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Ligacoes moleculares em semimetais de Dirac-Weyl e grafeno bicamada
torcido

Resumo

Estudamos teoricamente os estados moleculares de impurezas acopladas
a semimetais do tipo Dirac-Weyl e grafeno bicamada torcido. No primeiro caso
estudado, consideramos duas impurezas enterradas em um semimetal de Weyl
com quebra de simetria de inversao (metal de Weyl). Verificamos uma mudanca
no padrao dos orbitais moleculares ligante e antiligante, com a emergéncia de
um estado molecular atomicamente frustrado [Physical Review B 102, 075120
(2020)]. No segundo caso, investigamos estados atomicamente frustrados em
moléculas diatomicas hospedadas no grafeno bicamada torcido. Encontramos
um modo de energia zero nas densidades espectrais dos atomos do dimero ao se
quebrar a simetria de inversao na condicdo do primeiro angulo magico. Verifi-
camos que esse modo também é de uma molécula atomicamente frustrada [2D
Materials 8, 045038 (2021), Reportagem FAPESP - Torcao de bicamada de gra-
feno gera um novo tipo de ligacdo molecular (2022)]. Particularmente, esse modo
zero € revelado robusto mediante a essa quebra de simetria, como resultado da
twistronica do sistema.

Palavras-chaves: Semimetal de Dirac-Weyl, grafeno bicamada torcido, estado
atomico frustrado, orbitais moleculares.
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Molecular bonds in Dirac-Weyl semimetals and twisted bilayer graphene

Abstract

We theoretically study the molecular states of impurities coupled to se-
mimetals such as the Dirac-Weyl and twisted bilayer graphene systems. In the
first case studied, we consider two impurities buried in a Weyl semimetal with
inversion symmetry breaking (Weyl metal). We find a change in the pattern of the
bonding and antibonding molecular orbitals, with the emergence of an atomically
frustrated molecular state [Physical Review B 102, 075120 (2020)]. In the second
case, we investigate the atomically frustrated states in diatomic molecules hosted
by a twisted bilayer graphene setup. We find a zero energy mode in the spectral
densities of the dimer’s atoms just by breaking the inversion symmetry within the
first magic angle condition. We also verify that such a mode belongs to an atomi-
cally frustrated molecule [2D Materials 8, 045038 (2021), Reportagem FAPESP -
Torcao de bicamada de grafeno gera um novo tipo de ligacao molecular (2022)].
Particularly, this zero mode is revealed robust under this symmetry breaking, as
a result of the system twistronics.

Keywords: Dirac-Weyl semimetal, twisted billayer graphene, atomic frustrated
states, molecular orbital.
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Nomenclatura

ARPES Angle-resolved photoemission spectroscopy - Espectroscopia de fotoemis-
sao por angulo resolvido

EOM Equation of motion - Equacao do movimento
IS Inversion symmetry - Simetria de inversao
SIAM Single impurity Anderson model - modelo de Anderson de uma impureza

STM  Scanning Tunneling Microscope - Microscopio de varredura por tunela-

mento
TBG  Twister Bilayer Graphene - Grafeno Bicamada Torcido
TIAM Two impurity Anderson model - Modelo de Anderson de duas impurezas

TRS  Time reversal symmetry - Simetria de reversao temporal
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Capitulo 1

Introducao

Em 1928, o fisico tedrico britanico Paul Adrien Maurice Dirac, propos
uma equacao na tentativa de linearizar a equacao de Schrodinger, conhecida
como equacao de Dirac [1, 2]. Tal equacao foi capaz de unir a relatividade espe-
cial com a mecanica quantica por descrever elétrons relativisticos, ao contrario
da equacao de Schrodinger. Tais elétrons relativisticos contém uma relacao de
dispersao linear que € funcao do médulo do momento, isto é,

Ek) = ClKk, (1.1)

sendo C' uma constante geral que depende das caracteristicas do sistema em
estudo.

Na fisica da matéria condensada, este fendomeno pode ser observado em
certos materiais que possuem uma relacao de dispersao que satisfaz a equacao
de Dirac, como por exemplo: grafeno, semimetal de Dirac (DSM), semimetal de
Weyl (WSM), grafeno bicamada torcido e entre outros.

1.1 Semimetal de Dirac-Weyl

Em 2004 foi sintetizado a primeira folha de grafeno que, devido as suas
propriedades fisicas que surgem por conta da sua dimensionalidade e estrutura
cristalina, se tornou um objeto de estudo muito importante para a fisica da maté-
ria condensada [3]. O grafeno € um material bidimensional composto por atomos
de carbono formando células hexagonais, exibindo uma relacdo de dispersao li-
near em sua estrutura de bandas, formando cones de Dirac localizados nos can-
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tos da zona de Brillouin [4, 5, 6], como apresenta a Fig. 1.1.

Figura 1.1: Estrutura de bandas do grafeno. Relacao de dispersao entre energia
Fyx e os vetores de onda k, e k,. Na regiao do ponto de Dirac, a estrutura de
bandas inferior (valéncia) e superior (conducao) exibe um gap pontual conhecido
como pseudogap (adaptado da Ref. [6]).

Posteriormente, estudos sobre o semimetal de Dirac comecou a ganhar
destaque por ser um material tridimensional possuindo uma relacao de disper-
sao linear nas trés direcoes no espaco dos momentos [7, 8]. Entre as bandas
de valéncia e de conducao desse material, ha um gap pontual na regiao do nivel
de Fermi conhecido como pseudogap, contendo pontos de Dirac que, em torno
desses pontos, ha uma dispersao de quaseparticulas dos férmions de Dirac relati-
visticos com massa efetiva zero [9, 10, 11]. Alguns materiais foram identificados
experimentalmente como semimetais de Dirac, sendo esses Cds;As, [12], Na;Bi
[13] e (Bi;_.In,).Se; [14]. O Halmiltoniano que descreve a relacdo de dispersao
do Dirac ¢é

H (k) = vpxk-o, (1.2)

em que k = (k,, k,, k.) € o vetor de onda, o = (0,, 0y, 0,) sdo as matrizes de Pauli,
vr € a velocidade de Fermi e y = +1 € a quiralidade. A quiralidade € definida pela
projecao do vetor de spin s no momento linear p da particula, isto €,

Ps
v = . (1.3)
[pl|s|

Para esse caso, essa quantidade gera uma estrutura de bandas para y =1
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e outra para y = —1. Devido a essa quantidade, € possivel verificar uma degene-
rescéncia dupla na estrutura de bandas do semimetal de Dirac, ou seja, existem
dois cones de Dirac sobrepostos com a mesma energia e no mesmo ponto k. Tal
degenerescéncia € protegida por dois tipos de simetrias: reversao temporal (TRS)
e de inversao (IS) [15, 16, 17, 18, 19]. Entretanto, ao quebrar essas simetrias, a
degenerescéncia € perdida tornando-se um semimetal de Weyl [20, 21]. A que-
bra das simetrias pode gerar uma separacao dos cones no espaco dos momentos
e(ou) alterar as energias, gerando nés de Weyl com quiralidades definidas. Esses
nos de Weyl podem ser vistos como “monopolos magnéticos” no espaco dos mo-
mentos (carga quiral e(ou) numero de Chern), agindo como emissor e receptor de
linhas de campo (curvatura de Berry) [22], como apresentado na Fig. 1.2.

o A
B N

Ky

Ky H=-v,p-o H=+v,p o

Figura 1.2: Nos de Weyl com quiralidades opostas. As setas representam os
vetores de spin o que podem ser paralelos ou antiparalelos ao vetor momento p.
A quiralidade assume os valores y = +1.

Esses nos de Weyl sao definidos por invariantes topologicos que além de
definir a topologia, determina as propriedades exoéticas de materiais quanticos to-
pologicos [23]. Esses invariantes quantizados estao enraizados na Fase de Berry
vm que € adquirida por uma integral de linha no espaco dos momentos das fun-
¢oes de onda de Bloch, definida por

o = / A () - dk, (1.4)
C

sendo A,,(k) chamada de conexao de Berry, definida como

A (k) =i <m(k) aik‘m(k)>. (1.5)

Estendendo a discussao para o invariante topologico relacionado aos nos

de Weyl que esta associado com o campo da curvatura de Berry definida pelo



CAPITULO 1. INTRODUCAO 4

rotacional da conexao de Berry, como podemos observar nesta equacao

Q. (K) = Vi x A (K), (1.6)

descrevendo o comportamento dos férmions de Weyl comoemissor e receptor de
campo da curvatura de Berry. Se realizarmos uma integral de superficie do
campo da curvatura de Berry envolvendo um né de Weyl, definido por

1
= %/Sﬂm(k)-ds, (1.7)

resulta em um numero inteiro, chamados de niumero de Chern ou carga quiral,
com valores +1 representados pela quiralidade.

A conexao entre os nos de Weyl gera a principal assinatura do semimetal
conhecida como arcos de Fermi, podendo ser observada experimentalmente por
meio da técnica ARPES (do inglés, Angle-resolved photoemission spectroscopy )
(Fig. 1.3) [24].

Fermi arcs

-0.2

ky (A1)
s
ES
|

+

Weyl Fermions
-0’6 T T T

I
0.1

|
-0.1 00
k. (A

Figura 1.3: Medicao obtida por meio da técnica (ARPES) dos arcos de Fermi ge-
rado pelos “monopolos magnéticos” no espaco reciproco (adaptado da Ref. [24]).

Em 2015, o arseneto de tantalo (TaAs) foi o primeiro material identificado
como um semimetal de Weyl [25].

O Hamiltoninano que descreve a relacao de dispersao do semimetal de
Weyl é
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Hy (k) = x[hwro - (k—=xQ)+ 00, (1.8)

onde Q € um campo pseudo-magnético responsavel pela separacao dos cones no
espaco k e )y € responsavel pela mudanca nas energias dos cones. O campo
pseudo-magnético QQ pode ser interpretado como um analogo do potencial vetor
responsavel pelos niveis de Landau, em que os niveis de energia de uma particula
carregada € quantizada sobre a atuacao de um campo magnético. A quiralidade,
no mesmo contexto, € um analogo a carga da particula.

Com esse Hamiltoninano, € possivel descrever trés tipos de semimetais.
O regime que preserva as duas simetrias, quando Q = 0 e )y = 0, retoma ao
Hamiltoniano do Dirac-3D, descrevendo a degenerescéncia do par de nos de Weyl,
resultando em duas bandas de energia sobrepostas (Fig. 1.4(a)). A situacao em
que temos uma quebra de IS, mas que preserva a TRS, ha uma separacao dos nos
de Weyl na energia, mas no mesmo ponto k (Fig. 1.4(b)) [26]. Na outra situacao
que quebra a TRS, mas que preserva a IS, temos uma separacao das bandas de
energia no espaco dos momentos e quiralidades opostas, uma em —Q e a outra
em Q (Fig. 1.4(c)) [27]. Com a simetria de inversao preservada, garante que os
cones separados tenham a mesma energia.

Sl\

(b) (c)

Figura 1.4: Estrutura de bandas: (a) semimetal de Dirac, (b) semimetal de Weyl
noncentrosymmetric com quebra de IS e TRS preservada, ou metal de Weyl e, (c)
Semimetais de Weyl com quebra de TRS e IS preservada. As cores dos cones
indicam a quiralidade dos nés de Weyl e o nivel de Fermi esta localizado em
Ep = 0.
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1.2 Grafeno bicamada torcido

O grafeno bicamada torcido (TBG - do inglés Twister Bilayer Graphene)
consiste em um empilhamento de dois grafenos [28]. Tal material, leva em conta
a ligacao entre camadas do tipo Van der Waals. As ligacoes inter-camadas, di-
ferente das interacoes intra-camadas que sao covalentes, permitem a interacao
entre duas camadas isoladas possibilitando a criacao de materiais heteroestru-
turados, gerando o surgimento de caracteristicas unicas para diferentes arranjos
[29, 30, 31]. Podem existir em trés arranjos distintos: 1) empilhamento AA, onde
cada atomo de carbono da camada superior € colocado exatamente acima de
seu correspondente na camada inferior (Fig. 1.5(a)); 2) empilhamento AB, ou
empilhamento de Bernal, em que os atomos da sub-rede A de uma camada es-
tao alinhados com os atomos da sub-rede B da outra camada (Fig. 1.5(b)); 3)
TBG, onde uma camada € rotacionada por algum angulo ¢ em relacao a outra.
Experimentalmente, o empilhamento AA € considerado metaestavel, enquanto o
empilhamento AB e o TBG sao considerados estaveis [28].

Figura 1.5: (a) Representacdo do grafeno bicamada com empilhamento AA. Os
circulos denotam atomos de carbono nas sub-redes A (vermelho) e B (azul) nas
camadas inferior (1) e superior (2). Os termos ¢ referem-se aos saltos entre primei-
ros e segundos vizinhos e entre as camadas. (b) Representacao do empilhamento
de Bernal AB (adaptado da Ref. [28]).

O terceiro caso comentado anteriormente, onde existe a possibilidade de
manipular o angulo de torcao entre as camadas de grafeno acopladas, vem apre-
sentando propriedades fisicas de muito interesse na comunidade cientifica. Ao
realizar uma pequena torcao ¢ entre as camadas, € obtido uma configuracao que
obedece um padrao de Moiré [32, 33] (ver Fig. 1.6), gerando uma periodicidade
em maior escala (super-rede de Moiré¢).
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Figura 1.6: [lustracao do grafeno bicamada torcido para um determinado angulo
6 gerando um padrao de Moiré. A torcao cria uma super-rede para os elétrons de
conducao cuja periodicidade € muito maior que o espacamento entre os atomos
de carbono. Para a torcao mostrada aqui, os elétrons de conducao podem ser
tratados como se estivessem se movendo em uma super-rede hexagonal (linhas
amarelas) (adaptado da Ref. [34]).

Em pequenos angulos ¢ de torcao, o TBG apresenta uma preservacao
dos cones de Dirac encontrados nas camadas isoladas de grafeno no limite de
baixas energias, porém com uma velocidade de Fermi renormalizada [35, 36, 37,
38]. Existem valores de angulos de torcao em que a velocidade de Fermi pode
chegar a zero, conhecidos como “angulos magicos” [39, 40, 41]. A estrutura
de bandas para esses valores de angulos magicos sao conhecidas como bandas
chatas (ver Fig. 1.7(c)), devido ao achatamento dos cones de Dirac. Isso resulta
em um estado isolante conhecido como isolante de Mott, gerado pelas interacoes
dos elétrons localizados na rede de Moiré [42, 43]. Tal estado, ja observado
experimentalmente (Fig. 1.7(a-b)), ocorre devido a diminuicao da hibridizacao
entre as redes no angulo magico, suprimindo a energia cinética dos elétrons.
Com a rotacao, as zonas de Brillouin das monocamadas geram uma mini-zona
de Brillouin a partir do deslocamento dos cones de Dirac das monocamadas de
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grafeno (Fig. 1.7(d)).

Hexagonal boron nitride
Twisted bilayer

(C) 50 6 =1.08°

raphene
L

Figura 1.7: (a) Representacao do aparato experimental para o estudo do TBG. Foi
criada uma estrutura em que o TBG foi encapsulado por camadas hexagonais de
nitreto de boro sobre um substrato SiO,/Si. (b) Representacido da rede de Moiré
gerada a partir da rotacao em ¢ das camadas de grafeno. (c) Estrutura de banda
chata para velocidade de Fermi zero no angulo magico ¢ = 1.08° (linha azul).
(d) Mini-zona de Brillouin, gerada a partir da diferenca dos cones de Dirac pela
rotacao da rede (adaptado da Ref. [32]).

Apo6s essa breve introducao, podemos definir o Hamiltoniano do TBG

como

HTBG = h@FO'g -k + 50’0‘/, (19)

onde { = + sao os indices de vale, o, = ({0,,0,) sao as matrizes de Pauli, V'
representa a aplicacao de uma tensao externa entre as duas camadas € Ur € a
velocidade de Fermi renormalizada devido a rotacao entre as camadas [35] dada

por
. vr (RP0%G? — 3w?
UF 3 5( - 2 2A2B) 2 (1.10)
wi 4 + 3wy + PG
in? A
em que G = 8”252 € a distancia no espaco dos momentos entre os pontos de

Dirac em func¢ao do angulo de tor¢cao # entre as monocamadas de grafeno, a €
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o parametro de rede da monocamada de grafeno, wap € was Sa0 os termos de
hopping dos sitios AB e AA entre as camadas de grafeno, V' € a tensao externa
aplicada no sistema que define a divisao de energia entre os nés de Dirac (Fig.
1.8(c)), semelhante ao caso do metal de Weyl. O Hamiltoniano na forma matricial
é

HTBG = hﬁp(fJI,Uy)'k—i‘onV

_ ( N hm&kz—iky))' 11
hop(Ek, + iky) 3%

A adicao de um potencial V' pode alterar diretamente a estrutura de ban-
das do sistema, como no caso do metal de Weyl [26]. No caso do grafeno com duas
camadas sem torcao com empacotamento AA ha uma sobreposicao das bandas
de energia, fechando o gap e gerando um sistema com comportamento metalico.
A estrutura de banda se torna similar ao metal de Weyl com quebra de simetria
de inversao, ou seja, com as bandas deslocadas na energia, porém, com mesmo
momento (Fig. 1.8(a)). Por outro lado, ao realizar uma torcao entre as camadas
de grafeno, os cones de Dirac sao separados com momentos diferentes mas com
energias iguais, tendo um gap pontual localizada na energia zero (Fig. 1.8(b)).
Nesse caso, a aplicacao de um potencial V resulta em uma quebra da simetria de
inversao, deslocando os cones de Dirac no eixo das energias, gerando um sistema
metalico (Fig. 1.8(c)).



CAPITULO 1. INTRODUCAO 10

(a) Metal (b) Semimetal (©) Metal

Figura 1.8: Painel (a): Estrutura de bandas para o sistema nao torcido no caso
do empilhamento AA, com cones de Dirac coincidentes nos cantos de vale K = K/,
oriundo das zonas de Brillouin superior e inferior das monocamadas, respectiva-
mente. Esses pontos de Dirac aparecem deslocados em energia, devido a simetria
de inversao quebrada da fase metalica [28], em analogia aos homologos metali-
cos de Weyl [26]. Painel (b): a torcao restaura o carater semimetalico do sistema,
mas agora separam os pontos de Dirac em K # K’ no espaco de momentos por

8rsin . ~ .
Gy = “sa 2, onde a € o parametro de rede da monocamada de grafeno. Painel (c):

voltagens externas ligadas as monocamadas superior (+V) e inferior (-V) induzem
a quebra da simetria de inversao de carater metalico (adaptado da Ref. [26, 44]).

Portanto, organizamos este trabalho da seguinte forma: No Capitulo 2,
abordamos o Hamiltoniano de Anderson que descreve a interacao de um hospe-
deiro com impurezas. Apresentamos o caso de uma e duas impurezas acopladas
a um sistema hospedeiro e realizamos uma breve introducao sobre estados mole-
culares para definir o chamado por nos de estado molecular atomicamente frus-
trado. No Capitulo 3, introduzimos o formalismo das fun¢des de Green aplicado
ao calculo da equacao de movimento dentro da aproximacao de Hubbard I [50].
No Capitulo 4, apresentamos os Hamiltonianos de Anderson de Dirac-Weyl e TBG
e as principais passagens dos calculos realizados. No Capitulo 5, discutimos os
resultados sobre os sistemas e no Capitulo 6 apresentamos as consideracoes
finais, juntamente com uma lista de artigos produzidos no periodo.



Capitulo 2

Hamiltoniano de Anderson

Em 1961, o fisico estadunidense Philip Warren Anderson propoés um mo-
delo [45] para explicar resultados experimentais em que impurezas com orbitais
incompletos d ou f possuem momentos magnéticos bem definidos ao serem dis-
solvidos em metais simples, como o cobre [46].

Anderson propos um modelo para descrever a transicao de impurezas
metalicas em um hospedeiro nao magnético, que € capaz de mostrar o compor-
tamento dinamico das impurezas e, ao mesmo tempo, simples o suficiente para
permitir calculos precisos.

€4

Host

Figura 2.1: Representacao do modelo proposto por Anderson de uma impureza
adsorvida em um hospedeiro metalico. A intensidade de hibridizacao é dada pelo
parametro V entre a impureza (esfera laranja) e o hospedeiro metalico.

2.1 Hamiltoniano de Anderson de uma impureza

No modelo proposto, o metal € representado por elétrons em uma banda
com energias ¢x € numeros de onda k, enquanto a impureza € representada como
um orbital com duas orientac¢oes de spins o =7, ] e energia ¢,. A transicao de elé-

11
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trons entre os orbitais da impureza e a banda de conduc¢ao do metal € permitida
por um termo de hibridizacao V. Além disso, Anderson introduziu uma intera-
cao de Coulomb repulsiva entre dois elétrons com spins opostos para diminuir a
probabilidade de ocupacao dupla. Esse termo € essencial para a formacao de um
momento magnético no orbital localizado, pois para ser “magnético” esse orbital
deve ser ocupado de forma isolada, com apenas um elétron com um determinado
spin. Agrupando todos os termos, temos que o Hamiltoniano de Anderson para
uma impureza (do inglés Single impurity Anderson model - SIAM) é

Hsiane = D euchytuo + Y cadldy + Udldrdldy + V'Y (cyds + dfexs ), 2.1)
ko o ko

onde ¢} _(ck,) cria (destroéi) elétrons de conducdo com momento k e spin o, df(d,)
cria (destroi) elétrons localizados na impureza com spin ¢. No modelo proposto,
€4 = —% leva a simetria de particula-buraco e o modelo fica conhecido como
Anderson simétrico. Essa simetria pode ser observada na Fig. 2.2, em que uma
impureza acoplada em um hospedeiro gera dois picos iguais conhecidos como
picos de Hubbard na LDOS em funcao da energia.

LDOS
A

Il il o
&4 Er £d+U €

Figura 2.2: Figura esquematica da densidade de estados das impurezas para o
modelo de Anderson de uma impureza acoplada a um metal.

Denotamos o I' como o parametro de Anderson, responsavel pela semi-
largura dos picos de Hubbard. De acordo com a regra de ouro de Fermi [48],
o valor de I' € inversamente proporcional ao tempo de vida do elétron, como
podemos ver na seguinte expressao
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B h _h
2r [V|*pp 207

em que 7 € o tempo de vida do elétron num dado nivel energético, V' € o termo de

(2.2)
hibridizacao e py € a densidade de estados do hospedeiro.

2.2 Hamiltoniano de Anderson de duas impurezas

Para o caso em que duas impurezas interagem via um hospedeiro e atra-
vés de um tunelamento ¢, o Hamiltoniano de duas impurezas (do inglés Two
impurity Anderson model - TIAM) pode ser descrito de maneira semelhante ao
caso de uma impureza (SIAM) definido na Eq. (2.1) com o acréscimo de um in-
dice j que contabiliza duas impurezas e o termo de hopping, responsavel pelo
acoplamento entre elas, sendo assim, temos

Hrram = Zefkcirwcka-i-zfjd dga+ZU i1t j¢ djy
ko jo

( Z jo JU) + VZ (Ckadja + dj‘gcka> ) (2.3)

kjo

sendo j = 1,2 o indice das impurezas inseridas no sistema e j # j, ou seja, para
j = 1,2 temos j = 2,1. No termo de tunelamento, temos que d}a € o operador
de criacdo em uma dada impureza j, d;, o operador de aniquilacdo na impureza
adjacente e ¢t € o termo que representa a amplitude de acoplamento entre as
impurezas.

A adicao do termo de hopping caracterizando a interacao entre as impu-
rezas, traz alteracoes significativas na densidade de estados do sistema. Sendo
assim, os picos de Hubbard apresentam um desdobramento caracterizando um
estado molecular, como apresentado na Fig 2.3.
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(a)

Host gt ggtt eatU-t etU+Ht e
&

Figura 2.3: (a) Representacao do modelo de Anderson de duas impurezas aco-
plados em um hospedeiro. (b) Representacao das densidades de estados das
impurezas.

2.3 Orbitais moleculares e o estado molecular ato-
micamente frustrado

Neste trabalho, sera investigado o efeito da inclusao de impurezas em um
sistema e como elas podem afetar o comportamento dos elétrons. Essas impu-
rezas podem estar conectadas entre si formando estados moleculares ou perma-
necerem isoladas em seus estados atomicos. Normalmente, a ligacao entre as
impurezas € estabelecida por um termo de acoplamento direto entre as mesmas,
entretanto esse termo nao sera necessario neste trabalho (basta fazer ¢t = 0 na
Eq. (2.3)). Dessa forma, a formacao de estados moleculares pode ocorrer de
forma menos comum, com a comunicacao entre impurezas sendo mediada pelos
elétrons do hospedeiro, especificamente em sistemas compostos por semimetais,
como os de Dirac-Weyl e grafeno bicamada torcido.

Ao estabelecer uma conexao entre as impurezas, os orbitais atomicos se
combinam para formar uma configuracao caracteristica de uma molécula. Esse
novo orbital € criado através da superposicao das funcoes de onda dos orbitais
atomicos. Matematicamente, essa formacao do estado molecular pode ser re-
presentada pela combinacao linear dos orbitais das impurezas. A solucao da
funcao de onda obtida pode ser dada pelo calculo da equacao de Schoédinger do
tipo HYmer = Evmoer, onde ¢y, representa a funcao de onda molecular, ou de uma
forma mais clara, através da combinacao das funcées de onda dos atomos, onde
o orbital molecular pode ser representado na forma vp,q = Catpa + Cpipp, onde Cy
e C'p sdo constantes e ¢4 € ¥ sdo as fungdes de onda referentes aos dois atomos
isolados.
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Quando os atomos se combinam para a formacao molecular, as funcoes
de onda dos orbitais atdomicos se sobrepoem, resultando em novos estados ener-
géticos. Esses estados podem ser classificados como ligante ou antiligante, de-
pendendo da energia associada a eles. O estado ligante € caracterizado por uma
interferéncia construtiva entre as funcoes de onda, levando a uma redistribuicao
da densidade eletronica entre os atomos e uma energia menor do que os estados
atomicos isolados. Ja o estado antiligante € caracterizado por uma interferéncia
destrutiva entre as funcées de onda, resultando em repulsido dos orbitais atémi-
cos e uma energia maior do que os estados atomicos isolados.

a) b) Antibonding

v, . e O -

Energy
C
C

‘ J J Bonding

Figura 2.4: (a) Representacao das funcoes de onda dos atomos isolados. (b)
Representacao de uma molécula formada por dois atomos, resultando em orbitais
moleculares ligante e antiligante.

Neste trabalho, analisamos os estados atomicos e a formacao de molécu-
las através da observacao dos graficos de densidades de estados. Essa analise €
realizada através dos picos de Hubbard, que sao obtidos a partir dos calculos das
funcoes de Green das impurezas. Essa informacao sera detalhada no préximo
capitulo.

Ao analisar os estados moleculares e atomicos formados por impurezas,
€ possivel observar que as caracteristicas apresentadas podem esconder a verda-
deira natureza da interacdo entre as mesmas. E possivel identificar um estado
molecular chamado de estado atomico frustrado, que surge a partir da quebra da
simetria devido a variacao de um potencial externo. Nesse caso, a assinatura que
antes indicava localmente a interacao entre as impurezas passa a se assemelhar
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a de atomos isolados, mas a troca de informacao entre as impurezas ainda €
mantida.



Capitulo 3

Formalismo das funcoes de Green

Como citado anteriormente, os resultados analisados sao extraidos via
funcoes de Green, sendo possivel, com tal formalismo, calcular a densidade de
estados do sistema. A densidade de estados p;pos pode ser definida pela parte
imaginaria da funcao de Green retardada do hospedeiro perturbado,

prpos (R) = —%Im [Z G (e, R)] . (3.1)

3.1 Funcoes de Green

As funcoes de Green sao ferramentas fundamentais utilizadas para ana-
lisar sistemas quanticos, especialmente aqueles com interacoes entre as parti-
culas. Elas permitem a obtencao de informacodes valiosas, como a densidade
de estados [47], através de sua relacdo com as funcdes de correlacao. Neste
trabalho, as funcoes de Green retardada e avancada [48] serao utilizadas para
descrever a dispersao de elétrons em nosso sistema, devido a sua capacidade de
lidar com problemas de muitos corpos na mecanica quantica.

Gl (x, ;0 1) = —if (¢t — ) ([¢ (v, 0), 0" ()] ), (3.2)

G (r ;1) =6 (' —t) ([v (x, 1), 0T (', 1)],), (3.3)

onde ¢ (¢t —t') € uma funcdo degrau, [..], é a relacdo de anticomutacao e (...)

Jr
representa uma meédia térmica. Tal média térmica € expressa por

17
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() 0t (0, 0],) = ST e [l (. 0)], ) 3.4)

em que Z = T,{e "} € a funcao de particao, T, representa o traco, = ;-5 €
H € o Hamiltoniano do sistema. Definindo um estado |n) que é um autoestado
do Hamiltoniano (H |n) = E|n)) temos a expresséo final das fungoes de Green

retardada e avancada
/ / . / 1 - / /
G (x40, 1) = —if (1= 1) Y e (n|[v (e0), 0T (@ )] |n),  (B.5)

GA(r,t:x ) =i (£ — 1) Z %eﬁEn@ ‘ [1/1 (r,t), 0" (¢, t/)h‘ n>, (3.6)

n

que satisfazem a seguinte relacao

G (r,t;x,t") = [G* (r,t;r’,t’)]T. (3.7)

Podemos notar que a diferenca entre a funcao de Green retardada e a
avancada, € que a primeira € modulada pela funcao degrau 0 (¢t — ') em que t < ¢/,
GE(r,t;¥,t') = 0, enquanto a segunda, para t > t', G4 (r,t;r',¢) = 0. As funcoes de
Green sao definidas no dominio do tempo, porém, de acordo com a Eq. (3.1), a
LDOS ¢ proporcional a parte imaginaria de uma funcao de Green no dominio das
energias. Contudo, isso pode ser obtido através da transformada de Fourier € o
método da equacao do movimento. (EOM: equation of motion).

3.2 Equacao do movimento (EOM)

Para explicar o método da equacao do movimento, utilizaremos uma defi-
nicao simplificada da funcao de Green na representacao de Heisenberg,

Gl (1,0) = —10 (1 0) (A1), B (0)] ), 5.9

onde A e B sao operadores fermionicos e a dependéncia espacial foi omitida e t' =
0. Realizando a transformada de Fourier e levando para o espaco das energias, a
funcao de Green pode ser reescrita por
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—% (e +1in) Ghs (e) = /Z dt% {—%9 (t—0)( [A (t), Bf (0)} +>} erletint, (3.9)

sendo que
Gl (6) = [ diglis (0)eieH, 3.10)
e
z ) CR =0 0r i (etin)t
—ﬁ(z-:er) Gag(e) = dtagAB (t,0)en , (3.11)

e n — 07 um infinitesimal positivo para que a expressao seja convergente nos
limites. Realizando a derivada temporal, temos

l

h(s%—in)gfg(e) = —ﬁ/mdt%H(t—O){q

(3.12)

onde a derivada temporal da funcdo degrau resulta em uma delta de Dirac
d (t — 0). Enquanto a derivada temporal do operador de aniquilacao, pela equacao

de Heisenberg, € definido por %igt) = —% [A, H ] Portanto

—erinGin@ = 1 [ ana-0{([iw.510)] e

o0

+ (—%) /Zdt{&(t—OM[—% [A,H , Bf (0)L>}e%<€+in>t.

(3.13)

Resolvendo a integral do primeiro termo, obtemos que
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~

(c+im) i) = ([A0),B'©0)] )

+

+ /_OO dt {—%9 (t — 0) HA, H} B <0>L>} e (Eint

[e.9]

= ([40.B 0] )

+

+ /_ . 4G s (1) eh(EHmL, (3.14)

Pela definicao da equacao Eq. (3.8) e Eq. (3.10), temos que o segundo

R

termo € uma nova funcao de Green Q[ A5 (¢). Portanto

(e +in) Ghg (e) = <[121, BT]+> + Q&H]B (). (3.15)

A ideia basica deste método é gerar uma série de equacdes diferenciais
acopladas. Como apresentado, o calculo de éﬁg gerou uma nova funcao Gﬁl Als
O calculo terminaria apenas quando um conjunto de n equacoes e n funcoes de
Green € obtido. No entanto, em alguns casos, essa série de equacodes € infinita, e
€ necessario recorrer a argumentos fisicos para restringir o conjunto de equacoes

de forma adequada, como por exemplo, a aproximacao de Hubbard I [50].

3.3 Aproximacao de Hubbard I

Considerando um sistema interagente no qual dois elétrons de spins opos-
tos ndo podem ocupar o mesmo estado e, portanto, um deles sendo repelido para
um estado ¢ = ¢; + U devido a repulsdo de Coulomb, pode-se verificar a presenca
de funcées de Green de alta ordem, como por exemplo G,

Jo’njd6dlo

. Apos a aplicacao
do método da EOM na mesma, obtemos a seguinte equacao

(6 - 6]‘7 - UJ + er/) gdjdnjd5dl0 (6) = 1 - Z ‘/}kgcladj&djadlu (E)
k

+ Z V}kgd}ackadjadza <€> + Z V}kgckod;adjc’rdza (6) :
k k

(3.16)

O calculo da funcao de Green de alta ordem originou outras funcées de
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Green de alta ordem. Ao calcular essas novas funcoes de Green, surgirao outras
funcoes de Green novas, e assim sucessivamente. Como essa série de equacoes
€ infinita, € preciso aplicar um método de aproximacao para resolver o conjunto
de funcoes de Green. Neste trabalho, utilizamos o método de aproximacao de
Hubbard I [50], truncando essas funcdes de Green através do uso de campo
meédio, o que pode ser resumido pela seguinte expressao:

Gasep = <AB>Q~CD7 (3.17)

com (AB) = (B'A"). Em certas condicées de temperatura, € possivel o surgi-
mento do efeito Kondo para 7' < Tk, em que T € a temperatura do sistema e Tk
a temperatura de Kondo. O efeito Kondo ocorre quando ha um acoplamento do
tipo antiferromagnético entre os spins localizados na impureza e os elétrons de
conducao proximos ao nivel de Fermi do meio hospedeiro. Entao, os elétrons de
conducao formam uma nuvem para blindar o momento magnético localizado na
impureza. Consequentemente, observa-se na densidade de estados um pico cen-
trado no nivel de Fermi, denominado pico de Kondo. Para o caso dos semimetais
de Dirac-Weyl e TBG, nao ha problema em utilizar a aproximacao de Hubbard I
mesmo com 1T < Tk devido ao pseudogap nas bandas de energia localizado no ni-
vel de Fermi em ¢r = 0. Entretanto, € possivel estudar o efeito Kondo em um caso
de quebra de simetria de inversao e simetria de reversao temporal preservada,
pois o nivel de Fermi apresenta-se como um nivel com um numero finito de esta-
dos. Porém, mesmo nessa situacao, optamos em analisar fora do regime Kondo,
isto €, fazemos um calculo em 7' = 0K e na aproximacao de Hubbard I, mas assu-
mindo que 7' > Ty e que a distribuicao de Fermi-Dirac pode ser aproximada por
uma funcao degrau, de onde justificamos as hipoteses anteriores.
Aplicando o método descrito pela Eq. (3.17) na Eq. (3.16), temos que:

VGt aoarar, ) = (VicChodio) Gy, () (3.18)

Vi, (6) = (Vixdlyexo)Gayar, (€) - (3.19)

5k djodis

Como resultado, a Eq. (3.16) é

(5 —&jo — Uj + ZT]) devnjdadla (6) =1+ Z ‘/jkgckgdjgdjadzg (6) ) (320)
k
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restando apenas a funcao de Green G para ser calculada.

ckod]djodiy ()

22



Capitulo 4

Hamiltonianos de Dirac-Weyl

Neste capitulo apresentamos dois sistemas estudados durante o douto-
rado, sendo eles: metal de Weyl. Consideramos um metal de Weyl com um par
de impurezas enterradas e separadas por uma distancia R;,, como apresentado
na Fig. 4.1. Sendo assim, estudamos o comportamento da interacao entre as im-
purezas modulado pela quebra de simetria de inversao (). Para investigar esse
efeito, calculamos localmente a densidades de estados a partir das funcées de
Green do hospedeiro.

Portanto, neste capitulo serao apresentados, o Hamiltoniano dos siste-
mas, os calculos das funcoes de Green via método da equacao de movimento e
os calculos das funcoes de Green das impurezas, onde utilizamos a aproximacao
de Hubbard I.

23
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Figura 4.1: (a) Representacao do sistema considerado, constituido por um par
de impurezas enterradas em um metal de Weyl. As posicoes das impurezas sao
caracterizadas pelos vetores R;,. Os estados moleculares da impureza podem
ser sondados na superficie do hospedeiro por uma ponta STM (STM - Scanning
Tunneling Microscope), cuja localizacao € descrita pelo vetor r. (b) Representacao
da dispersao de um semimetal de Dirac. O pseudogap € formado em torno do
ponto de Dirac, com densidade de estados (DOS) p(¢) = 0. (c) Representacao da
dispersao do metal de Weyl. Devido a quebra da simetria de inversao, os nos
de Weyl sao deslocados verticalmente um em relacao ao outro. O pseudogap €
fechado devido ao levantamento da degenerescéncia dos nos de Weyl. (d) DOS
p(e) de um semimetal de Dirac. (€) DOS p(¢) de um metal de Weyl. Os sinais de
mais e menos identificam a DOS resolvida em quiralidades opostas.

4.1 Hamiltoniano do sistema

O Hamiltoniano efetivo que descreve os elétrons livres em um semimetal
de Weyl

Hy =Y 0] (K)hy (K)i), (K), (4.1)

sendo o Hamiltoniano que descreve um par de nos de Weyl de quiralidade oposta

hy (k) = x [fwpo - (k — xQ) + 00Q0] (4.2)

onde y = £1 refere-se a quiralidade dos nos de Weyl, vr € a velocidade de Fermi,
o = {0,,04,0.} sdo as matrizes de Pauli, k € o vetor de onda, @Q é o analogo ao
potencial vetor responsavel pela quebra de simetria de reversao temporal e ), €
responsavel pelo mudanca na energia dos cones devido a quebra de simetria de

inversao. Os termos
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Yy (k) = <CkxT> ’ W( )= (CkxT CIm) (4.3)

Ckxl

sdo spinores com operadores fermionicos de criacao e destruicao de elétrons em
estados quanticos rotulados pelo vetor de onda k, spin ¢ e quiralidade y. As
matrizes de Pauli sao

0 1 0 —i 1 0
aw—(l O)’ ay—<i 0), 02—<0 _1>. (4.4)

Para realizar calculos futuros, realizamos as trocas de variaveis

P=(k—xQ) (4.5)

=(q—xQ). (4.6)

Assim, o Hamiltoniano pode ser expresso como

hy (P) = x [vro - P + 00Qo] - 4.7)

Aplicando os spinores acima no Hamiltoniano, temos

HO = Z X {(Usz + QO) CI’XTCPXT + UFp*CLXTCP)@
PXx

+ UFp+CLX¢CPXT+ (—vrp: + Qo) pX¢CpX¢} (4.8)

onde h=1¢e py = (p, +ip,) com p,p_ = p> +p§.
Adicionando o termo que descreve as impurezas j = 1,2 (modelo de An-
derson)

Hipnpy = Zajocﬁ djo +ZU b dpd! djy (4.9)

e o termo de hibridizacao
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Hpyp, = Z Vip(d}y oo + H.C.), (4.10)

JPoX

no qual Vj, = J&¢'P*@R;. Sendo assim, temos um novo Hamiltoniano

H = HO+Himp+thb

= Z X {(UFPZ + QO) CI’XTCPXT + vpp— CI’XTCPXL
PXx

+ UP41+CLX¢CPXT *‘(“UF?E:4‘CQO)CLX¢CPX¢}
> ejedlydic + Y Vipldhyepyo + Hoel) + Y Usdhidypdl dyy. (4.11)
Jjo j

JPoXx J

+

Tendo como objetivo calcular a densidade local de estados (LDOS), por
definicao temos que
1 .
puvos (5) = ——Im [G (¢)] (4.12)
no qual, por hora, omitimos a dependéncia em R,,. Tendo como ponto de partida

a funcao de Green

G(t) = —%9 () 273 e (0] [ (R )0 (R, 0)] | ). (4.13)
onde
1 i Cpyt (1)
Rm, - ip-Rmy pxT 4.14
v R0 \//\_/%6 <0px¢(t)> @14
€
VT (R, t) = \/LN D ke ( o) el () ) (4.15)

representam os operadores de campo fermidnicos. Portanto, podemos escrever
nossa funcao de Green como

g (t) _ j%[ Z Zefi(pfa)'Rm < gCPXTCax’T (t> chXTCax’i <t) ) . (416)

Pa xx’ gCPXlCaX’T <t) chXicax’i (t)

Definindo em termos da energia e considerando apenas a diagonal prin-
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cipal, definimos

() NZZ eTIRRRAG e (€ (4.17)

Pa oxx’

4.2 Densidade local de estado (LDOS)

Para encontrar a LDOS, € preciso calcular a funcao de Green

o (8) v (0]

n> . (4.18)

oy (1) = 01 7 e <

Para calcular essa funcao de Green, € preciso evocar o método da equacao

+

de movimento (EOM), apresentado na secao 3.2. Sendo assim, temos
")

+ <_%> UrX (P=00t + (=2 + Qo) Oa1) Gegyyeqyrr ()

; (——) > Ve 0 (4.19)

%ngngaxld/ (t) = __5 Z eiﬁEn < [CPXU <t> 761,)(’0’ (O)]

1
+ <_7_7/> UrX (er(soi + (pz + QO) 5UT) gcprCax/a/ (t)

+

Realizando a transformada de Fourier, temos

(5 + “7) chxgcaxzaz (5) - 5paéxx’5aa’ + VrX (UFp+5U¢ + (Usz + QO) 5UT) g~0prCaX’a’ (6)
+ X (va 601‘ + (_Usz + QO) 5a¢) g’vCpX‘LCaXIOJ (5)
—- Z VipGymcayr (€) - (4.20)

Utilizando a Eq. (4.20), podemos escrever quatro funcées de Green para

o=T,led =11
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5 5pa5)(x’ VpXD—- 5
c. . \E = = + = €
gCPXT ax/t ( ) £y — UpXD: Ey — VFXD: Cpx Cax/1 ( )

V- ~
+ Z ~+pgdj¢ca>(/¢ (€> )
J

5)( — VF XDz

5 VFXP+
c Carn \E = ~— Cosl + caurr \E) s
gl’Xi axT( ) €X+UFXp Cpxt axT Z€X+UFXP djy axT< )

5 6pa6)<x’ VrXDP+ 5
G Car/ € - ~ + ~ C Cay/ €
Gepicuc (9 Ex Fupxp:  EFupxp. DT )

V- -
Py g ),
J

gx + VFXDP:z

5 . VrpXP—- Vip 5
gc;;xTcaxw (5) - mgcpxicax% (5) + ; mgdﬁ%w (8) >

28

4.21)

(4.22)

(4.23)

(4.24)

onde nos consideramos &, = ¢ +in— xQy. Combinando as Eq. (4.21), (4.22), (4.23)

e (4.24), temos

3 Spaldyy (Ex + VEXD:) Vip (Ex + vrXD:) 5
Geporogr, (€) = XX + L G rer . (€)
CpxtCax/t 8?{ — (UFp)2 Zj: 8?( - (UFp) d
vrXP->_; Vip +
+ ——5"G4,c,.. (€),
&2 — (UFP)2 o
~ Opad. /(é: —prpz) V; (é _UFsz)
Geprseny, () = XX +) Gujcae (€)
Pxtfax'i &2 — (vpp)? zj: &2 — (vrp)’ o

VrpXP+ Z] Vie 5

&2 — (vpp)* Giewes ().

Agora, precisamos calcular G,

chaX/G/

de Green avancada

(4.25)

(4.26)

(¢). Para este caso, utilizamos a funcao
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l

Fapsens (1) = 202732 (] [, 0) caver ()] 1)

n

Aplicando a EOM e a transformada de Fourier, temos que

X (vraidyrp + (Vra, + Qo) d
X (vpa_d,4 + (—vpa, + Qo) d

Z Vza]:_djgdw, (e)
1

(5_277)'Fdac //(5)

ax’'o

Aplicando a propriedade G,
dente funcao de Green retardada

(5 + Z/rl) gd i Cand ! (5) X, (UFa—(So"\L + (UFaz + QO)

ax’'oc

+ X (vrPqi oo + (—UFCLZ + Qo)
+ Z gdﬁ,dl(r
Para o’ =1, |, temos
vex'ay Via
C, = = C + =
gd]g‘ ax/t ( ) €Xl N UFX/CL gd]v axi Z €Xl — /UFX a,

V*

vpx'a_

gdUCaxi( )_

Combinando as Eq. (4.30) e Eq. (4.31), temos

E
la 5
~9 agdjale (E) + ~2

&, — (vra) 5

(&y +vrXa,)V,
gdgo'cax’? ( ) = Z X p)

pocunior (€) = [Fipacy (©)

Sy FN (5 P p— —
€X/ +/UFX/CL d](f aXT Z €X +/UFXG’

> vrX'a4 Vi

2, — (vpa)®

1) Fyocavs (€)

/wL) ‘Fd joCax'| ( )

50/T) g~djacax'T (8)
50'/\1/) gdjcrcax'i (6)

g~dj0'le (5) )

gdjodu (5) :

agdjadu (5)

29

(4.27)

(4.28)

T
} , temos a correspon-

(4.29)

(4.30)

(4.31)

(4.32)
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& — (vpa)? &, - (vpa)?

& —vpXay) Vi vrx'a_V,
gd](,cax " ( ) = Z ( X rx ) lagdﬁ,du (5) + M%ﬂ,d” (5) . (4.33)
l

Substituindo ¢ =1, |, obtemos quatro funcoes de Green

RCEDD %;fifj;))ﬁ Gy (€) + %Qdﬂdu €. @39
gdjwax i Xl: (Ev X—l— vF)sza;) Via gNdelT (e) + %dedu (e), (4.35)
Gopen, (0) = ZI: - vija;)) Via Ga,var, (£) + %Qdﬂ% (), (4.36)
G e, (¢ le = “Ff:a)) ag, . )+ %gdﬂdm ().  (@4.37)

Agora, vamos calcular a funcdo de Green G, .4, , (), utilizando a func¢édo
de Green retardada

Genodr (1) = —%6 (t)z7t) e <n n> : (4.38)

n

oo (1)} (0)]

Aplicando a EOM e a transformada de Fourier, temos

X (VEP405y + (VEP2 + Qo) d51) g%dela, (e)
+ X (Vrp-0ot + (—VEp. + Qo) 65) g~cpx$dlg, (e)
+ Z VipGu,,d,,, (€) - (4.39)

(e +1in) QNCPXG%/ ()

Substituindo ¢ =1, |, temos
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5 _ UFXP+ 5 Vip 5
Gepnsdyyr (€) = mgclang/ (e) + Z ﬁgdndw OF (4.41)

Combinando as Eq. (4.40) e Eq. (4.41), temos

: (Ex +vrxp:) Vip 5 2 vrXP-Vip
gc X d o (8) - . gdj d o (8) + ~—ng d o (6) 9 (4'42)
pxTd zj: €i _ (UFp)Q T4 €i _ (UFp)Q 14
— vapz ) Vie 5 > VEXP+Vip =
G. G, = —Gi.i, (). 4.43
Pxidlcr ; U p) dj d;, ( ) gi _ (UFp)2 djrdy, ( ) ( )

Substituindo ¢’ =1, |, ganhamos quatro novas funcées de Green

~ (&, + vpxpz Vip 5 Z]‘ vEXP-Vip 5
Ge 1 d X gdj diy (€) + ~—gdj diy (€), (4.44)
pxT m ; p) tdig 53( - (UFp)2 i

~ (éx + vpXD,) Vie 5 > vEXP-Vip ~

Gepordy, (€) = . Gajray, (€) + ————5Ga, a0, (€), (4.45)
px 1Al ; 63( . (va)Q A 63( . (va)Q 1ary

. (& — vexD:) Vip 5 > VEXP+Vip 5

g €)= Ga. € — =G, €), (4.46)
Cpxuln( ) zj: 52 ~ (vr p) dudm( ) 53< _ (UFp)2 djrdy ()

5 —vrXP:) Vip > VEXP+Vip ~

Ge Ga, —Gq,. €). 4.47
pridy (€ ; 2 — va) sy, (€) 2 — (ur p)2 sy, (€) ( )

Porém, utilizaremos apenas os termos diagonais. Com isso, podemos
considerar o = ¢/,

+ » ;U ch‘rv 5
3 ax Fouep)Ving, (o) 4 2PV (4.48)

g~c - i €)s
PX dla va) éi o (UFp)2 d] dis ( )

J

onde o termo ¢ = 1, —1 para spin ¢ =t1, |, respectivamente.
Retomando as Eq. (4.25) e (4.26) e combinando com as Eq. (4.34), (4.35),
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(4.36) e (4.37) calculadas anteriormente, obtemos

Geppreays )

gcpxicaxli (€>

Opadyy’ (ENX + VFXD-)

5§ - (UFP)2
[ Vip (& + vexp2) | | G +orxan) Vi ] 5
* Z 82 — (vpp)? &2, — (vpa)® " | G (©)
gl L X L X'
v (€ ‘I'UFsz)- [ vrX'a+Via | 5
+ Z ]P~2 X . T la2 gdﬂdu (€>
i L & — (vrp) L&Y (vra)
[ Vigorxp- | [(Ey +orxa) V] 4
+ Z ~2]P 5 X~2 . la gdjuin (6)
G (vrp)™ | | &5 — (vra)
v Vp XD 11 vrX'a:Vig | 5
+ JP a g ) €),
%: &~ (vrp)’ ] | &) — (vra)’ i )
_ 5P35xx’ (gx — VFXP-)
&2 — (vrp)”
_Vjp (Ex — UFsz>_ _<5~x’ —vrX'a:) Via | 5
" Z &2 — (vpp)® &2, — (vra)’ | G )
gl L X X'
(Vip (& —vexps) | [ wrxaviz | 5
+ Z JP~2 X : z o la2 gdj¢dl¢ (8)
il €2 — (vrp) &5 — (vra)
[ VipUrXpy ] _(5 r—vpX'a) Via | 5
+ Z ~2] 2 X~2 T Gy, (€)
il (vep)” | &, — (vra)
[ VipUrXxp+ 11 vrx'a_ Vi | 5
+ g . g).
o il | B R

Retomando a Eq. (4.17), temos

32

(4.49)

(4.50)
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1 [ 5 ’
+ DD | Ru) Gapa () T (Run)|
0 '
1 [ > ’
+ DD B Rug) Gapa (4) T, (Run)|
O 't
1 r ~ , 1
+ ﬁ Z Z _E;?(az (ij) gddeu (6) 231((, (le)_
O 't
1 r ~ , 1
+ 02 Z Z _E;(U (Rmﬂ) gddeu (5) 231652 (le)_
O xx' 4l
1 r ~ , 1
+ ﬁ Z Z _E;‘G (ij) gdndn (6) 2?1(57 (le)_
O xx' 4l
1 r ~ , 1
oD B (Ruy) G, () 2, (Ruy)|
0 v i
1 [ 5 ’
+ v2 Z Z _E;fa (Rnj) Gaj a0y, (€) 33, (leﬂ
0 '
1 [ > ’
+ _(2) Z Z _Zgaz <Rmﬂ) gdj¢d1¢ (5) Efz(az (le)] )
xx' Jl

em que XX | XX XX e XX sdo as auto-energias definidas como

Z Ex t ovpXP: CUPXP: —ip-(Ri—R;) o ~ixQ (Rn-R))

5 — (vpp)? ’
_ Z vFX (P2 +91Dy) _ip.(R,\-R;)) ,~ix@ Ry —R))
Do )
— UFP)
z(;z _ Z €y + ovpx' C;z o~ (R—Rpm) ,—ixQ-(Ri— Rm)
— (vra)

Z UFX am + O'Za/y) e_ia'(Rl _R"L)e_iXQ'(Rl_R’"L)
— (vpa)?

Substituindo a Eq. (4.51) em Eq. (4.12), temos

33

(4.51)

(4.52)

(4.53)

(4.54)

(4.55)
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proos (€) = ,00
N 7'('1)3 Z Z Im _E;(Jz (ij) gddelT <8> E;(;Z (le)i|
XX’

1 [ 5 /
) Z Z Im _E;(a (ij) gddelT (8) EZ(& (le)]
xx’

TG

| : ) , :
T2 Z Z Im _Egdz <RmJ) gdﬂdu <5> Eifa (le)_

™)
0 v i

1 r - , -
) Z Z Im _E;fa (ij) gd,ﬁdu (5) Eaxa-z (le)_

™)
0

1 : . , :

o 7TU Z Z Im _E;fo <Rm]) gdjile (6) EaX52 (le)_
O xx i

1 : . , :
T2 Z Z Im _E;CUZ ( mj) gdﬂdm <€> E?l(o' (le)_

™)
0 '

1 I 5 /
- 3 Z Im |5 (Rynj) Gaya,, (2) 2, (le)]
XX
1 [ 5 /
B W Z Z Im _Egaz <Rm]) gdjidu <€> Eiz(gz (le):| (456)
O xx' il
em que
po = Z Im Z (Ex + i) (4.57)
WN (24 +in)° — (v2p?)

€ a densidade de estados do semimetal de Weyl. Como resultado dos calculos da
Eq. (4.57), temos

po(€) = 136 (4.58)

onde a energia € definida por ¢, = e — xQy. Quando @), = 0, a densidade de estados
retoma a expressao do Dirac 3D.

4.3 Funcao de Green das impurezas

Agora € necessario calcular as funcoes de Green das impurezas. Por defi-
nicao, tal funcao de Green é dada por
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Gjod,s (1) = —%0 OFadIaa <n

n

e (8) L, (0)]

n> ) (4.59)

Aplicando a EOM e a transformada de Fourier

(e —cjo— [EX.(0)+ X (0)] +in) Gaypar, (€) = 651+ UiGayonyundis (€)
+ 28, (Ry) + 25 (R;5)] Gasai, () -

(4.60)
Agora, temos que calcular
l _ _

gdjff"jcl&dh7 (t) = _ﬁH (t) A 1 zn: e BEn <n |:djanjd5, d;rg, (0)] N TL> . (46 1)

Aplicando a EOM e a transformada de Fourier, temos

(¢ = jo = U + i) Gayomyaoti, (€)= G5 < Mjas > =) Vjpgc;)(&dﬁdjadla (€)
PX
—I— Z ‘/}pgdj-&cpx&djodln (6) + Z ‘/‘vjpg’vCPXUdjédj5dl” (6) )

PX ' PX

(4.62)

Nessa equacao, utilizaremos a aproximacao de Hubbard I apresentada na

secao 3.3
g’vd;a_cpxﬁdjgdlg (5) — < Vjpdja_Cpxa- > g~djﬁdlo_ (6) 9 (4.63)
C;C;xfrda‘&djodla () = < Vj;CLxc‘fdj& > gdjodlo (€), (4.64)

portanto,
(& = €jo = Uy + i) Giomaoai, (€) = 05t < Mjiz > + ) V}P(jchad}&dj5dl(r OF (4.65)

PX

Agora, vamos calcular
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Geood’dyody,, (1) = <—%> 0(t) 27 e P <

n

[CpxcrdT djde (O)]+

n> , (4.60)

que, aplicando a EOM e a transformada de Fourier, resulta em

Vip (Ex + ovrXD:) 5
é?( - (UFP)2

Vip (Ex + ovEXD2) (Njas) G 4 (£)4.67)
£ — (vep)? o

B VipUFXDs

gcpxanjdﬁ'dlrr (5) = gi _ (UFp)2 gdj&"jd(rdl(r (5) +
VipUrXPs 5

+ ~9 = zgd;anjdadla (5) +

6)( - (UFp)

djonjdsdio (5)

Substituindo a Eq. (4.65) e Eq. (4.67) em Eq. (4.60) e, deixando em
termos de j=1,2el=1,2, temos

~ AE’
Giryir, (€) = - : p— : (4.68)
_ _ X o\o ;Do-z 12)25,, . (Ra1 .
(5 o = e (0 AT (s e20 =5}, (0) +in) +m)
- )\g
Gitsin, (€) = - P : (4.69)
_ _ X o \O Po‘z 21)~ag, \(T012 .
(8 27 = Zo. (0) = AT (5 e10—25,. (0)+in) +277)
. ATEX (R i
Gaypdsy (€) = Pes (Ryo) Gdoodoy (€), (4.70)
(5 — 1, — 2% (0) + m)
;5 AZEX (R .
Gioar, (€) = AL Guroar, (2), 4.71)
(8 — €9y — Zpgz (0) + m)
onde
2x,.(0) =25 (0)+Xx_(0), 4.72)
N =140, \y00) . (4.73)

(e —gjo — U; — [E3,. (0) + 255, (0)] + in)
Agora, vamos realizar os calculos das auto-energias nao interagentes que
descrevem as formas como as impurezas sentem o sistema em que estao adsor-
vidas. Temos duas situacdes para realizar o calculo: R #0e R = 0.
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4.4 Auto-energia para R #(

Primeiramente, vamos calcular XX . Para calcular esta auto-energia, €
preciso converter a somatoria para coordenadas esféricas,

2
p?sinfdpdfdé. (4.74)
0

Sendo assim, temos que

Q) 21 ) ;
;Co' = € iXQRm; Z077AT UOU X / / / D szn@dpd9d¢( : y)
(UFp)

Q A 1p|Rm]\0059
— ¢ XQRp; J07FAT UOUFX / / P szn@dpd&pszn ‘ 5 / cospde
— (vrp) 0

0 0 —ip|Rypyj|cost 2m
4 e IXQRmj, z OUFX / / P sm@dpdﬁp(%n2 ‘ 5 / singdg
€2 — (vrp) 0

il Q sinfe” ip| Ry j|cosf }
) e_ZXQij v FX / / P sm@dpd@p (v p)2 [Simb]g
F

1p|Rym j|cosO
+ e XQRu; UOUFXQ/ / psm@dpd@psmee j
— (vep)

2 [005¢]§W
- 0. (4.75)

Este resultado € valido para ¥Y . Portanto, a Eq. (4.56) pode ser escrita
como

prpos (€) = ZPO

E Z Z [ pgz m] gd irdir ( ) 31{, (le) + Z;))(gz (ij) g~dj¢du (6) E?f:,z (le) )
xx’'

(4.76)

ou

[ proos (€) = po + E 2> 3D [EX (Rinj) Gajoar, (€)X (Rim) | - (4-77ﬂ

xx' gl o
Agora, vamos calcular a auto energia XX
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' 2w ZPng
XX o= e_’XQ'R”” / / / D sm@dpdeQS
(UFP)

Q ocom 27 lpRmJ
+ Ue_ZXQRmJ Y% ""FX / / pstddedgb ~tora)

. Fip|Rpj|cosd
= ejF’XQ'RmJ / // P Smedpdﬁdgnge
(UFP)

Q 27 Fip|Ry, | cosb
4 g ng Y UFX / / / p 32n96089dpd9d¢e J )2, (4.78)
— (UFp

em que F representa o sinal para p e a, respectivamente. Calculando o primeiro
termo da Eq. (4.78)

eFPRm;

I, = eT™QRm; 0~ / / 2sinfd dﬁgx—
' N (27T P P e2 — (v p)’

2 o) s
= ejFiXQ'R””'—UOQ 2 / dep—gx 5 / sinfeFTPIRmjlcosd gg
) 0 £ )" Jo

N (27)° 2 — (vpp
| 20) o0 m .
—  FiIXQRy, U—Qﬂ/ depg—Xz/ Sz‘nee:FZp'ij‘cosedQ, (4.79)
N(@2n)’ o ex — (vep)™ Jo

pelo método de substituicdo de variavel, vamos definir v = Fip | R,,; | cosf e
derivando com relacao a ¢, temos du = +ip | R,,; | senfdf, a parte angular torna-se

T ' 1
dfsinfeTPRmjlcosd / ————e%a
/0 +ip | Ry, |

1 .
o [,FipIRmjlcost] T
TR, k
1 " . 4 .
- = (e ip| R _64:1P|ij| , (4.80)
iR, )

sendo assim
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2 [oe)
I, = eﬂxQ'Rmy’UO—Qg/ p2dp x . ( : 1 eTPRm;| _ ;
N (2m)? Jo €2 — (vpp)” \Eip | Ry | +ip | Ry |
2 [e'e}
—  LeTXQRy; 42 - / pdp £x . (eiip\ij\ _ eﬂlemy’\)
Ni| Ry, | 2m)? Jo €2 — (vpp)
2 [ee)
L FQR,, Up§2 / pdp——5x (Rl _ inlRu )
(2m)° Ni | R, | (vpp)2 —e2
— _e:Fl‘XQ'Rm] UOQ&X / ( Z‘lemj‘) ,
27) Ni | Ry, vF — 62
j p
resultando em
2
I} = —eTXQRm; vpfle /OO dpLz, (eiPIRmﬂ) i
(2m)* Ni | Ry | 0} p*—

Agora, vamos calcular o segundo termo

20
I, = geTXQRmj 027 UO UFX / / / p sm@cos@dpd@dqzﬁ

¥zp\ij |cos6

p)”

Pelo método de substituicao de variavel, como utilizada na Eq.

temos

T ‘ +ip| R d
/ sinfcosfe TPRmslcost gg - — / (ﬂ:.—a) (:F
0 Fip|Romj | ip | R, ‘

a

1 +ip| Ry
a
= —/ aeda,

(| Ry 1)’

:Fip‘ij|

sendo assim

u = a,
du = da,

v = e,
dv = e%a,

portanto

ip | Ry |

)

39

(4.81)

(4.82)

(4.83)

(4.79),

(4.84)

(4.85)
(4.86)
(4.87)
(4.88)
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1 a 1 a1EP[Ryj | ipiRmg] a
———3 [ ac"da = ————= qfae"] R — e“da
(P | R ) (P | Ry |) R 77 S

- s e - )
— m {+ip | R,,;ct?Rmi _ (Fip | Ry | ezFip\ij\)}
- m {eiilemjl _ GJFz‘p\ij|}
= m {£ip | Rypje™"Rmi £ ip | R, | eTPRmal)
_ m [ERansl _ il
[(e#Roi] — e=i#lRmil) — jp | R, | (e#Rmi + e~i#lRmsl)]

= F

)

(P | Runj 1)”
(4.89)

como resultado, o termo angular torna-se

[(eilemj\ — e*iP|ij|) —ip | Ry | (eiP\RmJ’ + efip\ijl)}
(P | Runj 1)’ '

™
/ sinfcosfeTPRmsleosd gy — -
0

(4.90)

entao temos

@R, | WBQuex [ ("Rl — cmBRuil —jp | R,,; | (ePRnal 4 emitiRmil)
I, = FoetX¥Tm pdp
0

N(QW)Q | ij |2 gi . (UF]?)2
F FixQ R U?)QUFX /OO peip|ij| dp /oo pe—ip\Rm” dp

= TFoe m _petTmat _pe PRl

N (@m)" [ R [P \Jo - & = (vrp)” o &%~ (vrp)’

200 R, . o Rl 0 2o ipRu]
T oeTXQRu; (—i) 0 F>2(| J |2 / - 2—dp+/ Y sdp | (4.91)
N (2m)" | Ry, | o €2 —(vpp) o €2 — (vrp)

pelo método de substituicao simples, onde —p = a € —dp = da,
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INT2 = FoeTXQRu; U%?’UFX /OQ pei;"ij\ - /_O" aeilemﬂ da
N (27)" | R [? (e+1in)” — (vrp) o (e+in)” - (vra)

) 2Q R . oo 2 ,ip|Rumj| —0o0 2 ,ia|Rp |
+ O_eq:sz~ij (_1) R ’UF;C ‘ = | / p 62 ’ 2dp _/ a 62 ’ Qda
N (@2m)" [Rpm; [* \Jo (e +in)” — (vrp) o (e+in)” = (vra)

) 20) 0 ip|Ronj| 0 ia|Rymj |
= FoeTXQRns 0 2UFX / ]’96 2 zdp + / C.le 2 5da
N (@2m)" [ Ry |2 \Jo  (e+in)” — (vrp) —co (e+1n)” — (vpa)
+ oeTXQ R (—1) USQ”FX | Ry | /OC pzez‘p\ijI dp + /0 a?etelfed da
N (27)% | Ry |2 (e +1in)* — (vrp)® - (6 + i??)2 — (vra)®

. ) 1;291; +oo ezlem] ‘ 2 2P'RmJ ‘
= ToeTXQRm; e FX b —————dp+(—i) | Ry | 2dp
N (2m)" | Ry |2 —o0 52

- 62 (UFp) ’UFp
(4.92)
resultando em
; 2Qe o0 .
E;(g = _€¥ZXQ'ij . UO. X 5 / dp p = (ezp‘Rmﬂ)
(27T) N1|ij|UF —00 pQ—é
ivOR.. U2Q’UFX pelp‘Rmﬂ +o0 p262p\RmJ|
+ O'e$ XQ R g 2 2 :F/ dp:': (—Z ’ Rm] | / —dp
(4.93)

Para resolver a integral do primeiro termo, vamos utilizar o teorema dos
residuos [51], no qual € definido por

yﬁcf (2)dz = /j;f (x) d + y§f (2)dz, (4.94)

em que z = pe ou z = pe~™. Por simplicidade devemos escolher o contorno que
resulta em zero quando p — o

$ i = g { [ rwrive § 7 erae} = omiRess )

_ / " (p)dp = 2riRes S (1), (4.95)

em outras palavras
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/ dp%ei”mm]’l = 2miResf (p) . (4.96)

2
~ -

Primeiro, temos que calcular os polos do integrando, que sao

= 4+
b or (4.97)
P2 = —i—;

Apenas o primeiro polo esta dentro do contorno, portanto, o residuo pode
ser calculado como

] € p ) mj
Py VF p2 — U—%(
pr— lm (p f— 8_X p eilenle
prx Up (p _ 6_x> <p 4o
VR vR
= lim P PR
e (p +
x 3
= - Fs exp{ﬂij](X)}
N
vp vE
= g
5 mj
2% Vr
1 3

retomando a Eq. (4.96), temos
/ dpLQemRmfl = i exp [z IR, | (€—X>} : (4.99)
—o P — i_%( F
Agora, vamos resolver a segunda integral
/ ————dp = 2miRes[(p), (4.100)
o pr— X
F

com os polos
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= 4+
Pro= o (4.101)
P2 = f,;i
sendo assim
, £ »” R
Resf(p) = lim (p— =) ———F#Rml
X ) -
2
= hr? <p — g_X) D 61P|ng|
= lim PR
P (p +
()
or _ £
= S exp {z]ij] (U—X>}
(5+3)
2
(3)
o VR . X
— 2 exp {z | Ry, | (E)}
= Xoexp [2 IR, | (ix)] , (4.102)
2Up Vp
retomando para Eq. (4.100), temos
+oo 2 7:pll!mjl
/ dep = miX exp {z | R | <€—X)} . (4.103)
o p2— (etin)” vp Up
vk
Resultando a auto-energia em
20
¥X = — ] exp{ | R, | ( ) FixQ - Rm]} {6X:|:05X)(:|:2'0 ;;FX }
A2 B | Ry | 0} up | Runj |

3UF7TUO VEX

= ——— 3 R, FixQ - M}{s +oe,x Ltio } (4.104)
2D3’ij’ |:| ]‘( ) J X X ‘ij‘

onde utilizamos N =Y — (“QLQJ J7P p*dp e D = vppp.
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4.5 Auto-energia para R =0

Para R = 0, a auto-energia € definida como

Z Z z XD B (4.105)

UFP - UFP

Calculando o primeiro termo, temos

B U_g (Ex +in)
h= w2 (ex +in)" — (vep)®

- %Z E)X

e +insgn (e

- Zgz

_ v826x (3 — vEp® — insgn (<))
(e2 va) +n?

n* — (UFP)Q

(e

v2p? +znsgn(5x) [(5

— vip?) — insgn (Ex)]

2
X
2 —vpp?) —insgn (ey)

[ B ) ey

2 2
NG LE@=-p) +n (2 —ok?) + 92
_ v_g Z | Ex — ExN8gn (€y)
- 2
NG L& =) (& —vip?)’ + 07
= RpM +il M, (4.106)

47
(2)?

Calculando a parte real com N =" — 7P p*dp, temos
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WSM
RRZO

A integral resulta

(

onde D = vppp, portanto

€1m

lg_xln (

2UF

U_(Q) Z Ex (53( - U%PQ)
2
N (& =)+
/U_g& /pD dep €X
N2r? [, (5f< — v%p2)
v Q /pD P £y
N 272 [, (2 — vp?)
Uggx 0 /pD dp p2
N 2m® [y (e — vip?)
vie, Q /pD p p?
Ny (5-r)
F
e 07, P
Nz 272 (E_g_p2>‘
VF
< PD
el
_ & P
P .
P+ o> le,
& bp 2vp
Pp — 5.
€
P+ o e,
_ bp 2vp
Pp — 5o
I
Pp+ - vD _ VEPD
pp — 5| vF vr
M) _ 2)
D — ¢, vp )’

45

(4.107)

(4.108)
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se Q1 D D
R - i 5o () - o
UFGW%%UFZW 2vp |D — ey v

3ude, [1 |D + &, |
Zel — __XI') - DlI.
D3 [QEXH<|D_5X|

Vg eynsgn (gy)
g - By sl

— _|€X|/Ug£/pD 2d Ui
N fy P e )
_ _Iexlvéﬂ/D(i) (@) U
N oAb S\ ve ) (& - )

_ _|5X|Ug Q /D€2d€ Ul
- p
N 271'21)% 0 p (83( _ 8%)2 + n2

_ 2 lgx‘ U% Q /D 2 2 2
- N 27],21)3[’)7 0 gpdgp [7T(5 (EX B 510)}
lex] Ug Q b 2 1
= —WXT 2m2t |, 6pdap2 e [0 (e —&p) + (e + )]
T w2 [P
= _./\_/ﬁ /0 sﬁdsp [0 (e —€p) + (e + )]
B 37?@8 9
T 93X

2 2\ _ n
5(5x _5p) - (53( —812))2—1—772’
1
5(8?( _52) = 2|5x| [5(5x —&p) +5(5x+5p)]-

46

(4.109)

(4.110)

(4.111)

(4.112)

No segundo termo da Eq. (4.105), nos deparamos com integrais do tipo

foﬂ dfsinfcos = 0, portanto, resulta em 0. Sendo assim, a auto-energia para R =0

é
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3vie, [1 D+ ¢,
X (O) = DO3X |:§€X1n (M — D:| —1

3 2
2702
2D5 X

47

(4.113)



Capitulo 5

Resultados e discussao

Com base nas equacoes calculadas no capitulo anterior, o objetivo de
estudo é:

* Explorar os estados de impurezas atomicamente frustrados em metais de
Weyl. Investigar o efeito da quebra de simetria de inversao na estrutura
dos estados moleculares das impurezas nesse sistema. Os resultados foram
publicados no Physical Review B 102, 075120 (2020) [26].

5.1 Estados de impurezas atomicamente frustrados

em metais de Weyl

Os parametros utilizados no estudo do sistema metal de Weyl sao: |R;| =
2nm, ¢, = —0.07D, vy = —0.14D, U = 0.14D, vp =~ 3eVA e D ~ 0.2¢V. Consideramos
que as impurezas estao enterradas em uma distancia de lnm abaixo da superficie
do material de Dirac-Weyl e estao localizadas nos pontos R; = (0,—1,0)nm e Ry =
(0,1,0)nm, como apresentado na Fig. 4.1.

A Fig. 5.1 ilustra a evolucao do perfil da LDOS espacial na superficie
do hospedeiro, obtida pela Eq. (4.77), e que pode ser sondada por uma ponta
de STM. O aumento do parametro (), descreve o grau da quebra de simetria de

inversao.

48
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Q=0 Q,=0.25D Q,=0.4D

A A a.A

(a)

0.1, 0jm R,= (0.1, 0
(,X‘OTHm 2 (. )nm

R, (0,-1,6)nm R,= (0, 1, O)nm ‘ R, (o,-lﬁ)i{m R,= (0, I, O)nm

b, — X /
Frustration is Switching on/off Frustration is
switched-off the frustration switched-on

Figura 5.1: Perfil espacial da LDOS, correspondendo ao estado antiligante do
par de impurezas, inseridas em um semimetal de Dirac (a) )y = 0. (b) Metal de
Weyl @y = 0.25D. (c) Metal de Weyl @)y = 0.4D descrevendo um estado molecular
atomicamente frustrado.

Na Fig. 5.1(a), temos o caso do semimetal de Dirac com nos de Weyl
degenerados, correspondente ao valor de (), = 0. Os orbitais moleculares do
tipo ligante e antiligante sao formados, sendo mostrado o perfil correspondente
ao ultimo, com maximos da LDOS centrados nos pontos onde se localizam as
impurezas. Ressaltamos que devido as propriedades da estrutura de bandas do
hospedeiro de Dirac, o estado antiligante possui menor energia em relacao ao
estado ligante, conforme demonstrado na Ref. [7]. O aumento do parametro
Qo faz com que os picos da LDOS sofram um alargamento. Ainda assim, se os
valores de (), forem moderados, os perfis da LDOS permanecem qualitativamente
os mesmos de )y = 0 e ainda podem ser descritos em termos da formacao de um
estado molecular antiligante, conforme ilustrado na Fig. 5.1(b). No entanto, se o
valor do parametro (), torna-se suficientemente grande, o perfil da LDOS muda
drasticamente, diminuindo na regido ao redor das impurezas e correspondendo a
uma configuracao centro-simétrica distorcida caracterizando um estado atémico
frustrado, como mostrado na Fig. 5.1(c).

Para melhor compreensao sobre os mecanismos subjacentes a sua forma-
¢ao, analisamos separadamente diferentes contribuicdes para a LDOS induzidas
pelas impurezas, conforme apresentado nas Figs. 5.2 a 5.4.
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(a) r=(1,1,1)nm (b) r=(1,1,1)nm

3.6 F <«—— Resolved peaks —> <«——Merging peaks —> 412
o —_— = —> _
= 1afb fe Q70 R Qo=0.1D o
W N |V —— M ———
&-l2f <—Resolved Fano dips — <— Merging Fano dips —- 1-04
< 36} — =l i= 1-12

j#1 i#1
1 1 1 1 1
—0.10 —0.05 0.0 0.05 0.10 —0.10 —0.05 0.0 0.05 0.10
e/D e/D
(C) r=(1,1,1)nm (d) ~<—— Merged peaks —>

. 0.2 F Q0=0.25D Qp=0.4D 10.4
= ook ~f
\w; . - — 1-0.2
T 02t o ~0.8
S) . AL

—04 B <— Intermediate Fano— <——Merged Fano dips — 114

structures r=(1,1,1)nm ’
1 1 1 1 1 1
—0.10 —0.05 0.0 0.05 0.10  —0.10 —0.05 0.0 0.05 0.10
e/D e/D

Figura 5.2: Contribuicoes induzidas por impurezas para a densidade de estados
dpj da Eq. (6.54) em funcao da energia. (a) Caso semimetal de Dirac, @y = 0.
(b) Metal de Weyl com valor pequeno de @y, = 0.1D. (c) Metal de Weyl com valor
moderado de @y = 0.25D. (d) Metal de Weyl com valor grande de (), = 0.4D [26].

A Fig. 5.2 mostra os graficos de Jp;; da Eq. (6.54) em funcao da energia
para uma determinada posicao da ponta de STM r = (1,1, 1)nm. Ambas as contri-
buicodes diretas (j =) e cruzadas (j # ) sdo apresentadas. Na Fig. 5.2(a), no caso
Dirac (@, = 0), nota-se a presenca de quatro picos em dp;;, correspondendo as
bandas de Hubbard bem resolvidas [ver Sec. 2.2], as quais descrevem a formacao
de orbitais moleculares ligantes e antiligantes em torno de ¢; < 0 e ¢4+ U > 0,
respectivamente. Para os parametros considerados, o pico de menor energia cor-
responde ao estado antiligante (indicado pela seta vermelha) e o proximo pico ao
estado molecular ligante (indicado pela seta verde) [7]. Com o aumento de ), as
ressonancias e antirressonancias de Fano sao alargadas [Fig. 5.2(b), Qo = 0.1D].
Em um determinado valor, os picos correspondentes aos estados ligante e antili-
gante se fundem, dando origem as formas intermediarias de linhas de Fano [Fig.
5.2(c), Qo = 0.25D]. O aumento adicional de @, leva a formacao de um platé na
densidade de estados em torno de ¢ = 0, flanqueado por um par de picos (j # {)
e vales (j = [) fundidos [Fig. 5.2(d), @y = 0.4D]. A presenca de apenas duas
bandas de Hubbard resolvidas € tipica para um par de impurezas nao correla-
cionadas, isto €, de impurezas atomicas isoladas [ver Sec. 2.1]. No entanto, no
presente caso, as amplitudes dp;; # 0 para j # [, dizem que a ligacdo molecular
ainda persiste, no que chamamos de estado molecular atomicamente frustrado.
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Nessa configuracao, os papeis dos canais de interferéncia Fano construtivos e
destrutivos entre dp;; € dp;; se invertem em relacao aos observados no semimetal
de Dirac, como pode ser visto claramente na comparacao entre as Figs. 5.2(d) e
5.2(a).

Portanto, nesse cenario, o comportamento de uma molécula diatémica
imita localmente (6p;;) um par de atomos nao correlacionados. Sua caracterizacao
consiste em uma antirressonancia Fano em dp;; em torno das bandas de Hubbard
eme, < 0ec;+U > 0. Entretanto, uma correlacao finita entre as impurezas (0p;; #
0 com j # [) surge como em uma molécula, sendo identificada por dois picos
de Hubbard. Sendo assim, como o par de atomos permanece correlacionado
através do hospedeiro com dp;; finito, embora apresente apenas duas estruturas
de Hubbard como um atomo nao correlacionado, entao a esse estado chamamos
de estado molecular atomicamente frustrado.

O principal mecanismo responsavel pelo estado proposto baseia-se nas
oscilacoes do tipo Friedel [55], que de acordo com trabalhos anteriores de alguns
de nos [7, 27], podem ser moduladas pela correlacao de Coulomb nas impure-
zas, sendo capaz de favorecer ligacoes moleculares em semimetais de Dirac-Weyl.
Portanto, no regime em que o metal de Weyl apresenta a fase atomicamente frus-
trada, revelamos o importante papel das oscilacoes de Friedel.

(@) r=1,1,1nm 5T (b) . e~ —007D
2.0 ‘__Jlr ppy — === fitting
70 l 0.6 7
*é 1.5 ‘/\_04/\ :
i = uU4D
2 ol /\ @042\
& — Ry (0.2, Oum
osl/\ S
Q 0.5 - lli:j: {(1: 8. Ojnm
o e Ri5 = (0,10, 0],
0.0 0.0 - - - :
—0.10—-0.05 0.0 0.05 0.10 2 4 6 8 10

e/D IRyo|(nm)

Figura 5.3: (a) LDOS induzida para dp;; (j = 1,2 e j = 2,1) para ), = 0.4D com
a ponta de STM em r = (1,1, 1)nm para varios valores de distancia |R;,| entre as
impurezas . (b) Amplitude de Jp;; avaliada no corte tracejado preto ¢ ~ —0.07D
marcado no painel em funcao de |[R;;|, que apresenta um decaimento do tipo
exponencial (pontos cruzados em preto). Em particular, € ajustado por dp;;(c ~
—0,07D) = 1.96exp(—0.41|Ry5|) (linha vermelha) [26].
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Para entender o comportamento do estado atomico frustrado ao aumentar
|R;2| descrito por dp;;, na Fig. 5.3(a) analisamos tal quantidade para ), = 0.4D e
uma ponta de STM em r = (1,1, 1)nm como funcéo da energia. Podemos perceber
que o par de bandas de Hubbard do estado atomico frustrado se torna mais largo
a medida que aumentamos a separacao entre as impurezas, de forma que Jp;; se
aproxima de um perfil inteiramente plano, o que corresponde ao caso dos atomos
desacoplados. Assim, fixando a energia, por exemplo, em ¢ ~ —0,07D (linha
vertical tracejada preta), € possivel estimar a rapidez com que Jp; desaparece.
A Fig. 5.3(b) apresenta o decaimento que obedece a um comportamento do tipo
exponencial (pontos cruzados em preto), que € ajustado por dp,;(e =~ —0,07D) =
1.96exp(—0.41|Ry3|) onde j = 1,2 e j = 2, 1. Observe que para |R;;| = 10nm, a ligacao
molecular do estado atomico frustrado é praticamente dissociada.

0.8 F Metal flat band

Qp=0.4D
r=(1,1,1)nm

S
[
T

1
—0.10 —0.05 0.0 0.05 0.10

—0.10  —0.05

0

0.
e/D

Figura 5.4: (a) A LDOS do sistema constituido por duas impurezas enterradas
em um hospedeiro metalico de Weyl com ), = 0.4D, correspondendo ao regime
de formacao de um estado atdomico frustrado. A posicdo da ponta de STM €
fixada em r = (1,1,1)nm. (b) Diagrama de fases, mostrando a LDOS em funcao
da energia ¢ e do parametro ), [26].
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A Figura 5.4(a) mostra que a LDOS total tem um maximo muito amplo em
e =0 e um par de vales em torno de ¢; € ¢;,+U. O surgimento de uma LDOS plana
nas proximidades de ¢ = 0 (a energia de Fermi) € caracteristico do regime meta-
lico do hospedeiro. Este € o resultado direto do fechamento do pseudogap em
semimetais de Weyl com valores grandes de (), para o qual a DOS do hospedeiro
€ alargada na energia de Fermi. Sendo assim, leva ao aumento de estados no
nivel de Fermi, exatamente quando a simetria de inversao € altamente quebrada,
0 que leva o sistema ao regime metalico de Weyl. Isso vem do aumento da sepa-
racao dos cones de Dirac obedecendo aos deslocamentos azul e vermelho no eixo
de energia [ver Fig. 4.1(c) do esboco do sistema], resultando em um fechamento
do pseudogap aumentando a quantidade de estados no nivel de Fermi. Portanto,
isso da origem ao platd do tipo metalico na LDOS em torno de ¢ = 0.

A evolucao dos estados moleculares ligante e antiligante em um estado
atomico frustrado € ilustrado pela Fig. 5.4(b), onde um diagrama de fase mostra
a LDOS total em funcao da energia ¢ e do parametro ),. Com o aumento de )y, os
picos estreitos caracteristicos das quatro bandas de Hubbard bem resolvidas se
alargam e finalmente se fundem, produzindo o perfil caracteristico apresentado
na Fig. 5.4(a).



Capitulo 6

Hamiltoniano do Grafeno bicamada
torcido

Neste estudo, consideramos o grafeno bicamada torcido com padrao hexa-
gonal de super-rede de Moiré para baixos valores de angulo 6, como apresentado
na Fig. 6.1, com duas impurezas acopladas. Analisamos a formacao de estados
moleculares e o comportamento dos mesmos mediante a uma voltagem externa
no sistema TBG, induzindo assim, uma quebra de simetria de inversao.

Portanto, neste capitulo serao apresentados, o Hamiltoniano dos siste-
mas, os calculos das funcoes de Green via método da equacao de movimento e
os calculos das func¢des de Green das impurezas, onde utilizamos a aproximacao
de Hubbard I.

54
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d) Semimetal

Figura 6.1: Painel (a): vista superior do sistema TBG e seu padrao hexagonal
de super-rede de Moiré para pequenos angulos de torcao 6. Os vetores de base
sao LY e LY. As regides de empilhamento AB (verde) e BA (roxo) representam os
super-atomos de Moiré e a molécula diatomica € esbocada pelo par de esferas
vermelhas, acoplando-se ao sitio AB. Painel (b): perspectiva lateral do painel
(@) com uma ponta STM acima de um atomo do dimero. Painel (c): estrutura
de bandas para o sistema nao torcido com empilhamento AA, onde os cones de
Dirac coincidentes nos cantos de vale K = K’ surgem das zonas de Brillouin
superior e inferior das monocamadas, respectivamente. Esses pontos de Dirac
aparecem deslocados em energia, devido a simetria de inversdo quebrada na fase
metalica [28], em analogia com o metal de Weyl [26]. Painel (d): a tor¢cao restaura
o carater semimetalico do sistema, mas agora separa os pontos de Dirac com

87rsing

K+K no espaco dos momentos por GGp = ——*, onde a € o parametro de rede da
monocamada de grafeno. Painel (e): voltagens externas ligadas as monocamadas
superior (+V) e inferior (-V) induzem a quebra da simetria de inversao com carater
metalico [26, 44].

6.1 Hamiltoniano do sistema

O Hamiltoniano efetivo para o grafeno bicamada torcido (TBG) é definido
por

Hy = > e, Hroo(k + Ke)vxe, (6.1)
kéo

em que k = (k,, k,) € o vetor de onda para duas dimensoes, { = +1 € o indice de
vale e spin ¢ =1, ]. Temos que
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%T&&cr - (wi\Bkéa wBAkga) (6.2)
e
Vkeo = (WB“&’ > (6.3)
¢BAk£0’

sao os spinores e os indices AB e BA sao os sitios da super-rede de Moiré. O
Hamiltoniano do TBG Hamiltoniano é definido como

HTBg(k+ Kg) = hﬁpﬂg -k + 50‘0‘/ = FLIN]F(fO'x,O'y) -k + 50’0‘/, (64)

em que

vp (RP0EG? — 3w? )

3w? 4 + 3w + BPiG?

(%

(6.5)

€ a velocidade de Fermi renormalizada devido a torcao entre as camadas de gra-

8rsing

5.~ a distancia no espago dos mo-
mentos entre os pontos de Dirac com o angulo de desalinhamento 6 entre as

feno e seus acoplamentos way € wyg, G =

monocamadas de grafeno, a € o parametro de rede da monocamada de grafeno,
wap € was sao os termos de hopping dos sitios AB e AA entre as camadas de gra-
feno, V' € a tensao externa aplicada no sistema que define a separacao de energia
entre os nés de Dirac, semelhante ao caso do metal de Weyl, e o € o = 0,i + 0,)
sao as matrizes identidade e de Pauli, respectivamente. A matriz do Hamiltoniano
é

B 3% hop(Ek, — iky)
Hrpo(k +K) = < Woe(Eh, + ik, v ) . (6.6)

Aplicando os spinores no Hamiltoniano, temos
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- . 3% hiop(Ek, — ik,)
Ho = kzggw“f" < hop(Eky + ik,) 3% Vo
= > (C1 C) Ve,
kéo

em que

Gy = €V¢LBk§a + hop(Eks + iky)@bgAkgw

Cy = hip(Eks — iky)V! preo + EVUR ko

sendo assim,

Hy = Z(Cﬂ/)ABkga-i-Cﬂ/fBAkga)

kéo

= Y 6V e, bameo + (ke + ik )0l pe, P aBxeo]
kéo

+ D hop(€ky — ik, )Vl g, U akeo + EV U e, Upaxeo]
kéo

= Z[hﬁF@kx + Z'k?y)i/)ngng@DABkga + h{}F(gkm - iky)@bLBkgawBAk&U]

kéo

+ Z vyl BkeoVABKes T & Vil Akeo VB AKEo]-
kéo

O Hamiltoniano do sistema total €
H = Hy+ Hq+ Hpy,

em que

Hd = Z €jgd;0djg + Z Ujd;deTd;['idjiﬂ
Jjo J
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(6.7)

(6.8)

(6.9)

(6.10)

(6.11)
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descreve as impurezas j =1,2 e

Hup = Y Vasthpgeodio + 3 VAl e, djo + HoCo,
kéoj kéoj

descreve a hibridizacao entre o hospedeiro e as impurezas.

6.2 Transformacoes do Hamiltoniano TBG

Aplicando hip(EkL, T ikl,) = hip|k|Ee™ = hopk&e™™, temos

o = Z hop kfe_i£9¢LBk§awBAk§o + Z hﬁkaeige% Akgg¢ABk§a

kéo kéo
+ Z VU, peoVabKes + Z VYL uxes B AKES
kéc kéo

+ Y gjedldie + Y Usdlidjydl dyy
jo J

+ > Vastlipedo + Y Veath age,do + Hoco.
kéjo kéjo

Considerando as seguintes transformacoes

7#AB]K&T - % [g—g‘ra (k> + CEU (k)i|

Vo = e (6509 = ¢, )]

e aplicando no Hamiltoniano, temos Hy, = Hy, + Hye, onde
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(6.12)

(6.13)

(6.14)

(6.15)
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o - nge—iﬁ@{%[ 209+ 68, 0] H{Ee s, 0 -, 0]}

kéo

+ > hip kﬁelgg{j_ *’59 — ¢ (x }{ <+g )+, (k)”
o)
o)

kéo
- ngpk[ﬁ (k) ¢S, (k) - ¢, (k

kéo

b3 Shwek [ 09 ¢, () — ¢ G

&
- gmpk[g, 00) S, () — ¢S, (o) 5, (k)}, 6.16)
Ho = €V (500 + ¢ 9] 5 [¢h, 00 + ¢, (0]

Vs -’59[50 (09 = ¢ )] S5 65, () = ¢, 1)

- SV[ k) ¢, (09 + 51 () ¢, ()

bV [ 00 ¢ )+ 5L ) ¢S, ()]

+ v [ 006, 0 — ¢ (1 ¢, ()

v [~ 0 ¢S, 00+ ¢ 0 ¢, (0

= v [ (¢S, e >+<“< )¢, 1) 6.17)

thb = Z vAB¢Lk§adU + Z VBAwTBAk&rdU
kéo kéo

+ Z VABdLlPAkga + Z VBAdJ{az/}TBkﬁa
kéo kéc

= ZVAB{\[[ 5 (k) + ¢, ( ]}d +ZVBA{55 —ﬁ@k[i*o(k)—cét,(k)}}dg

b S Vi, {7 [C;g( )+ ” S Vit {%@ise [CM( ) = C%(k)”.

kéo kéo
(6.18)
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hopkv €0k
—t

Hyypy = ZUO{\%[“( e )]}dg

Considerando Vg =vg € Vga =& , temos

kéo
hopkvie’ [ € o [ ¢ 3
DI { S [eth 00 - ¢ 0] o,
LT ¢
- S {556 w0+t 00]}
hopkv e 0 £
b e 8, 0 - ¢, (0] |
k%; —t V2 [* }
(6.19)
resultando em
Hyypy = }: [ K)d, + ¢S (k) d ]+H£.
h’UFk”Ul &t
k%;_tf[ , (k) dy — ¢S}, (k) d, | +Hee..
(6.20)

6.3 Decomposicao de ondas parciais

Mudando da base discreta para o correspondente continuo k, escrevemos

Zmr / kdk:thk[ (k) ¢S, (k) — ¢ (k) CE, (k)], (6.21)

Q
thb = 271'— kdk
22 AL

+ Zzw%/mkhj@@[ (k) d, — ¢ (k) d }+H.c.,

, (1) dy + &, () d, | + Hee,

(6.22)

onde a decomposicao de ondas parciais €
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) = = [@”)

ARG ] Z_: Eem@@,g(k;). (6.23)

Ressaltamos que apenas o estado m = 0 (isotropico) deve ser levado em
consideracao, uma vez que assumimos simetria radial para as impurezas,

QO R i
Hy = 62027Tw/kdkh?mk ﬁ - 0 | Egag (k) ﬁ _ 0 | \/—C+a£( )
N ey s e ] [ e ]
22 /k;dkh rk \/E o \/%C“’f (k) \/E o ﬁg_ag(k)
- X / ARt L () Core (& Z [ 0, G2
_ Y € (k) ot oS € (k) o€
o = S8V [0, [ ke 00 62000 20 s [ 09 1)

S [ [ e (1) Cone 1)+ [ el () ¢ <k>]

-y / m EVdhcl , (k) coe (K) (6.25)
fo VT
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1
Q hopkv, 1| (2n)° " 1
> om— [ kdk — — k) d,
* > " 2/ —t\/§ \/E Q C—Hfg( )

Q hopkvy 1| @277 1
— 2n—— [ kdk — — k)d,
620 7r(27r)2/ V2 VE| Q \/27TCG£< )

. 272
/kdkhvpkvldzi (2m) 1
—tv2 “VEk Q v 21

Q
+ 21
2.

B hvpkvy (2m)? : 1
Z27T /kdk —t\/_ d \/— 0O MC—UE (k)
A/ Qk
= > /O dkOQ—W"” (e (B dy + e ()
o
& A/ Qk
+ > /O a2V T QW' In (Al Choe (K) + dfC e ()]
o

< vi/QIk[T hop|k| [t i
+ %.:/O dk o _ |:C+0'£ (k) dU - C—af (k) d0:|

t

o Qlk|m hop|k
X [ R (g () — i ()]
o
(6.26)

Agora estendemos k de (0,00) & (—o0, +00) definindo c,¢ (k) = ¢%, (k) para
k>0ecye(k)=C, (k), para k < 0. Sendo assim
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+oo
= X[ o+ Qe )

7/ Qk hopk
thb = Z/dl{? 7|T|7T (U0+U1 UF )CJr (k)dU+H.C.,

(=)
O Hamiltoniano total do sistema pode ser escrito como

H = Hy+ Hyg+ Hpyp
+oo
= Z/ k(hipk + Vel () coe (K)

2 sirodin + 2 Uy
Q|k|m hopk \
LT o)

j _
= (=D)
VOQkT o, hopk
+ Z/dk i 0! < +q](_’z))>dT coe () |
§oj
com
;Hf
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(6.27)

(6.28)

(6.29)

(6.30)

Entretanto, para esse trabalho consideramos ¢; = 0 (acoplamento local),

sendo assim



CAPITULO 6. HAMILTONIANO DO GRAFENO BICAMADA TORCIDO

+oo
=Z/ k(Ripk + EV)chg (k) coe (k)

* Zgﬂadﬂadﬂ’*ZU fidind], djy
/9
+ Z/dk ’k’”vo cte (k) dj

§oj

VQ|k
+ Z/dk | ’Wvodzacgg (k).

§oj

6.4 Densidade local de estados (LDOS)

A LDOS para o sistema TBG ¢€ definida como

PLDOS = —%Im [Q (W)] ,

onde é necessario calcular a funcao de Green
G(t) = —6( Ze-mﬂ [0, v O], ]n),

onde

Z/dk\/m

§oj
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(6.31)

(6.32)

(6.33)

(6.34)

€ o operador de campo. Sendo assim, a funcao de Green para obtermos a LDOS

€ definida como

- _Z< QW) /dk/dq\/w\/!?gcgg (F)egrer(a) (@) 5

33

sendo necessario calcular a funcao de Green

(6.35)
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cve (k) che (@)

i
Geretbrcyrg(@ (B) = —30(F) Z7Hy e <n n> (6.36)

n

+

Aplicando a EOM e a transformada de Fourier, temos

O (k—q)
gcag ot (q) \W ( ) = (wg. — ﬁﬁpk)

0 -
Y 637

i) e @ ()

onde wg’ =w — &V 4+in e o = o'. Agora, precisamos calcular deacgé,(q) (w). Como no
calculo do semimetal de Weyl, utilizaremos a funcao de Green avancada

(o0 (0)]

Jr

Fdjacogx (q) (t> = Z Z <

Aplicando a EOM e a transformada de Fourier, temos

n> : (6.38)

=y v Qlglr F (6.39)

F ) voFu, w) .
dj joCog (q 27T (JJg/ _ h’DFq) 0 d]odlo- ( )

l

~ T
Aplicando a propriedade Gy, (g (W) = [Fdwca (o) (W )] , temos que

Vldr oG ar, (@) (6.40)

wz — ﬁf}pq)

gdgca/( ( ) =
¢(9) ;271‘(

Substituindo a Eq. (6.40) em Eq. (6.37), temos

deerd (k — q)
((Ug_ — thF]{?>

S L N S, S P

— hopk) | | 27 (wf — hirg

gcag 05/ q) ( )

(6.41)
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Voltando para a Eq. (6.32), a expressao da LDOS ¢é dada por

1 1
prpos = ——Im |- ( ) /dk/dqu/lzgcag (,g(q ]

s 4
] 1 (var\ ) k|

= —— — dkvg ————~

~Im ;21;8 ( o ) / (w; prk)]

Qm k 9

+ ——Im{ZZ/ [ —‘Jif)pk)%]

&lo jl
X /dq

Q7r2 - lq| _ )Ug] degdla (W)}
prpos (W) = —2p0—|—ZZ—Im{E§ <<dja;lea>>Z§/ (w)},

(2m)° (wg — hirg
&lo jl

onde )
Var k| Q
= — | [ dIm || =) —
& ; ( 2 / OTwd = hipk) ; T 1

€ a densidade de estados do TBG e

Or k| >
) = [ ey

€ a auto energia.

6.5 Auto-energia

Separando as partes real e a imaginaria
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(6.42)

(6.43)

(6.44)
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dkv2

Id

0 dwk Qﬂ'

— hopk +in)
1 e (We — wi — 1)

D hUF 27) * hop (we — w + 1) (We — wi, — in)

/
[,
[ 2 | L
/
[,

Vamos calcular a parte real

Ui
0
v df’; |wel Qﬁz { — (Wé_wk)l
p U (2m)° [ (we — wg)
0 o dwy,  Qm We ,
i o | ey il (e =)
B /0 o dwy Q7T [ We }
n20% (2m)% | (we — wi)
. Q
iT |u)5|4 =r) (6.45)
0 o dwy, O w
¥R = s . 6.46
I3 (W) / OHQUF (271’) |:(U.)§ — wk):| ( )

O calculo da integral €

/.

dwk

Wi

(we — wi)

/_g - {_ (wr —Ews) N Ewk - WS]
[ e
[—weln (i — wel) — wely
[—weln (Jwi — we) — w5,
—weln (|D — we|) — D + weln (|we|)
weln (Jowe|) — weln (=D — wng

| e ) < ¢| )
In In
e (w—%|+% D+ we|

wln( [ ) (6.47)
U\ D2 - '
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Sendo assim
0 ‘w2|
R .2 3
Y (w) = 00—47rh26%w§1n <—‘D2 - wg‘> . (6.48)

Como resultado, a auto-energia é definida como

0 wi
Ye(w) = U§—47rh2f)%,w51n <_|D2| _E‘w§|>
Q

(6.49)

6.6 Funcoes de Green das impurezas

Do mesmo modo que utilizamos o modelo de Anderson para o sistema
Weyl, as funcoes de Green das impurezas no sistema TBG sao semelhantes, tendo
como diferenca as auto-energias para cada sistema. Sendo assim, as funcées de
Green das impurezas podem ser definidas como

. \7
Gijpdr, (W) = ( " ! z‘)’ (6.50)
w _gja_ =
e
. YoNd .
Gaj0d;, (W) = G, W), (6.51)
<w+ — Ejo — Z;.’j>
onde

sendo ¥ = Doe e
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. < Njgz > U
! (wh —gjo — Uj = Xo)’

<oz = =L [ im[{ ()] o

sendo o calculo da ocupacao do atomo e D € a energia de cutoff.
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(6.52)

(6.53)

Como o objetivo de estudo neste sistema foi observar a interacao entre

as impurezas, definimos a funcao de Green de correlacao a partir da LDOS ja

calculada, isto é,

o) =~y S Im {5 (@) G, () Te ()}

Vg o

(6.54)



Capitulo 7

Resultados e discussao

Com base nas equacoes calculadas no capitulo anterior, o objetivo de
estudo é:

* Explorar a twistronica baseada em frustracdao atomica. Investigar estados
atomicos frustrados em moléculas diatobmicas hospedadas pela configuracao
do grafeno bicamada torcido pelo primeiro angulo magico e com simetria
de inversao quebrada nos cones de Dirac das mini-zonas de Brillouin do
sistema. Os resultados foram publicados na 2D Materials 8, 045038 (2021)
[44], assim como foi matéria de reportagem da FAPESP [56].

7.1 Twistronica baseada em frustracao atomica

Nesta secao, adotamos o formato da tese apresentada por um dos egres-
sos do grupo [57], uma vez que os resultados do TBG contém os mesmos meca-
nismos fisicos do caso do metal de Weyl, porém, com algumas particularidades.
Portanto, para evitar uma repeticao de conteudo, apresentamos uma descricao
geral do trabalho realizado em conjunto com a metodologia e a versao de acesso
livre do artigo publicado no Anexo A.1.

7.1.1 Descricao geral

Considerando a introduc¢ao apresentada sobre o grafeno bicamada torcido
na secao 1.2, nés propusemos um modelo teorico com os padroes de super-rede
de Moiré com uma configuracao inicial de empilhamento do tipo AB, com o propo-
sito de analisar estados moleculares com a adicao de impurezas de Anderson no
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sistema. Vale ressaltar que consideramos dois valores de torcao entre as folhas
de grafeno, sendo elas § = 1.07° (regime fora do angulo magico) e 6§ = 0,, = 1.08°
(angulo magico). Observamos a formacao dos estados moleculares em ambos os
regimes. Na sequéncia, realizamos a quebra de simetria de inversao do sistema
com a aplicacao de uma tensao V, tornando-o em um sistema metalico (ver Fig.
1.8(c)). Na fase metalica, identificamos a formacao do estado atéomico frustrado
no regime fora e dentro do angulo magico. Entretanto, observamos a formacao
de um estado atomico frustrado centrado em zero de energia no regime de 60,
com o aumento da tensao aplicada no sistema TBG. Destacamos que esse modo
zero mostra-se robusto com a quebra de simetria de inversao.

7.1.2 Metodologia

Como apresentado na secao 6 e tomando como motivacao o estudo da
formacao de estados moleculares no metal de Weyl, utilizamos a expressao que
calcula a densidade de estados induzidas no hospedeiro pela impureza, definida
como

5le (w) = —% Z Im {25 (u)) gdjgdlg (w) 25/ (w)} , (7 ].)

Vg o

onde Gdjadlg (w) € a funcao de Green das impurezas e X € a auto energia. Ado-
tamos os parametros do modelo obedecendo a condicao de simetria particula-
buraco 2¢4, + Uj = 0, considerando ¢4, = —0,01D com D = 1eV (a energia de
cutoff) e vy = 0.1meV.



Capitulo 8

Conclusao

Ao longo desta tese, estudamos os estados moleculares de impurezas, em
particular em um dimero, acoplado ora a um metal de Weyl, ora ao grafeno bica-
mada torcido. Tais resultados agregam a area de Fisica da Matéria Condensada
de materiais topologicos, no que podemos chamar de ligacoes quimicas topologi-
cas. Separadamente, podemos concluir que:

* Demonstramos a natureza dos estados eletronicos de impurezas acopladas
a um metal de Weyl e sua dependéncia com o parametro (), para a quebra de
simetria de inversao. Para valores pequenos, formam-se orbitais molecula-
res convencionais, mas para valores elevados de )y, ha uma transicao para
um estado atémico frustrado. Essa transicido introduz o conceito de uma
plataforma capaz de alternar entre os estados moleculares convencionais e
atomico frustrado.

* Demonstramos um modo de energia zero também atomicamente frustrado,
ao considerarmos um dimero, no regime de simetria particula-buraco, aco-
plado ao TBG. Ao quebrar a simetria de inversao com a aplicacao de uma
tensao externa no regime do primeiro angulo magico 6,,; ~ 1, 08°, observamos
a fusao dos picos de Hubbard convergindo no ponto de Dirac, formando um
modo zero molecular atomicamente frustrado. Em resumo, nossas desco-
bertas apontam que a super-rede de Moiré pode ser considerada uma nova
plataforma para estudar ligacdes moleculares nao convencionais via twis-
tronica de grafeno.
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Impacto e Relevancia
Cientifico-Social

O estudo dos semimetais de Dirac-Weyl e do grafeno bicamada torcido
tem um impacto significativo no campo da fisica de materiais e na ciéncia em
geral. Essas areas de pesquisa tém o potencial de trazer avancos tecnologicos
e aplicacoes praticas, bem como impactos sociais relevantes. Além do trabalho
apresentado contribuir com conhecimento cientifico para possiveis realizacoes
experimentais futuras, também pode enriquecer outros campos, como por exem-
plo:

Avancos tecnologicos: Os semimetais de Dirac-Weyl e o Grafeno bica-
mada torcido possuem propriedades eletronicas particulares e distintas de ma-
teriais comumente utilizados em transporte eletronico, podendo contribuir com
o avanco da tecnologia. Tanto os semimetais de Dirac-Weyl quanto o grafeno
bicamada torcida tém sido objeto de estudo no campo emergente da computacao
quantica. Suas propriedades eletronicas, como apresentado nesta tese, podem
ser utilizadas para a possivel criacao de qubits estaveis e manipulaveis, que sao
a base da informacao quantica.

Educacao e formacao cientifica: O estudo desses materiais proporciona
oportunidades de aprendizado e desenvolvimento cientifico para estudantes e
pesquisadores. A medida que a pesquisa avanca, o conhecimento e as habilida-
des adquiridas podem ser aplicados em outras areas cientificas e tecnologicas,
estimulando o avanco da sociedade como um todo. Além disso, o estudo desses
materiais incentiva a formacao de cientistas e engenheiros altamente qualifica-
dos, que podem impulsionar a inovacao e contribuir para o desenvolvimento de
tecnologias de ponta em diversos setores da economia.
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Capitulo 10
Publicacoes

Este capitulo apresenta trés artigos principais publicados que estao rela-
cionados aos resultados desta tesse:

* Atomic frustrated impurity states in Weyl metals, publicado no Physical Re-
view B 102, 075120 (2020). (DOI: 10.1103/PhysRevB.102.075120)

* Atomic frustration-based twistronics, publicado no 2D Materials 8, 045038
(2021). (DOI: 10.1088/2053-1583/ac2771)

E importante destacar que o autor deste trabalho teve participacio na concepcio
da ideia, calculos analiticos e numeéricos, discussao e redacao da versao inicial
dos artigos mencionados. Além disso, também esteve envolvido em analise de
dados e discussao nos seguintes artigos adicionais:

* Majorana molecules and their spectral fingerprints, publicado no Physical
Review B 102, 075128 (2020). (DOI: 10.1103/PhysRevB.102.075128)

* Topological charge Fano effect in multi-Weyl semimetals, publicado no Phy-
sical Review B 105, 235135 (2022). (DOI: 10.1103/PhysRevB.105.235135)
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Apéndice: Artigo publicado (versao de acesso livre)

A.1 Atomic frustration-based twistronics
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We theoretically investigate atomic frustrated states in diatomic molecules hosted by the bilayer
graphene setup twisted by the first magic angle and with broken inversion symmetry in the Dirac
cones of the system mini Brillouin zones. Such states show local spectral features typically from
uncoupled atoms, but counterintuitively, they also exhibit nonlocal molecular correlations, which
turn them into atomically frustrated. By considering a particle-hole symmetric molecule in the Moiré
superlattice length-scale, we reveal distinctly from the metallic Weyl counterparts, a molecular
zero mode atomically frustrated at the spectral densities of the dimer’s atoms. To this end, a
strong metallic phase with a plateau in the density of states established by the broken inversion
symmetry, together with pronounced blue and red shifts in the molecular levels, due to the magic
angle condition, should occur synergistically with atomic Coulomb correlations. Consequently, an
entire collapse of these molecular peaks into a single one atomically frustrated, taking place exactly
at the Fermi energy, becomes feasible just by tuning properly opposite gate voltages attached to the
graphene monolayers. Therefore, we propose that unusual molecular bindings can be engineered via
the twistronics of the bilayer graphene system, in particular, if its metallic phase is fully established.

I. INTRODUCTION

In the twisted bilayer graphene (TBG) system, aston-
ishing experimental findings have revealed delicate in-
terplay between the strong correlated insulating and su-
perconducting states[l, 2]. Consequently, this scenario
has stimulated substantial theoretical focus on such a
matter[3-14]. Essentially, the TBG setup consists of two
stacked graphene monolayers misaligned to each other
by a twist angle #[15-17], from which the band-structure
becomes highly dependent. Particular attention should
be paid to slight twists, once they yield the Moiré super-
lattice represented by an effective honeycomb pattern,
which is a result from the interference between those
found in the graphene monolayers. Amazingly, twist an-
gles are then capable of changing dramatically the un-
derlying Dirac Physics. This is noticed when the Fermi
velocity vanishes, in particular, by tuning the twist an-
gles to the so-called magic angles, which lead to flat bands
in the domain of low energies, namely, at the corners of
the mini Brillouin zones[18-30]. As the TBG system is
naturally a platform with a huge number of degrees of
freedom, due to an expressive quantity of carbon atoms
per unit cell and a long-range lattice parameter for the
Moiré superlattice, the determination of the TBG elec-
tronic properties constitutes a hard task to perform. In
this context, two common theoretical strategies are usu-
ally employed to overcome such an issue[21, 29, 30]. The
first alternative is based on the continuum model[21, 29],
which individually accounts for the Hamiltonians from
the misaligned graphene monolayers and that for their

* corresponding author: antonio.seridonio@unesp.br

interlayer couplings. However, such an approach still ex-
hibits a significant number of energy bands. Unfortu-
nately as a result, the continuum model does not allow
a simple description of the system in case of considering
impurity atoms. Interestingly enough, as the flat bands
are within the low energy domain, excited bands can be
safely neglected, if we are interested in the Dirac Physics.
As aftermath, Wannier wave functions centered around
the AB and BA stacking regions of the Moiré superlattice
can be assumed, as a second theoretical strategy[30]. By
means of such a procedure, a hexagonal effective lattice
emerges to better handle impurity atoms, once the emu-
lation of the TBG is performed by an effective graphene
monolayer in the Moiré length-scale. It is worth mention-
ing that, differently from the continuum model where the
pieces of the TBG system are treated separately, in such
a superlattice description, the Dirac cones at the corners
of the mini Brillouin zones, then wrap up all these parts
entirely into a renormalized Fermi velocity, depending
upon the twist angle and interlayer couplings[21, 28-30].

Here, based on the framework discussed in Ref.[30],
we theoretically analyze the emergence of atomic frus-
trated states in diatomic molecules, made by two impu-
rity atoms, and hosted by the TBG system. Our proposal
of atomic frustration is: it represents a molecular-type
behavior in which the correlated constituent atoms of the
molecule emulate themselves as isolated from each other.
Thus, it characterizes a state that locally, i.e., at the
atom sites, seems to be noninteracting, while nonlocally
still shows, counterintuitively, a correlated behavior by
means of an inter-atomic electronic scattering through
the molecular host. In equivalent words, the atomic
frustration occurs in a molecule that has the trend to
split itself into independent atoms, but it is highly pre-
vented of achieving that by its surrounding environment,
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Figure 1. (Color online) Panels a) and f) were prepared after Ref.[30]. Panel (a): Top view for the TBG system and its Moiré
superlattice hexagonal pattern for small twist angles #. The base vectors are LY and L. The AB (green) and BA (purple)
stacking regions represent the Moiré superatoms and the diatomic molecule, sketched by the pair of red spheres, couples to the
AB site. Panel (b): Lateral perspective of panel (a) with an STM-tip above one atom of the dimer. The tip, via the differential
conductance, measures the density of states (DOS) of such an atom. Panel (c): Band-structure for the untwisted system for
the AA stacking, with coincident Dirac cones at the valley corners K = K’ arising from the top and bottom Brillouin zones of
the monolayers, respectively. These Dirac points appear shifted in energy, due to the broken inversion symmetry in the metallic
phase[28], in analogy to the metallic Weyl counterparts[31]. Panel (d): The twist restores the semimetallic character of the

. — in®
system, but now splits the Dirac points with K # K’ in momentum space by Gy = 8“1:2 , where a is the lattice parameter of

the graphene monolayer. Panel (e): External gate voltages attached to the top (+V) and bottom (—V') monolayers induce the
breaking down of the inversion symmetry with metallic character. Panel (f): Mini Brillouin zones with reciprocal base vectors
GM and G, arising from the twist between the top (1) and bottom (2) Brillouin zones of the graphene monolayers, which have
as valley corners K} KL, K?,_ and K2. Panel (g): Key finding of this work: for the first twist magic angle = 05, = 1.080, a
crossover in the particle-hole symmetric profile in the spectral DOS for the dimer’s atoms is observed. It evolves from a pattern
with ordinary molecular states (black lineshape) towards that characterized by a molecular single zero mode (w = 0) (purple
lineshape), which is atomically frustrated [see Fig.3]. This zero mode is the aftermath of the merge between the ordinary
molecular states, which is due to the blue and red shifts enhancement of their resonant peak positions, in particular, upon
increasing the breaking down of the inversion symmetry of the Dirac cones located at the mini Brillouin zone.

which should be of Weyl-metallic nature to emerge[31].
It means that just a pair of Dirac cones, with or without
time-reversal symmetry broken, is not enough to pro-
vide the requirements to form the atomically frustrated
state. We call the attention that these cases correspond
to Weyl and Dirac semimetals, respectively, which show
a pseudogap at the Fermi energy as their primary fin-
gerprint. In case of breaking time-reversal symmetry,
the Dirac point of this pair formed by two coincident
Weyl nodes with opposite chiralities, then splits into re-
solved ones in momenta, but still degenerate in energy.
Particularly, this operation preserves, as expected, the

system inversion symmetry invariance and gapped fea-
tures. In contrast, if these Weyl nodes minimally move,
keeping or not the same momenta, in opposite directions
in energy axis, i.e., showing blue and red shifts, which
can be accomplished by breaking the inversion symme-
try, the band-structure under this change, distinctly, be-
comes gapless. For atomic frustration, a metallic finite
density of states at the Fermi energy (pseudogap clos-
ing) assisted by two Weyl nodes with opposite chirali-
ties lifted in energy, at last, constitutes the cornerstone
of the proposed state. Thus, due to this frustration in
breaking the chemical bound of this state with atomic-



like features, it is termed as a molecular state atomically
frustrated. To this end, we consider the setup sketched
in Fig.1(a), in particular, settled to the well-known first
twist magic angle 6 = 6, = 1.08"[30] and with broken in-
version symmetry in the Dirac cones, which reside in the
system band-structure [Fig.1(e)]. This scenario, indeed,
approaches the corresponding present in the Weyl met-
als, as demonstrated in Ref.[31]. In the latter, a crossover
can be observed from the ordinary molecular bonding
and antibonding states, typically from the semimetallic
Dirac phase[32, 33|, changing to atomic frustrated ones,
upon breaking the inversion symmetry. Consequently,
this characteristic then allows the system to enter into
the Weyl metal phase[31]. Simultaneously, atomic frus-
trated states are revealed as very intriguing, once locally
they seem to behave as those from noninteracting atoms,
but counterintuitively, nonlocally they are still bounded
as molecular states. Thus, distinctly from the metallic
Weyl counterparts, atomic frustrated states in our pro-
posal, have the advantage of being completely tunable,
in particular, by twist angles and opposite gate voltages
applied to the graphene monolayers. These gate voltages
are indeed, employed just to break the inversion symme-
try in the Dirac cones and close the pseudogap of the
system, in order to produce a metallic phase [Fig.1(e)],
where the density of states is finite at the Fermi level.
By placing the twist at the first magic angle condition,
in parallel to the pseudogap closing mechanism previ-
ously reported in Weyl metals, here we observe that the
molecular levels suffer strong renormalization character-
ized by blue and red shifts, respectively for levels be-
low and above the Fermi energy. Thus, upon increasing
the gate voltages, in the case of the on-site Coulomb in-
teractions present at the impurity atoms, the graphene
Moiré superlattice then mediate the connection between
these dimer’s atoms, just in order to glue them exclu-
sively through itself and build the molecule. As after-
math, the aforementioned frequency dependent shifts in
these levels, lead to a collapse of the ordinary molecular
states into a single peak [Fig.1(g)]. This merging oc-
curs at the Fermi energy (zero mode) for particle-hole
symmetric molecules and exhibits the atomic frustration
character. We clarify that we designate our impurity
dimer by “particle-hole symmetric molecule” in the entire
text, just to label the regime where the molecular energy
levels become symmetrical to the Fermi level (w = 0).
By introducing the molecule with charge mirror symme-
try, we report here a phenomenon nonexistent in Weyl
metals[31], which arise from Dirac semimetals and ex-
hibit broken inversion symmetry. Particularly, the TBG
nearly flat band Physics, characterized by an extremely
low Fermi velocity, then rules the formation of a zero
mode atomically frustrated, specially at a sweet spot,
namely, the one given by the magic angle. For such a
special band-structure, and consequently, different from
Weyl metals[31], where flat bands are lacking, here the
system self-energy affected by the twist, strongly renor-
malizes the energy spectrum of the impurity atoms, lead-

ing to particle-hole symmetric zero mode. As aftermath,
this atomically frustrated state rises, specially due to
its particle-hole symmetry characteristic, as a promising
candidate to a Majorana bound state (MBS), which has
topological protection[34, 35]. As MBSs are considered
the holy grail for the realization of perfect fault-tolerant
topological quantum computing[34, 35], the emergence
of zero modes in TBG with atomic dimers at magic an-
gle, is expected to stimulate more exploration and future
works covering this subject. Therefore, our results intro-
duce the twistronics of the bilayer graphene system, as
an approach to perform unusual molecular bindings in
condensed matter platforms.

II. THE MODEL

The Hamiltonian of the TBG system, within the the-
oretical framework of Ref.[30] and sketched in Figs.1(a)-
(b), then follows the Anderson-like Hamiltonian[36], i.e.,

H= Z ¢1T(§UHTBG (k + Kf)wkéa + Z Edjad;‘gdjo
kéo jo

+ Y idhdipndl dyy + Vas Y (fdje + Hee)). (1)
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The first term in Eq.(1) is the low energy Hamiltonian
Hrpa(k+K¢) = hop(Eoy,0y) -k+EooV for the pristine
TBG, with & as the reduced Planck’s constant and val-
ley indexes &€ = %1 for the Dirac points K = K¢—_; and
K’ = K¢_1 at the corners of the mini Brillouin zone de-
picted in Figs.1(c)-(f). The first part of Hrpa(k + Kg)
describes the setup within the length-scale of the Moiré
superlattice, which is the result from the interference pat-
tern due to the misalignment 6 between the graphene
monolayers. Particularly, the emergent hexagonal lat-
tice in real space, i.e., the Moiré superlattice, is consti-
tuted by the AB and BA spots, where distinct stack-
ing regions made by clusters of carbon atoms appear de-
picted by green and purple delimiting spheres, respec-
tively in Figs.1(a)-(b). As such stacking spots resemble
the sites where carbon atoms sit at sublattices A and B of
graphene monolayer, thus constituting the basis for the
unit cell, these AB and BA regions do similarly, but for
the supercell from the Moiré superlattice, which relies
on a much larger length-scale. Additionally, as Wan-
nier orbitals are constructed around carbon atoms at
sublattices A and B in single graphene to perform the
model tight-binding analysis, analogously, corresponding
orbitals are also taken into account for the TBG system,
but with respect to the AB and BA centers of the Moiré
superlattice[30]. Thus, following the employment of the
prefix “super” in this context, we then make the extrap-
olation of such a concept to AB and BA spots, where
Wannier orbitals are centered, in such a way that here-
after, for a sake of simplicity, we are free to label them as
superatoms, in contrast to ordinary carbon atoms from
the unit cell of a single graphene sheet, which differently,



has a much smaller length-scale. The superlattice in real
space is characterized by the primitive unit vectors Lll\/[
and Lg/l, which define the twist angle-dependent unit cell

2 .
area Qp = |L} x LY = S(‘fla%)z, [21, 28-30]. The lattice
model then corresponds to an effective graphene mono-
layer, with renormalized Fermi velocity given by
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which according to band-structure calculations reveal the
existence of linear dispersion relations at the corners K
and K’, thus giving support to our adopted theoretical
framework([30]. For 9, we have vp ~ 355 the bare Fermi
velocity for the graphene monolayer (c is the speed of
light) and Gy = 8”;:;% the distance in momentum space
between the aforementioned Dirac points. Particularly in

Fig.1(c) K = K, we then have the untwist system with
the AA stacking, which corresponds to a metallic-type
structure[28]. The AA stacking bilayer arrangement is
ideal for the emergence of the atomic frustrated states,
once metallic band-structure features from this system,
resemble those from Weyl metals[31]. However, the for-
mer is energetically unlikely to engineer from a genuine
point of view[28]. Astonishingly, it is still feasible, if
we perform a twist and break the inversion symmetry,
in particular, in the Bernal-type stacking, which is in-
stead, energetically favorable. This appears in Fig.1(e)
and is in perfect agreement with Ref.[29], where the au-
thors show that the electronic parabolic dispersion of
the Bernal stacking[28], surprisingly, then turns into lin-
ear under twist and without inversion symmetry, just by
applying opposite gate voltages to graphene sheets. It
means that our findings do not depend on the AA stack-
ing to manifest. Hence, our choice to show its band-
structure at Fig.1(c), just highlights that this ideal metal-
lic phase is entirely accomplishable by bilayer graphene
twistronics and gate microscopy, since we begin with the
bilayer graphene in Bernal stacking[29]. The lattice pa-
rameter for the graphene monolayer is a = 2135@%,
wap = 97.5meV and waa = 79.7meV are the AB and
AA hopping terms, respectively and o,,0, the Pauli
matrices. The first twist magic angle condition is ob-
tained from h*viG2 = 3w%p in Eq.(2), once it leads
to the flat band characterized by vp = 0, giving rise
to 8 = 0y = 1.08°. Then, Hree(k + K¢) is the momen-
tum representation of the tight-binding model with Wan-
nier orbitals centered at the AB and BA superatoms[30],
characterized by the spinor 1”{%, = (o Bkéo ol Akéo )
describing the electronic states by the operators 14 pkeo
and Y pakes, with wave vector k, valley index ¢ and spin
o. Additionally, the term ooV in Hrpg(k + K¢), with
o being the identity matrix, is put to break the inver-
sion symmetry of the Dirac cones. This breaking can
be performed by applying opposite top and bottom gate
voltages +V to the graphene monolayers. Such a demon-
stration can be found in Refs.[29, 30] and leads to the

closing of the system pseudogap, driving the TBG ar-
rangement to a metallic phase [Fig.1(e)]. We shall see
that atomic frustrated states become feasible in such a
regime, as demonstrated for Weyl metals[31], where the
chirality degree of freedom plays the role of the current
valley index. The operators d;(-g,dj(, describe the elec-
tronic states of the individual impurity atoms (j = 1, 2)
(red spheres within the AB site depicted in Figs.1(a)-
(b)) with single-particle energies 4, and the on-site
Coulomb correlation energies U;. The term Vap = v
is the coupling strength between the AB site and the
dimer’s atoms. We would like to highlight that we ex-
trapolate the use of the concept of the dimer word, which
here still represents the diatomic molecule itself, even in
the absence of a direct hopping between its constituent
atoms, as it occurs in the current theoretical frame-
work. Contrasting with the standard molecular bind-
ings, which are defined in terms of this tunneling term,
we then reveal that the considered impurity atoms of
the system, distinctly, connect to each other through the
host, in particular, via the AB site of the superlattice
depicted in Figs.1(a)-(b). It is worth mentioning that
we strictly follow both Ref.[30] and its Supplementary
Material, in which the grounds for sustaining impurities
placed at AB sites (or BA equivalently) in Moiré super-
lattice, appear well-established. Indeed, such impurities
differ completely from those ordinary placed above iso-
lated carbon atoms in single graphene sheet. According
to tight-binding calculations, in particular for low twist
angles and energies, the system Wannier orbitals around
AB and BA sites, do not exhibit maximum localization
on themselves. Instead, a three-peak localization at the
triangle corners made by neighboring hexagonal centers
(hollow sites) is revealed, as depicted in Figs.2(b)-(c)
from Ref.[30]. Hence, we should be aware that impuri-
ties with sizes of carbon atoms atop these hollow centers,
will overlap on equal footing, inevitably, to both Wannier
orbitals. However, in order to catch preferably just one
set of these wave-functions, in such a way that AB sites
become energetically favorable to host impurities, one
should, as pointed out in Supplementary Material from
Ref.[30], engineer impurities bigger than carbon atoms,
but still within the Moiré superlattice length-scale. Thus,
according to Figs.2(b)-(c) from Ref.[30], by sitting large
impurities at one AB site, their wave-functions overlap
stronger with this spot, where the Wannier orbital has a
higher amplitude, with respect to Wannier orbitals from
the nearest three surrounding BA sites, which at this
AB site, show instead, a lower amplitude and then, over-
lap with the impurities, as aftermath, in a much weaker
strength. By this manner, we can safely describe the hy-
bridization between the AB site and impurities by the
fermionic field operator given by

for =Y Yabeo- (3)
k¢

Under these assumptions, we propose that these two large
impurities of the dimer, could be designed by making



atomic clusters, similarly to Ref.[37]. By this reason,
we expect that this experimental approach can engineer,
in the future, proper impurities for the Moiré superlat-
tice in TBG, provided that a given chemical element of
such, is correctly considered. Hence, such an approach
in Ref.[37] rises as promising and deserves extra explo-
ration for the realization of our current theoretical pro-
posal. Particularly, the particle-hole symmetric regime,
will be crucial to define zero modes, as we will see later
on, as atomic frustrated states. Thus, the experimental
challenge consists of extrapolating the technique to TBG
system, taking into account cluster sizes now bigger than
carbon atoms and within the Moiré superlattice length-
scale. This assumption can be safely adopted, once in
the length-scale of the graphene monolayers the impu-
rity atoms are assumed to be far apart, in such a way
that the overlapping between the wave functions from
this pair of atoms vanishes. However, in the Moiré su-
perlattice length-scale, these impurities are close enough
and locally coupled to the AB site via fy,. It means
that as the impurity atoms perceive the superlattice as
their host instead of the graphene monolayers individ-
ually, we are still free to call this pair of impurities by
dimer’s atoms, once this dimer stays well-established by
the superlattice environment. Thus, we can solely fo-
cus on this inter-atomic mediation afforded by the Moiré
superlattice, which is indeed the cornerstone to provide
molecular bindings in the TBG system. Additionally,
we shall see later on that such a host-assisted molecular
binding, as a matter of fact, will be of capital relevance
to analyze the molecular correlation function.

The spectral features of the dimer’s atoms can be ex-
tracted from their Density of States (DOS) p7;(w) =
—LIm[G;jo(w)] (7 = 1,2), where Gj,|jo(w) is the
Green’s function (GF) in energy domain w. This DOS,
via differential conductance measurements, can be de-
tected by an STM-tip (Scanning Tunneling Microscope-
tip)[38, 39] placed above the j*" atom of the dimer. To
obtain such, we first define this quantity in time domain

as Gjoljo(t) = —10(t) < {djs(t),d',(0)} >3 and later
on, apply to it the time-Fourier transform, in particular
with the Hubbard-I approximation[40] [see the Appen-
dices|, which gives
Gyoir (@) &
joljo\W) = —— = = 3
7ol (@) = A7 80 (@) 1o 10 (@) A7 Zo(w)

(4)

where 6 = —0, j # 1,
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is the single-atom noninteracting GF,
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is the spectral weight,
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is the atom occupation, D is the energy cutoff and
o(w) =2¢ %25 (w) the self-energy given by
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with we = w — €V. We call attention that —ImXg(w)
contains the Moiré superlattice density of states with
a pseudogap at the Fermi level w = 0 and V = 0.
However, due to V # 0 in we, the fImEg(w) and

ReZg (w) quantities, as functions of w for the valley in-
dexes £ = +1 and & = —1, show blue and red shifts in
their profiles, respectively. Particularly with V' # 0, the
pseudogap closes in —Im¥y(w) and a metallic plateau
takes place, with a finite density of states around the
Fermi energy. Concerning the explicit form of Eq.(4),
we can predict in our system, the appearance of bond-
ing and antibonding molecular states. Before to perceive
how they emerge, let us assume the impurity atoms de-
coupled from each other, which corresponds to impose
AT 80(W)Giolio (WA Xo(w) = 0 in Eq.(4), just in order
to reveal spectrally the decoupled behavior | ~;.i;fjg(w)] of
such atoms in pf;(w) (j = 1,2). Under this assumption,
we recover the well-established GF for the Hubbard-I ap-
proximation in the single atom problem[40]:

1—(ns) (njo)
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(9)
where we recognize the two bare (atomic) poles €45, < 0
and €455 +U; > 0, which in the presence of an electronic
reservoir, namely, our Moiré superlattice, are converted
into bands, with peak positions and widths being renor-
malized and broadened by ReXg(w) and —Im3¥g(w), re-
spectively. Particularly for large twist angles 8 >> 6,
let us say for instance § = 13" and 6 = 30, just to illus-
trate our goal here, we astonishingly reveal vp — vp and
Yo(w) — 0 from Eqgs.(2) and (8), respectively. This turns
out when the interlayer coupling for graphene monolay-
ers approaches ideal suppression, once the fingerprint
of such relies on recovering the pristine Fermi velocity
vp[28]. Consequently, the Moiré superlattice-impurity
hybrid system picture of Fig.1(a) breaks down and im-
purities show Dirac-delta like-behavior, i.e., p;j(w) =~
d(w—egjo) +6(w—egie —U), typically for isolated atomic
states. In this regime, twist angles and gate voltages,
as expected, play no role to sustain molecular bind-
ings, clearly due to the scenario very close to perfect
decoupled impurities and isolated graphene sheets. By
turning-on the inter-atomic correlation by keeping the
term A7 Yo (w)gio|io (W)A7 Xo(w) # 0 in Eq.(4), the reso-
nant level eq4j, < 0 (€450 + U; > 0) splits into molecular
levels, known as bonding and antibonding states. These

fotjo (W) =



states are still ruled by the self-energy 3¢ (w), as we shall
see. It is worth mentioning that our central finding re-
lies on such a quantity, namely, the self-energy Yo(w),
in particular at § = 0y, = 1.08° and with V # 0, to-
gether with the parameter )\?7 which is dependent on
the on-site Coulomb interaction U;. In this case, when
the particle-hole 2e4;, + U; = 0 constraint is fulfilled,
the splittings of the Hubbard bands around €45, < 0
and €450 + U; > 0, then become suppressed in pf;(w)
(j = 1,2) upon increasing V, as illustrated in Fig.1(g),
with a single peak at the Fermi level as a zero mode.
This occurs, as we shall see, due to the strong renor-
malization of the molecular levels arising from ReXq(w),
which leads to blue and red shifts in the split bands
egjo < 0 and €455 + U; > 0, respectively. Thereafter,
the molecular levels collapse into a single one [Fig.1(g)].
This can be achieved by choosing 2e¢4j, + U; = 0 in the
model as stated previously, and verified in its spectral
analysis by pf;(w) = pJ;(~w). Such even-parity fea-
ture is a straight consequence of this particular Hamil-
tonian, which is invariant under a standard particle-hole
transformation[41], characterized by the half-filling oc-
cupation <nj;,> = 1/2. Thus, due to this charge mir-
ror symmetry, we naturally adopt the term “particle-hole
symmetric molecule” for the dimer’s atoms. However, if
the BG system from the experimental framework, instead
of being prepared in suspended geometry and within a
high-vacuum chamber, upon considering, the typical SiC
substrate, as the BG platform, it can introduce a doping
level in the entire system spectrum[42]. As aftermath, it
will compromise the particle-hole symmetry, due to the
lifting of the Dirac point and Fermi level degeneracy[42],
thus yielding <nj5> # 1/2 and a single peak state off the
zero mode. Despite such a contamination, the recovery
of this degeneracy becomes feasible, just by controlling
nitrogen dopants on SiC. As a result, these dopants lead
to electron-lack puddles in graphene, thus decreasing the
original doping by approaching the Fermi level towards
the Dirac point[42]. As pointed out in Ref.[43], instead of
doping the substrate as in Ref.[42], n-type or p-type dop-
ing techniques performed directly in graphene, similarly,
could rule the system particle-hole symmetry. Thus, for
a given doping and slight twist, the 2e4;, + U; = 0 sit-
uation could be, in principle, achieved as well, giving
rise to a zero mode at magic angle. Intuitively, with
this single peak, we naturally infer that the molecule is
dissociated, once the splittings of the atomic levels are
absent in p?;(w) (j = 1,2). However, in order to put
such an usual statement to the test, we should focus
on the molecular correlation function dpj;(w), namely,
> 0p(w) = —+Im[G (w)] (j # I = 1,2), which is
determined from the time-Fourier transform of the GF
Georr(t) = —40(t) < {foo(t), FE_(0)} >3 . As a result,
we find

5pyi(w) = —Wl S 0 [S§(@)Gopo ()55 ()], (10)
&'o

expressed in terms of the GF
g~jo’|l0’(w) = gja\jo(M)Agzo(w)glo\la(w)a (11)

which in time domain is defined by G, (t) = —£6(t) <
{d;s (1), d}G(O)} >4, and accounts for the interference pro-
cesses between the atoms j and [ (j # ) through the
Moiré superlattice, in particular, assisted by the on-site
Coulomb correlation U; within the parameter )\?. Thus,
if nonlocally dpj;(w) is finite for j # [, despite the lo-
cal absence of splittings in the atomic levels for p¢;(w)
(j = 1,2), we will see that the dimer’s atoms, then look
like as free atoms individually, but they still build the
molecule. In this scenario, we find an unusual molecular
binding, which we introduce as atomically frustrated.

III. RESULTS AND DISCUSSION

In what follows, we adopt model parameters obeying
the particle-hole symmetric condition 24, + U; = 0,
by considering e4j = —0.01D with D = 1eV (the en-
ergy cutoff) and vg = 0.1meV. Naturally, once the region
above the Fermi level is the mirror for the correspond-
ing below, the profiles presentation for p; (w) (j=1,2)
in this domain is needless. It means that the Hubbard
bands around €45, < 0 and €455 +U; > 0 are equally dis-
tant from the Fermi energy and exhibit the same spectral
profiles.

In Fig.2, we analyze p?;(w) (j = 1,2) in two scenarios.
The first treats the twist angle § = 1.07" [Figs.2(a)-(c)],
which is off the magic angle condition, while the second
is exactly settled to such a point, i.e., 8 = 0y = 1.08°
[Figs.2(d)-(f)]. Both share an ordinary characteristic
when the inversion symmetry is preserved (V' = 0) in
the Dirac cones for the mini Brillouin zone: the emer-
gence of the molecular bonding and antibonding states
due to the atomic level splitting in egj = —0.01D, as
pointed out by the rose arrows in Figs.2(a) and (d). Al-
though they have this feature in common, these states
are broadened by —ImYg(w), whose resonant peak po-
sitions depend on ReXy(w), both distinctly for each 6.
Particularly, —ImX(w) shows a semimetallic pseudogap
[Figs.2(a)-I and (d)-I] leading to narrow widths in these
states when 45, approaches the Fermi energy, which
is the point where this gap opens with the decreasing
in the number of density of states. This narrowing
then allows to resolve the splitting of €450 = —0.01D
into the molecular levels present in p¢;(w). However, the

ReX(w) quantity magnifies differently for # = 1.07° and
0 =0y = 1.08" [Figs.2(a)-II and (d)-II] according to the
blue (ReXo(w) > 0) and red (ReXg(w) < 0) shifts indi-
cated by the vertical arrows for state levels placed below
(edgjo < 0) and above (g4 + U; > 0) the Fermi energy
(w = 0), respectively. Notice that the renormalization
from ReXo(w) in the levels for pf;(w) is stronger when

0 = 0y = 1.08", once they are driven closer to the Fermi
energy [Fig.2(d)] than in the # = 1.07 case, where we



still observe the molecular states around €4, = —0.01D
[Fig.2(a)]. As ReXy(w) depends on the Fermi velocity
inversely, in particular for 8 = 6y, = 1.08°, it increases
substantially and displaces strongly with blue (red) shift
the molecular negative (positive) peak positions. It is
worth citing that —ImEg(w) and ReZg(w) for the val-
ley indexes & = =1 of the mini Brillouin zone, as we
can see in the inset panels from Figs.2(a) and (d), are
degenerate when the inversion symmetry is preserved.
Interestingly enough, by breaking down such a symme-
try with V' # 0, the ordinary molecular profiles in p7; (w)
change drastically, once the degeneracy in —ImEg(w) and
ReX$(w) quantities is lifted. Their profiles split into blue
and red shifts for £ = +1 and £ = —1, respectively [in-
set panels for Figs.2(b), (¢), (e) and (f)]. Particularly
in Fig.2(b) [Fig.2(e)], we observe partially (completely)
collapse of the molecular states with V' = 0.01D. The
case for Fig.2(b) is ruled exclusively by the blue and red

shifts in —ImEg (w) profiles, which close the pseudogap in
—Im¥y(w) and make the molecular states broader, but
not enough for the entire collapse. This constitutes a
gapless phase of the Moiré superlattice, with a metal-
lic plateau emerging in —Im¥,(w), whose amplitude de-
fines the broadening of the molecular peaks. This phe-
nomenon has been already observed in the metallic Weyl
counterparts, triggered exactly by the pseudogap closing
from the semimetallic Dirac phase. It leads to molecu-
lar states atomically frustrated[31], in particular off the
Fermi energy with the increase of V, as depicted by the
resonant peak in Fig.2(c) with V' = 0.03D. We should
remember that, there is also another one in the positive
energy domain, due to the existing charge mirror symme-
try in the dimer’s atoms. However, for § = 0, = 1.08°
and V = 0.03D, the strong regime of the vertical blue
and red shifts in ReXo(w) is enough to allow the com-
plete merge between the molecular peaks into a single
resonant structure, in particular, exactly at the Fermi
energy [Fig.2(f)]. As a matter of fact, the blue and red
shifts in ReXg(w) at the inset panels (d)-II, (e)-II and
(f)-II from Fig.2 are considered pronounced, due to their
enhanced amplitudes, which are up to ~ 107D, i.e., 10
times greater when compared to the # = 1.07" case shown
in the inset panels (a)-1I, (b)-IT and (c)-II of the same fig-
ure. Thus, distinctly from the Weyl metal case[31], this
single peak still has its origin from the pseudogap closing,
but in addition to such a mechanism, in order to become
a zero mode, it needs also the one from the strong renor-
malization of the molecular levels, due to the ReXg(w)
function. Such a feature then allows the blue and red
shifts for the molecular states found below and above the
Fermi energy, respectively and inevitably, to a collapsed
final state wherein the ordinary molecular peaks are not
resolved as earlier [see also the cartoon in Fig.1(g)]. This
feature strongly suggests that the atoms from the dimer
does not constitute a molecule anymore and can be con-
sidered, in principle, decoupled from each other. As a
matter of fact, in Fig.3 we will see that such a single

peak is not atomic as it seems to be, as pointed out by
the on-site spectral function pf; (w) pattern. Surprisingly,
such a case is peculiar and it has a molecular nature, as
can be ensured by the finite values extracted from the
molecular correlation function dpj;(w) (j #{ = 1,2) in
Eq.(10). This nonlocal quantity then reveals that the
molecular binding persists and due to such, we recognize
this molecular zero mode as atomically frustrated.

In Fig.3(a) for the first twist magic angle condition
0 = 0y = 1.08", we summarize via the p§;(w) color
map (in normalized units) as a function of V' and w,
the crossover from ordinary molecular states towards a
molecular zero mode atomically frustrated. This density
plot makes explicit three distinct phases, which we rec-
ognize as: I) the weak metallic Moiré phase, where four
molecular states can be viewed corresponding to the split-
tings in the Hubbard bands €4, < 0 and egj, + U; > 0,
II) the intermediate metallic phase with two atomic frus-
trated states well established as in Weyl metals[31] and
finally, IIT) the strong metallic Moiré phase, where the
molecular zero mode atomically frustrated emerges. Al-
though we have showed in Fig.2(f) that the gate V =
0.03D between the layers affects the energy spectrum
of the atomic impurities with the presence of the zero
mode when 6§ = 6, = 1.08", in the § = 1.07  case, this
single peak does not exist for such a V strength. How-
ever, for § = 0y = 1.08", the zero mode threshold to
rise is much lower, i.e., it is given by V = 0.019D, as
marked at Fig.3(a) in rose color. Such a minor value
is expected, since our findings lie within the domains of
linear dispersion approximation and nearly flat bands.
Thus, to better understand the reason for which the ab-
sence of splittings in the atomic levels observed in p;(w)
is considered naive to characterize the dimer’s atoms dis-
sociated and the final state as a genuine atomic one,
we call attention to the molecular correlation function
dpji(w) (j # 1 = 1,2) as a function of w. Notice that
in Fig.3(b) for V' = 0, which corresponds to the split
bonding and antibonding molecular levels in Fig.2(d),
the dpji(w) spectral function is finite (red lineshape),
as expected for a molecular binding. The same occurs
for V= 0.01D (green lineshape) and V' = 0.03D (blue
lineshape). However, the latter leads to only one sin-
gle resonant structure at w = 0 (zero mode) in Fig.2(f),
which could give the impression that the atoms become
decoupled from each other, turning into authentic atomic
states. As dpj;(w) is finite even with V' = 0.03D, the
Moiré superlattice intermediates the connection between
the atoms, just in order to sustain the molecular bind-
ing. Particularly, this mediation is assisted by the atomic
Coulomb interactions Uj, as we can verify in the term
A7 X0 (W) gjolio(W)AT Xo(w) (4 # 1 = 1,2) for Eq.(4). Its
origin arises from the interplay between the fulfilment of
the first twist magic angle condition § = 6, = 1.08" in
the presence of Coulomb terms and the breaking down
of the inversion symmetry in the Dirac cones by the
gate voltage V. To conclude, we analyze in Fig.3(c) how
the quasiparticle lifetime 7(U;)[44] for the molecular zero
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Figure 2. (Color online) Panels (a)-(c): Crossover observed in the spectral density of states p$;(w) (j = 1,2) for the dimer’s
atoms, with €450 = —0.01D and particle-hole symmetry (2e4;» + U; = 0), as a function of the single particle energy w in the

negative domain, in particular, off the first twist magic angle, i.e.

,0 = 1.07°. Here, we visualize the evolution from the ordinary

molecular states (level splitting in 45, into bonding and antibonding states) at panel (a), which are approximately broadened
by —ImX(w), via the breaking down of the inversion symmetry by the gate voltage V' [panels (b) and (c)], towards the final
atomic frustrated state, where the aforementioned level splitting is absent, as depicted at panel (c). Additionally, a second
atomic frustrated state exists in the positive energy domain, but it is not shown, due to the aforementioned charge mirror
symmetry for the dimer. Notice that the peak in panel (c) is the result of the merge between the molecular peaks from panels
(a)-(b), ruled by the pseudogap closing in —Im3¥o(w), which is characterized by a metallic (gapless) plateau [inset panels (b)-I
and (c)-I]. The plateau amplitude defines the broadening of the molecular peaks and arises from the blue and red shifts in
the profiles for —Im¥} (w) and —ImX; (w), respectively. Consequently, the molecular states collapse into a unique resonant
state, as in panel (c), but still placed around €40 = —0.01D, once the blue and red shifts in ReXo(w) are in the weak regime
(up to ~ 1072D according to the right axis of the inset panels (a)-II, (b)-IT and (c)-II). Such a single peak is still considered
of molecular nature, but with atomic frustration as in the metallic Weyl counterparts[31]. Panels (d)-(f): The corresponding
crossover for panels (a)-(c) in the case of the first twist magic angle § = 6y = 1.08". Distinctly from 6 = 1.07, beyond the
pseudogap closing mechanism in —Im¥,(w) [panels (e)-I and (f)-I], the blue and red shifts in ReXo(w) [panels (d)-II, (e)-II
and (f)-11] enter into the strong regime (up to ~ 10~'D, i.e., 10 times the # = 1.07° case), thus also ruling the emergence of
the atomic frustrated state. This second mechanism does not manifest in Weyl metals, once the Fermi velocity is not tunable
by twist angles. By this manner, the molecular states at negative and positive (not shown) energy positions merge exactly
at w = 0, therefore constituting a molecular zero mode of energy [panel (f)], which is considered atomically frustrated [see

Figs.3(a)-(c)], cf. details in the main text.

mode in the atomic frustrated state regime (V' = 0.03D)
changes with the Coulomb interactions U;. Thus, we re-
store in the profile of p7;(w) the positive energy domain
(w > 0), once the lifetime is inversely proportional to the
spectral width 2I'(U;)[44], i.e., 7(U;) = Wrbj) Param-
eterizing by e4io = —0.01fD and U; = —2¢4;,, we find

out that the quasiparticle lifetime increases by decreasing
f- It means that, hypothetically in the absence of such an
interaction (f = 0), the dimer’s atoms become isolated
from the superlattice and the atomic frustrated state dis-
appears, due to the p7,(w) ~ (w) behavior [panel (c)-I of
the same figure]. Therefore, the molecular binding found
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Figure 3. (Color online) Panel (a): Color map of the normalized pj;(w) (j = 1,2) for the dimer’s atoms, with £4jo = —0.01D
and particle-hole symmetry (U; = —2e4j,), spanned by V and w at the first twist magic angle 0 = 6y = 1.08". A crossover is
shown from the ordinary molecular states (I- the weak metallic Moiré phase) triggered by the continuous changing of the V/
parameter (II- the intermediate metallic Moiré phase), which results in the levels collapse into a single zero mode (III- the strong
metallic Moiré phase, with V' = 0.019D as the zero mode threshold to emerge). This mode is atomically frustrated, as we shall
verify later on. Panel (b): Molecular correlation function dp;i(w) (j # 1 = 1,2) as a function of w, with particle-hole symmetry
(Uj = —2e4j,). Finite values of §pj;(w) identify molecular bindings as well-established, due to usual splitting of the atomic level
into molecular states, such as the one observed in Fig.2(d) with V' = 0. However, when this splitting is absent as in Fig.2(f) with
V =0.03D, it suggests the decoupling of the atoms from each other and the recovering of an atomic state. Counterintuitively,
the correlation dpj;(w) is still finite even in such a situation. It means that locally the dimer’s atoms behave, by means of
p5j(w), as uncoupled atoms due to the spectral single peak characteristic, while its nonlocal behavior (6pji(w) # 0, j # 1) is
of molecular nature mediated by the Moiré superlattice, in particular, assisted by the atomic Coulomb interaction (III- strong
metallic Moiré phase). For this case, we call this peculiar molecular mode at w = 0 that seems to be atomic, as a molecular zero
mode atomically frustrated. Panel (c): Coulomb interaction (U;) dependence in the particle-hole symmetric (€450 = —0.01fD
and U; = —2ey4jo) spectral density of states pf;(w) (j = 1,2) for the atomic frustrated state regime (V' = 0.03D). We see that
the quasiparticle lifetime 7(U;) = W,}j)’ which is inversely proportional to the spectral width 2I'(U;) of pJ;(w), increases upon

decreasing f. In the inset (c)-I, the limit case with f = 0 (U; = 0) leads to a p§;(w) = 0(w) behavior. The latter denotes that
the dimer’s atoms become completely isolated from the host, in such a way that the atomic frustrated state, which should be
assisted by the U; term to exist, quenches.

in this work should be afforded by a finite U; to exist. mirror symmetry. To realize such, in particular, at the
Interestingly enough, the Anderson theory on impurity first twist magic angle, the TBG system should be driven
systems[36] predicts spectral densities with single peaks into a strong metallic phase, which arises from the bro-

solely in the absence of Coulomb interactions. Such a sig-  ken inversion symmetry in the Dirac cones for the emer-
nature, as we can notice, arises rightly from the Hubbard- gent mini Brillouin zones of the Moiré superlattice. This
I solution, which by imposing U; = 0 in Eq.(9), provides can be performed by applying top and bottom opposite
a spectral density with a Lorentzian lineshape. However, gate voltages to the graphene monolayers. By this man-

the molecular zero mode of the atomic frustrated state ner, this configuration leads to an enhancement of the
here reported, which is also a single one resonant peak blue and red shifts in the molecular levels, which in the
of a Lorentzian, then contrasts with the aforementioned case of considering atomic Coulomb correlations, make
feature and constitutes an exception to this rule. As a the possibility of merging entirely these molecular peaks
matter of fact, the results from Fig.3(c) ensure that such into a zero mode in the dimer’s atoms, just by chang-
a state is indeed, a strongly correlated metallic state, ing the gate voltages. These tunable states constitute a
which emerges at the first twist magic angle condition. spectral single peak, which suggests that the atoms are
found decoupled from each other. However, the molec-

ular correlation function from the dimer’s atoms is still

IV. CONCLUSIONS finite in this case, thus revealing the molecular nature of

such a binding, which in particular, is mediated by the
Moiré superlattice. As a result, this leads then to the
concept of atomic frustration in molecules. In summary,
our findings point out that the Moiré superlattice can

We have demonstrated that the TBG is a promising
candidate to host a molecular zero mode atomically frus-
trated, upon considering diatomic molecules with charge



be considered as a new platform to build unconventional
molecular bindings via graphene twistronics.

V. ACKNOWLEDGMENTS

We thank the Brazilian funding agencies CNPq
(Grants. Nos. 128919/2021-3, 308410,/2018-1,
305668,/2018-8 and 302887/2020-2), the Sao Paulo Re-
search Foundation (FAPESP; Grant No. 2018/09413-0)
and Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior - Brasil (CAPES) — Finance Code 001.

APPENDICES

We summarize the main mathematical steps to de-
rive the GFs of the dimer’s atoms [Eqgs.(4) and (11)]
and the molecular correlation function [Eq.(10)]. Such
evaluations will be performed via the equation-of-motion
(EOM) approach on the system GFs[44], in particular,
within the Hubbard-I approximation[40].

Appendix A: Helical basis for the TBG
Anderson-like Hamiltonian

In order to accomplish the previous announced pur-
pose, we first need to diagonalize the Hamiltonian of the
TBG system and later on, express it into the helical ba-
sis with right- and left-movers. Thus, by using the spinor
¢1T<§a =( z/;LBk&T 1/;;5141(50 ) in Eq.(1), we begin with
H= HTBG + Hdimer + HHyb

= Z[hﬁF(Ekx - Zky) + fv]wggkgngAkgg + H.c.

kéo
N+ZU dind) ;)

+ Z Edjgd
jo

+ Z UO(wAkacrde + H.c.).
kéjo

(A1)

Now we change to polar coordinates hip(Ek. F iky) =
hopkéeT€? perform the transformations YABkte =

IS 0 €00, s = 556165, 00 5, )
and ), — (2 ) > [ d’k in the Hamiltonians Hrpg and

Hiyb, just to obtain the continuum limit of k space.
Thus, by taking into account all these procedures to-
gether, we find

Hrna = 30 5o | eukdh(cSh 006 )

o
— LK), () + €V (S
+ ¢ k)¢t (k)]

L (k)¢50 (k)
(A2)
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with ¢, = hvpk and

Hitys, = }: / mmgf (1) + ¢ (K))djo + Hee..

(A3)

As we are interested in the low energy Physics of the TBG
system, which should be isotropic as expected, we per-
form an angular plane-wave decomposition of the form
G, k) = Z[EEPETE L e (k), from
where we only catch the contribution of the m = 0 state.
Later on, we unfold the range of the momenta k from
(0, 00) to (—00, +00), which allows us to introduce the he-
lical basis ¢ ¢ (k) = (5, (k) for k > 0 and ¢ ¢(k) = ¢*, (k)
for k < 0 to describe right- and left-movers, respectively.
Consequently, we find an Anderson-like Hamiltonian[36]
for the TBG system, which reads

k(ek + €V)ehe (k) coe (k) + Haimer

ol e(k)djo + Hee), (A4)

where Vi(0) = Y20 V;I:Wﬂ encodes the momentum and
twist angle dependent coupling between the impurity
atoms and the Moiré superlattice.

Appendix B: The evaluation of the GFs for the
dimer’s atoms

The EOM approach can be summarized as follows:
wrGasw) = {A B} + Glas(w), wh = w+ 1407, the

time Fourier transform G 45(w) = fjf: dtgA|B(t)e_%“’+t
for the energy domain GF QA|B(w) and Gy p(t) =
—46(t) < {A(t),B'(0)} >4 is the corresponding GF in
time domain. To obtain Egs.(4) and (11), we follow the

EOM prescription taking into account Eq.(A4) and show
(W+ - Edja)gja\lo( ) = 041 + Ujgjonﬁ,\lo(w)

+Z / dkVi(0)Ge, o (110 (@), (B1)

With G, 10 (8) = —20() < {dso(DIngo (1), ], (0)} >
as a GF of high hierarchy that encodes the on-site
Coulomb correlations, with njz = d 5dj5, while the host-
atom mixing GF arises from

5 Vi (0) 5

- - < ;! B2

gcds(k)\la(w) ; (w+ — e, — §V) g] U|l(r(w)7 ( )
in which G, _ Yo (t) = —%9( ) < {coe(k,t),d ( ) >w
From Eq.(Bl), we need to obtain Qj,mja”c,( w). As we
are not interested in the Kondo regime[41], spin-flip
processes can be safely disregarded in the evaluation



of ngnjéuo(w). Such an assumption consists the main
cornerstone of the Hubbard-I approach in decoupling
the system of GFs[40]. The Hubbard-I holds at tem-
peratures T > Tgk, where T, represents the Kondo
temperature[41]. Particularly in the calculation of <nj5>
given by Eq.(7) and below, we make explicit that T
should not be very high, so that we can safely adopt the
Heaviside step function for the Fermi-Dirac distribution
n, (). Thus, by this manner, after successive steps of the
EOM, we obtain

+ ')g~jan]6|l0(w) = 041 < njé’ >

+Z / A&V (0)Ge, (k)0 10 (W), (B3)
gcaé(k)ny‘«’r“f’(t) = _%e(t) < {Cﬁé(kvt)nj5(t)7

and
Z Vi (0

(w+ — €&k — fV) coe (k) nJg|la

(w — Edjg —

dl,(0)} >

j ‘onjs |la(w)a
(B4)
With Gjron, 10 (t) = —40(t) < {djro()njs(t), d], (0)} >x

. At this stage, we 1mpose the mean-field approx1mat10n
g] ronjallo(W) < njs > g] olic(w), which allows us to

close the set of equations for the system of GFs. This
gives rise to Egs.(4) and (11), wherein
P e VZ(0)
S5(w) = / ko R B5
O(w) b hUF (W+ — € — fv) ( )

determines the self-energy in Eq.(8), with +£D as the
ultraviolet (+) and infrared energy-cutoffs (—), respec-
tively.

Appendix C: The molecular correlation function

As previously stated in the main text, the correla-
tion function dpj(w) in >, dpu(w) = —Lm[geor(w)]

11

(j # 1 = 1,2) requires the determination of the GF
GO (w), which is obtained from the time Fourier trans-
form of G () = —20(t) < {for(t), fd,(0)} > . Thus,
the operator fy, describes a host site from which the
molecular binding can be established by connecting the
atoms through the TBG system. Particularly, in the he-

lical basis fo, = >, fjoo; dk\/Q;wT‘ﬂc
Eq.(A4) and

-¢ (k) according to

20 0pji(w)=

&5
1 .
X (= )m(Ge, (k) e,er () ()] (C1)

Q@ﬂ' oo
/ / didq+/TF]/Ta]

expressed by the last GF, which in time domain reads

Geoe () leyer(a) (D) = —£0(t) < {coe(k, 1), clei(q,0)} >2 -
By applying the EOM to unknown GF's, we find

deerd(k —q)
(Wt — e — &V)

WVINT g ), ()

Geoe(k)lcyer (g) (W) =

where gja‘cgs,(q)(t) = *% () < {dga( )7 ggl(Qa )} >H
and

Z Qa|q‘ﬂ- g~ja|la(w)'

gJU|Cgs/(Q) 2 w+ —gg— f/V)

l

(C3)

Therefore, after substituting Eqgs.(C2) and (C3) into
Eq.(C1), we finally deduce the molecular correlation
function given by Eq.(10), which should consider j #
1=1,2.
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We theoretically analyze the effect of the inversion symmetry breaking on the structure of the
impurity molecular states in Weyl metals. We show that for the case of a highly noncentrosymmetric
Weyl metallic host, the standard picture of the alternating bonding and antibonding orbitals breaks
down, and a qualitatively different frustrated atomic state emerges. This is a consequence of the
pseudogap closing and related delicate Fano interplay between intra- and inter-impurity scattering

channels.

I. INTRODUCTION

Dirac-Weyl equation [1], which first appears in the con-
text of the relativistic quantum field theory, where it
describes massless fermions, such as neutrinos, recently
found its application in the domain of condensed matter
physics. The existence of Dirac-Weyl fermions, quasi-
relativistic quasiparticles, was unambiguously demon-
strated for the family of the gapless binary alloys, such
as NagBi, Cd3Asg, TaAs, NbAs and TaP [2-12]. The
pair of the Dirac cones, present in these materials, can
be split into two Weyl nodes with opposite chirality, if
certain symmetry (inversion or time-reversal) is broken
[13]. As a result, a topological Weyl material with un-
usual characteristics, such as Fermi arcs, chiral anomaly
and exotic Hall effects [13-19], emerges. The peculiar
band structure of Weyl systems has dramatic impact on
the electronic structure of impurities [20-27]. In par-
ticular, as it was recently shown by some of us, chiral
magnetic chemical bounds for a pair of impurities can
appear in Weyl semimetals with energy degenerate Weyl
nodes shifted in k space with respect to each other [27].

In this communication, we consider the structure of im-
purity molecular states in Weyl metals, where two Weyl
nodes are located at the same k, but are shifted in en-
ergy. We demonstrate that in the geometry correspond-
ing to two Anderson-like impurities [28] shown in Fig. 1,
bonding and antibonding molecular states evolve into an
atomic frustrated state marked by two Hubbard bands
[29], with increase of the energy splitting between the two
Weyl nodes. In this regime, the closing of the host pseu-
dogap occurs, which leads to the dominance of the de-
structive Fano interference [30, 31] in the intra-impurity
scattering channel, which is opposite to what happens in
the corresponding inter-impurity channel revealing reso-
nant behavior. The reported crossover can be realized
by application of external stress [13] and experimentally
detected with use of the STM techniques.

* corresponding author: antonio.seridonio@unesp.br

STM-tip _AN@ Qo0
w 3
=24 -7
< N o
z 11— <3 o7+
(a) oS
—0.5 0.0 0.5
r
/ e/D
,,,,,,,,,,,, 'R—4 . _iTN©® 0-04p
L 31— +
o =9
R A0 10 R0 1Y Sl
X 0 = o =
—0.5 0.0 0.5
e/D

Figure 1.  (Color online) Panel (a): Sketch of the consid-
ered system, consisting of a pair of impurities placed inside
a Weyl metal close to its interface. The positions of the im-
purities are characterized by the vectors Ri 2. The impurity
molecular states can be probed on the surface of the host by
an STM tip, whose location is characterized by the vector r.
Panel (b): Sketch of the dispersion, characteristic for a Dirac
semimetal with two degenerated Dirac cones. The pseudo-
gap is formed around the Dirac point, where the host Density
of States (DOS) p(e) = 0. Panel (c): Sketch of the disper-
sion, characteristic for the Weyl metal. The degeneracy of
the Dirac cones is lifted due to the breaking of the inversion
symmetry, and a pair of Weyl nodes vertically shifted with
respect to each other appears. The pseudogap is closed due
to the lifting of the degeneracy of the Weyl nodes. Panel
(d): DOS p(e) of a Dirac semimetal. Panel (e): DOS p(e) of
a Weyl metal. The plus and minus signs identify the DOS
resolved in opposite chiralities.

II. THE MODEL

The Hamiltonian of the system sketched in Fig. 1 can
be represented as:

H= " ) (Hy & H (k) +24 Y dlydso
k

jo

+U Y dldied] diy + ) diVaa(k) + He., (1)
J jk

where H, (k) = x(vro - k + 00Qo) is the Dirac-Weyl
Hamiltonian of the host, corresponding to the two Dirac
cones shifted vertically in energy (see Fig. 1(c)), o stands



for the vector of Pauli matrices, o is the unity matrix,
x = *1 corresponds to the Weyl nodes chirality, Qg is
the characteristic parameter defining the energy splitting
between the Weyl nodes (Qo # 0 corresponds to a Weyl
metal, Qo = 0 to a Dirac semimetal), vp is the Fermi
velocity, ¥(k) = (Cikit,Ckrl,Ch—t,Ck—y)] is the four-
spinor operator describing the electronic states in the
host CLXU, Ckyo With wave vector k, chirality x and spin

o. The operators dN7 d;, describe the electronic states
of individual impurities ( j = 1,2) with single-particle en-
ergies £4 and on-site Coulomb correlation energy U. The
term, containing the two-spinor J} = (d%, dl J i) couples
the impurities to the host, via the matrix

ik-R; ik-R;
- et 0 e 0
Vik = UO( 0 kR (g kR, ) ) (2)

with vy being the coupling strength.

The electronic characteristics of the system are deter-
mined by its Local Density of States (LDOS) p(e,r),
which can be found from the Green’s functions (GF)
of the host in the energy domain, Gy,o(c,r) [32] de-
fined as the time-Fourier transform of G, (f,r) =

=i0 (1) ({ro (B1), 0, 01))) | with Gyo(tr) =
>k €T iy (t) being the field operator of the host con-

duction states with spin ¢ and chirality x. The LDOS
reads [26, 27, 32]:

—*ZIm{gxxafr}—m*'zépjw (3)

oxx’ 33’

p(e,r)

where the first term in this expression describes the host

2
DOS py = Zx 3[%, with D as the energy cutoff and ¢, =
€ — xQo, and the second term is the correction to the
LDOS induced by the host-impurity coupling:

dpjj(e,r) = —ro D Im[ET, (r = Ry)Gioly0(e)

xx'c

X X, (r—Ry)], (4)

where R describes the coordinates of the two impurities.
The terms with j* = j and j' # j correspond to intra-
and inter-impurity scattering channels, respectively, and

3mvpvd ey
BT T ey £ x0 6X+z|| (5)

are self-energy terms responsible for the spatial modula-
tion of the LDOS. Following Ref.[25], to obtain Eq.(5),
we_have evaluated the noninteracting part of the GF
v3Gyx'o (€, 1) (the corresponding one which solely consid-
ers the first term in Eq.(1)), by means of an expansion of
the plane wave ¢’ within 1, (¢,r) (the Fourier trans-
form of 1, (t,r)) into spherical harmonics terms, accord-
ing to the Rayleigh equation, particularly for D > ¢
23, 25).

AR

g~j0|j,0(s) is the time-Fourier transform of the im-
purities GFs, Gjo)500(1) = —if (t) ({djo (), d}, (0)}),,.
Away from the Kondo regime [33], Hubbard-I approxi-
mation [26, 27, 29, 32] can be applied, which gives:

~ A7
g'a '0(5): = P J 5 — .
170 Trlio(8) = AT5E (Riz)gja 7 (€)X5, 55 (Ra2)

(6)
Here 6 = —o, j' # j, Ri2 = Ri — Ry, X2(r) =
> 5, (),

1
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is the single-impurity noninteracting GF,
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as the local self-energy,
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is the spectral weight and
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is the impurity occupation [34]. The crossed GF reads

gja|j’o (€) )gj’olj'a (e), (11)
in which the + signs correspond to 7 = 1,5/ = 2 and
j = 2,5 =1, respectively. We emphasize that to close
the set of Egs. (6), (9) and (11) we have followed, as men-
tioned previously, the Hubbard-I scheme [26, 27, 29, 32].
It truncates the GFs of the Hamiltonian (Eq.(1)) by tak-
ing into account the Coulomb blockade regime [29, 32]
and neglecting the Kondo correlations, where spin-flip
processes dominate [33]. Thus, in applying the equation
of motion procedure (EOM) to evaluate such GFs [32],
those showing spin-flip scattering should be disregarded.
By this manner, the impurity occupation <njg> (Eq.(10))
is then determined off the Kondo limit [34], by perform-
ing a self-consistent calculation. The unique regime in
which the equations above are exact is for U = 0.

In the case of uncorrelated impurities, realized when
|R12| > ’UF’UO/D3 E?(Rjj/) = 0 and (Spjj/ = 0,
Eq. (6) has two poles (the so-called Hubbard resonant
bands [29]), appearing in dp,;. The host-mediated inter-
impurity correlations lead to the splitting of these poles,
which corresponds to the formation of the impurity
molecular bands even in the absence of the direct hopping
term between the impurities [26].

= Gjoljo (AT SE(Ryy



III. RESULTS AND DISCUSSION

In our following consideration, we use model param-
eters: |Riz| = 2nm, ¢4 = —0.07D, vy = —0.14D,
U = 0.14D, vr ~ 3eVA and D =~ 0.2¢V [26, 27]. We
suggest that the impurities are buried at the distance
of 1 nm below the top surface of the Dirac-Weyl mate-
rial, and are placed in the points Ry = (0,—1,0) nm and
Ro = (0,1,0) nm (see Fig. 1).

Fig. 2 illustrates the evolution of the spatial profiles of
the LDOS at the surface of the host, given by Eq. (3),
which can be probed by an STM tip, with increase of the
parameter (g, describing the breaking of the inversion
symmetry. In panel (a) the case of a Dirac semimetal
with degenerated Weyl nodes, corresponding to @y = 0,
is illustrated. Molecular orbitals of the bonding and an-
tibonding type are formed, and the profile corresponding
to the latter one, with maxima of the LDOS centered at
the points where the impurities are located, is shown. We
stress that due to the peculiarities of the band structure
of the Dirac host, the antibonding state has lower energy
as compared to the bonding state, as it was demonstrated
in Ref. [26]. The increase of the parameter () leads to
the broadening of the LDOS peaks. Still, if values of Qg
are moderate, the LDOS profiles remain qualitatively the
same as for g = 0, and still can be described in terms of
the formation of an antibonding molecular state, as it is
illustrated in the panel (b). However, if the value of the
parameter )y becomes sufficiently large, the profile of the
LDOS dramatically changes. It becomes depleted in the
broad region around the impurities, and corresponds to
a distorted centrosymmetric configuration characteristic
to a frustrated atomic state, as it is shown in the panel
(c).

To shed more light on the underlying mechanisms of
its formation, we have analyzed separately different con-
tributions to the LDOS induced by the impurities, as
illustrated by Figs. 3 and 5.

Fig. 3 shows the plots of dp;; as a function of the en-
ergy for one particular tip position r = (1,1,1) nm (the
change of this latter does not affect the results qualita-
tively). Both contributions from intra-impurity (j = )
and inter-impurity (j # 1) are shown. In panel (a), cor-
responding to the case of a Dirac host with Qg = 0, one
clearly sees the presence of the four peaks in dp;;, corre-
sponding to well resolved Hubbard bands and describing
the formation of bonding and antibonding molecular or-
bitals, which stem from single-impurity bands centered
around ¢4 < 0 and ¢4 + U > 0. For the considered pa-
rameters, the lowest energy peak corresponds to the an-
tibonding state (pointed by the red arrow) and next peak
to the bonding molecular state (pointed by the green ar-
row) [26]. The crossed term ép;;, with j # [ exhibits two
resolved pairs of peaks and Fano dips instead. The in-
crease of the parameter ()¢ leads to the broadening of the
peaks and Fano dips (panel (b), Qo = 0.1D). At some
point, the peaks corresponding to the bonding and an-
tibonding states merge, giving rise to intermediate Fano
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Figure 2.  (Color online) Panel (a): Spatial profile of the
LDOS, corresponding to the antibonding state of a pair of im-
purities, placed inside a Dirac semimetal (Qo = 0). Panel (b):
Spatial profile of the LDOS for a pair of impurities, placed in-
side a Weyl metal with moderate value of Qo = 0.25D. Panel
(c): Spatial profile of the LDOS, corresponding to the frus-
trated atomic state, for a pair of impurities, placed inside a
Weyl metal with large value of Qo = 0.4D.
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Figure 3. (Color online) Impurity-induced contributions to

the density of states dp;; as a function of energy. Position of
the STM tip is fixed at r = (1,1,1) nm. Panel (a): The case
of a Dirac semimetal host, Qo = 0. One clearly sees two well
resolved pairs of peaks in Jp;;, centered around €4 and €4 +
U and corresponding to bonding (indicated by green arrow)
and antibonding (indicated by red arrow) molecular orbitals.
Panel (b): The case of a Weyl metal host with small value of
Qo = 0.1D. The peaks corresponding to the molecular states
become broadened, but are still clearly resolved. Panel (c):
The case of a Weyl metal host with moderate value of Qo =
0.25D. Intermediate Fano structures with merged peaks and
dips appear. Panel (d): The case of a Weyl metal host with
large value of Qo = 0.4D. Broad plateau in the density of
states flanked by a pair of the merged peaks or dips is formed
around € = 0. Transition to the regime of atomic frustrated
state occurs, as seen in Fig. 2(c).

lineshapes, with shallow minimum at ¢ = 0 (panel (c),
Qo = 0.25D). Further increase of (g leads to the forma-
tion of a broad plateau in the density of states around
e = 0, flanked by a pair of merged peaks for j # [, or
merged dips for j =1 (panel (d), Qo = 0.4D). The pres-
ence of only two resolved Hubbard bands is typical for
a pair of uncorrelated impurities. However, in our case
the amplitudes dp;; # 0 for j # I, which means that
molecular binding still persists, although in the unusual
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Figure 4. (Color online) Panel (a): Induced LDOS term

bpi7 G = 1,7 =2and j = 2,5 = 1) for Qo = 04D
with STM tip at r = (1,1,1) nm as a function of energy
for several values of Ri2. For a sake of clarity, we present
each case vertically shifted, thus making explicit that the in-
creasing of Ria leads to the LDOS dp;; vanishing. Hence,
such a quenching reveals the crossover from the profile with
two Hubbard bands, characteristic of the atomic frustrated
state, towards that completely flat, for the uncorrelated pair
of atoms situation. Panel (b): Amplitude of §p,; evaluated
at the black-dashed line cut ¢ ~ —0.07D marked in panel
(a) as a function of |Rj2|, which exhibits an exponential-like
decay (crossed-points in black). Particularly, it is fitted by
dp;j;(e = —0.07D) = 1.96 exp(—0.41|R12|) (red line).

form of an atomic frustrated state. In this configuration,
the role of the constructive and destructive Fano inter-
ference channels between dp;; and dp;; becomes inverted
with respect to those observed in Dirac hosts, as it can
be clearly seen from the comparison between panels (d)
and (a).

We highlight that Figs. 2 and 3 introduce the concept
of the atomic frustrated state, whose origin is genuinely
of molecular-type, wherein its signatures resemble simul-
taneously those from uncorrelated and correlated atoms.
Noteworthy, in such a scenario, the collective behavior
of a diatomic molecule mimics an uncorrelated pair of
atoms. Its characterization consists of electronic deple-
tions (Fano dips) in dp;; around the Hubbard bands at
€q < 0and eg+U > 0, exactly as in the corresponding un-
correlated situation. Additionally and counterintuitively,
a finite inter-impurities correlation (dp;; # 0 with j # 1)
emerges as in a molecule, being identified by two Hub-
bard peaks instead. Hence, as this pair of atoms remains
correlated through the host (6p;; finite, although with
just two Hubbard structures), but shows itself seemingly
uncorrelated (0p;; with two Hubbard structures, instead
of four as in a molecule), then the state is considered
atomically frustrated.

It is worth mentioning that as we focus on the
paramagnetic case of impurities (<n]¢> = <nj¢>), the
Dzyaloshinskii-Moriya interaction (DMI), which is a type
of spin texture within the RKKY interaction [22, 23] for
Dirac-Weyl semimetals, indeed does not rule this pecu-
liar molecular binding here reported. The key responsi-
ble mechanism for the proposed state relies on the well-
known Friedel-like oscillations [35], which according to
some of us [26, 27], by working cooperatively with the

intra-impurities Coulomb repulsion, is capable of estab-
lishing molecular bonds in Dirac-Weyl hosts. Thus, in
the frustration regime of the Weyl metal phase, for first
ever, novel Friedel-like behavior is revealed. It consists of
electronic waves that travel forth and back between the
left and right impurities (6p;;), which are entirely phase
shifted by = with respect to those scattered locally by the
impurities (dp;;). As a result, dp;; shows two structures
dominantly Fano destructive at the two Hubbard bands
g < 0and eq +U > 0 (Fig. 3(d)), which then flank a
flat metallic-type plateau in the LDOS around the Fermi
energy, as we will see later on.

In order to understand the long-range behavior of the
frustrated atomic state encoded by dpj;, in Fig.4(a) we
analyze such a quantity for Qo = 0.4D and STM-tip at
r = (1,1,1) nm, as a function of energy upon varying
Ri2. We can clearly perceive that the pair of Hubbard
bands of the atomic frustrated state become broader as
we increase the inter-impurities separation, in such a way
that the dpj; approaches a profile entirely flat, which cor-
responds to the case of decoupled atoms. Thus by fixing
the energy, for instance at e ~ —0.07D (black-dashed line
cut), it is possible to estimate how quickly dp;; vanishes.
Fig.4(b) then makes explicit that the decay obeys an
exponential-like behavior (crossed-points in black), which
is fitted by dp;;(e =~ —0.07D) = 1.96 exp(—0.41|R2|)
(red line), where j = 1,j = 2 and j = 2,5 = 1. Notice
that for |R12| = 10nm, the molecular bond of the atomic
frustrated state is practically dissociated.

Fig. 5(a) shows that the corresponding total LDOS has
very broad maximum at € = 0 and a pair of the broad
minima around &4 and €4 + U. We clarify that the emer-
gence of a flat LDOS (broad plateau) in the vicinity of
¢ = 0 (the Fermi energy) is characteristic of the metal-
lic regime of the host. This is the direct outcome of the
pseudogap closing in Weyl materials with large @, for
which the host DOS is enhanced at the Fermi energy. In
equivalent words, it leads to the enhancement of states
in the Fermi surface, exactly when the inversion symme-
try is highly broken, which drives the system into the
metallic Weyl regime. This comes from the increasing of
the Dirac cones separation obeying blue and red shifts in
the energy axis (see Fig.1(c) of the system sketch). This
causes the formation of two bands. However, distinctly
from the spin-orbit coupling, which resolves these bands
in the spin channels, in Weyl metals such a separation
occurs in the chirality degrees of freedom. The latter,
we call particular attention, is defined as the spin pro-
jection over the linear momentum, contrasting the spin-
orbit coupling, which instead, projects the former on the
angular momentum. Thus, by integrating all momentum
states split in energy, leads to two branches in the back-
ground DOS pp(e), which are resolved in the chirality
degree. Consequently, the branch with positive chirality
shows blue-shift, while the negative presents the corre-
sponding red (see also Fig.1(e)). Such a behavior closes
the pseudogap at the Fermi energy, thus increasing the
amount of the states in the Fermi surface. Therefore, this
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Figure 5. (Color online) Panel (a): The total LDOS of the
system consisting of two impurities placed inside a Weyl metal
host with Qo = 0.4D, corresponding to the regime of the
formation of an atomic frustrated state. Position of the STM
tip is fixed at r = (1,1,1) nm. Panel (b): Phase diagram,
showing the total density of sates as function of the energy
€ and the parameter Qo. With increase of Qo one clearly
observes the crossover from the regime of standard bonding
(indicated by green arrow) and antibonding (indicated by red
arrow) molecular orbitals, characterized by four well resolved
Hubbard bands, to the regime of frustrated atomic state.

gives rise to the flat metallic-type plateau in the LDOS
around € = 0.

The crossover between the cases of the standard molec-
ular bonding and antibonding states, and formation of an
atomic frustrated state is illustrated by Fig. 5(b), where

a phase diagram, showing the total LDOS as function of
the energy € and the parameter (Jg is presented. With
increase of Qg the narrow peaks characteristic to four
well resolved Hubbard bands become broadened and fi-
nally merge, producing characteristic profile plotted in
Fig. 5(a). From the experimental perspective, such tran-
sition can be achieved by application of stress, which is
expected to break the inversion symmetry [13].

IV. CONCLUSIONS

We have demonstrated that the nature of electronic
states of a pair of impurities placed inside a Weyl metal
strongly depends on the parameter (Jg, which defines the
breaking of the inversion symmetry in the host material.
For small values of this parameter one observes the for-
mation of conventional bonding and antibonding molec-
ular orbitals. However, for large values of ¢ transition
to an atomic frustrated state, characterized by a broad
bowl-shape distribution of the LDOS in the real space
occurs. This transition should take place under the ap-
plication of external stress, which allows to propose the
concept of a molecular switcher, alternating between or-
dinary molecular and atomic frustrated states.
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