencias inherentes a las aproximaciones
de canje y correlacion.

También se desarrollé un cédigo para calcular la relacién de dispersion de ondas de
espin (magnones) utilizando los autovalores y autovectores del Hamiltoniano producido
por SIESTA y aplicando teoria de perturbaciones de segundo orden. Sin embargo, aunque
el cédigo funciona y da resultados razonables, la cantidad de memoria y tiempo de eje-
cucion necesarios para llevar a cabo cédlculos precisos son muy elevados. Para resolver este
problema fue necesario utilizar diferentes cortes numéricos y la aproximacién de Padé para
reducir el tamano de los ciclos numéricos y disminuir el niimero efectivo de puntos de en-
ergia que entran en el calculo. Gracias a ello fue posible obtener la relacién de dispersion
de magnones en el hierro y el niquel. Los resultados del hierro estan de acuerdo cualitati-
vamente con los experimentos, aunque la grafica se curva hacia energias mayores debido
al uso de una base de orbitales no convergida. Sin embargo, en el caso del niquel la curva
no casa con los datos experimentales debido a la incorrecta separacion de canje producida
por la LDA pero verifica los céalculos tedricos.

Finalmente, también se utiliz6 SIESTA para investigar el cambio en los estados de
superficie de cobre, rutenio y monocapas de cobre sobre rutenio sometidos a varios tipos
de expansién, como un primer paso para entender la influencia de estos estados en la
reactividad de las superficies y separar su efecto del centroide de las bandas d. Se mostré
que cuando la red es expandida lateralmente el estado de superficie se mueve hacia arriba
en energias y se despuebla. El mismo efecto se encuentra cuando la iltima monocapa se
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contrae, aunque la banda d sigue la tendencia opuesta. Cuando el nimero de capas de
cobre aumenta hay una competicion entre la contraccion de la red, que mueve el estado
a menores energias, y la pérdida de influencia del substrato, que produce la tendencia
contraria. El efecto total es un movimiento del estado hacia energias menores, el cual
acaba ganando carga.

En resumen, el trabajo hecho en esta tesis demuestra claramente que usando métodos
ab initio es posible caracterizar y entender muchas propiedades fisicas asociadas con sis-
temas con pequenos nimeros de dtomos o sistemas infinitos (cristales). En general las
predicciones tedricas de SIESTA y SMEAGOL verifican muy bien los datos experimentales
y pueden utilizarse como puntos de partida para nuevos estudios.
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