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Resumo

O desenvolvimento de métodos para caracterizagao estrutural especialmente adaptado a
nanomaterias é fundamental para novas tecnologias. Usualmente, fatores instrumentais impdem
limitacGes na capacidade de obter informacdo na escala nano, no entanto, existem limitagdes
intrinsecas associadas ao baixo sinal devido a pequeno volume desses materiais. Técnicas de
cristalografia por difracdo (comumente por raios X), ndo sdo adequadas para caracterizar
nanocristais, ja que essas dependem da existéncia da ordem de longo alcance presente somente
em cristais macroscopicos. Alternativamente, a difracéo de elétrons (ED: electron diffraction)
é uma alternativa para realizar cristalografia de nanocristais, principalmente pela capacidade de
medir massas muito menores que a possivel com raios X. Mais especificamente, a difracdo de
elétrons com precessdao (PED: precession electron diffraction) permite a possibilidade de
analise quantitativa da intensidades do feixes difratados devido possuir menos influéncias de
espalhamento multiplo, que limitam significativamente a analise quantitativa de intensidade em
EDs. Devemos enfatizar que existem muitos desafios instrumentais e basicos nos estudos de
nanocristalografia, e ainda é necessario explorar as capacidades de PED de fornecer novas

respostas.

Nesse trabalho, vamos utilizar o uso quantitativo de intensidades de PED para aprimorar
a caracterizacdo de nanomateriais complexos. Exploraremos aqui 3 fundamentos importantes
para técnicas de cristalografias de elétrons: i) adaptar metodologias estabelecidas em difracéo
de raios X para poderem se utilizadas em ED; ii) aproveitar analise quantitativa de intensidade
de PED para melhorar técnicas de microscopia eletrdnica de transmissdo (TEM: transmission
electron micrsocopy); iii) aplicar novos métodos de difracdo de elétrons para resolver aspectos

estruturais de nanoestruturas, onde técnicas comuns ndo sejam viaveis. Em mais detalhes:

1) Determinacéo da celula unitaria de nanoparticulas (NPs) decaédricas (Dh: decahedral) de
AuAg, por meio de refinamento estrutural pela fungdo de distribuicéo de pares (PDF: pair
distribution function) derivada de PED. 2) Desenvolvimento de mapeamento de orientacdo de
cristais automatizada (ACOM: automated crystal orientation mapping) analisando as
intensidades de PED em experimentos visando um aumento da resolucdo angular possivel

nesses experimentos. 3) Caracterizagcdo de forma e estrutura cristalina de nanoestrelas (NS) de



AUAg a partir de um Unico mapeamento de difracdo PED (4D-STEM: four dimensional
scanning TEM).

Nossos resultados indicam que o uso de PED + PDF (geralmente associada a raios X)
fornece informacdo estrutural de alta precisdo utilizando baixa dose de irradiacdo de elétrons e
com uma quantidade de amostra vérias ordens de magnitude melhor que o requerido para
experimentos similares em fonte de radiacdo sincrotron. O método desenvolvido de ACOM
forneceu uma grande melhoria da resolugédo angular (~0,03°) que a abordagem comum aplicada
na atualidade (limitada a ~1°). A andlise do mapeamento 4D-STEM da NS nos permitiu
determinar a estrutura atbmica e a morfologia tridimensional da NS. Determinamos que o
centro e constituido de nanoparticula icosaédrica e as pernas sdo nanofios decaédricos, que
crescem numa configuracdo planar no espaco sobre os vértices do nucleo icosaedro. O conjunto
de resultados abre varias novas linha promissoras para a caraterizacdo de nanoestruturas com

alta qualidade.



Abstract

The development of methods for structural characterization especially adapted to
nanomaterials is fundamental for new technologies. Usually, instrumental factors impose
limitations on the ability to obtain nanoscale information, in addition, there are intrinsic
limitations associated with low signal due to the small volume of these materials. Diffraction
crystallography techniques (commonly based on X-rays) are not suitable for characterizing
nanocrystals, since they depend on the existence of the long-range order present only in
macroscopic crystals. Alternatively, electron diffraction (ED) is an alternative to perform
nanocrystallography, mainly due to the ability to measure masses much smaller than possible
with X-rays. More specifically, precession electron diffraction (PED) allows the possibility of
quantitative analysis of diffracted beam intensities due to reduction of multiple scattering
effects, which significantly limit quantitative intensity analysis in EDs. We must emphasize
that there are many challenges in the instrumental and basic aspects of nanocrystallography

studies, and it is still necessary to explore the capabilities of PED to provide new answers.

In this work, we will exploit the quantitative use of PED intensities to improve the
characterization of complex nanomaterials. Here, we will explore 3 important fundamental
issues for electron crystallography techniques: i) adapt established methodologies in X-ray
diffraction to be used in ED; ii) use quantitative analysis of PED intensity to improve
transmission electron microscopy (TEM) techniques; iii) apply new electron diffraction
methods to solve structural aspects of nanostructures, where common techniques are not

feasible. In more detail:

1) Determination of the decahedral nanoparticle (Dh: decahedral) unit cell of AuAg, from the
structural refinement by the pair distribution function (PDF) derived from PED. 2)
Development of automated crystal orientation mapping (ACOM) analyzing the PED intensities
in experiments aiming to increase the angular resolution. 3) Characterization of the shape and
crystal structure of AuAg nanostars (NS) from a single diffraction mapping PED (4D-STEM:
four-dimensional scanning TEM).

Our results indicate that the use of PED + PDF (usually associated with X-rays) provides
high-precision structural information using low-dose electron irradiation with a sample quantity

several orders of magnitude lower than that required in synchrotron radiation studies. The



developed ACOM method provided a greater improvement in angular resolution (~0.03°) when
compared with current common approach (limited to ~1°). The single 4D-STEM mapping
allowed us to determine NS's atomic structure and three-dimensional morphology. We have
determined that the center is an icosahedral nanoparticle and that the legs are decahedral
nanowires, which grow in a planar configuration 3D over the vertices of the icosahedral
nucleus. This set of results opens several promising new lines of work for the characterization

of nanostructures with high quality.
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Capitulo 1

Introducao

Recentemente, o desenvolvimento de nanomateriais tem se direcionado a estruturas de
maior complexidade morfologica e estrutural devido a possibilidade de utilizar processos de
sintese com alto controle ou em diversos passos [1]. Essas estruturas possuem propriedades
fisicas (opticas, térmicas, elétricas, magnéticas, etc) ideais para aplicacdo em dispositivos de
alta eficiéncia ou qualidade.

A maior complexidade estrutural trouxe a necessidade de métodos de caracterizacdo
mais avancados que possam atender certas demandas praticas, por exemplo, capacidade de
medir baixas quantidades de massa, informacdo média de um volume da amostra e alta
resolucdo espacial para medir variagdes estruturais locais. Distintas técnicas de caracterizacdo
podem atender uma ou mais dessas demandas, tal que é comum na caracterizacdo de materiais
combinar diversas técnicas para obter informacdo estrutural mais completa. No entanto, a
caracterizacdo de nanoestruturas possui dificuldades experimentais intrinsecas além de aspectos
praticos e que prejudicam a capacidade de obter informacdo estrutural de sistemas com
dimensdes limitadas.

Idealmente uma caracterizacdo da estrutura forneceria a posicao de todos 0s &tomos num
volume, tal que teriamos toda informacdo possivel sobre o material: grau de cristalinidade
(amorfo, mono ou policristalina), organizacdo de dominios cristalinos, defeitos, forma, etc.
Num material macroscopico é inviavel obter individualmente a posicdo de todos os atomos
devido a quantidade incontavel deles no volume; no entanto, a posi¢des média pode ser obtida
pela simetria proveniente do ordenamento dos atomos em dimensdes significativas
(micrométricas). 1sso é comumente realizado em técnicas de difragéo, por exemplo, em difracdo
de raios X de monocristais (XRD: x-ray diffraction) ou de pé (XRPD: x-ray powder
diffraction); os picos de difracdo possuem todas as informacdes referentes a simetrias do cristal
e da organizagdo dos &tomos [2]. Nesse caso, XRPD é a técnica mais utilizada para caracterizar
materiais macroscopicos, sendo acessivel e facilmente encontrada em laboratérios.

Materiais nanometricos possuem organizagdo atdmica restrita a nanémetros, ndo sendo
possivel obter informacéo das posicGes atbmicas através das simetrias. Por exemplo, XRPD de

nanoparticulas (NPs) apresentam picos de difragdo largos e sobrepostos, que se assemelham a
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materiais amorfos, consequentemente, existe uma grande dificuldade em determinar a estrutura
cristalina da NP com confiabilidade. A dificuldade em obter informagédo estrutural em
nanomateriais ¢ conhecido como o “problema da nanoestrutura” ¢ foi extensivamente discutida
por Billinge e Levin na referéncia [3]. Eles propdem que a solucdo pode ser obtida ao medir a
maior quantidade de informacdo possivel sobre a estrutura: quimico por técnicas
espectroscopicas e estrutural por técnicas de imagem e difracdo. 1sso demanda o uso de diversas
técnicas em instrumentacdes distintas que demandam logisticas complexas para obter
informacdo reprodutivel e representativa da amostra. Portanto, a viabilidade desse processo
seria significativamente melhor caso fosse possivel utilizar uma mesma instrumentacdo em
todos os experimentos distintos.

A microscopia eletrénica de transmissdo (TEM: transmission electron microscopy) é
usualmente relacionada a capacidade de obter imagens com resolucdo atbmica em modo de alta
resolucdo (HRTEM: high resolution TEM) [4]. Diversos trabalhos mostram uma solugéo direta
para o “problema da nanoestrutura” ao reconstruir a posicao dos atomos em experimentos de
tomografia com imagens de resolucéo atémica; por exemplo, NPs de Au (@ ~ 6 nm), Pt (& ~
7nm), AuAg (9 ~ 4 nm), FePt (& ~ 8 nm) e até mesmo NPs de NiPdPt (& ~ 4 nm) com alto
grau de amorfizacdo [5,6]. No entanto, esses trabalhos possuem limitacbes em relacdo ao
tamanho e forma do nanomaterial, e principalmente a possiveis danos de irradiagdo por elétrons,
comuns ao obter imagens com resolucdo atbmica [4]. Alternativamente, em um TEM existe a
possibilidade de obter informacdo estrutural no espaco reciproco e quimica por técnicas de
espectroscopia de raios X ou elétrons, que torna TEM um instrumento versatil o suficiente para
resolver o problema da nanoestrutura, como proposto por Billinge e Levin [3,4]. Isso foi
demonstrado para caracterizagdo de uma NPs de PdNi (& ~ 5 nm), no entanto, a solucéo
combina técnicas de imagem e espectroscopia em TEM com XRPD, que torna o procedimento
significativamente mais complexo [7].

Técnicas de difracdo sdo um dos pilares para solucionar a estrutura de materiais,
especialmente cristalinos, por permitir procedimentos de refinamento estrutural, exemplificado
por procedimentos de Rietveld em XRPD. Como mencionado anteriormente, o uso de Rietveld
em nanocristais é imprecisa devido a falta de ordenamento atbmico de longo alcance, no
entanto, o padrdo de difracdo ainda contém informacéo sobre o ordenamento dos atomos em
curto e médio que pode ser explorada. Nesse caso, a cristalografia de nanocristais € realizado
com a funcdo de distribuicdo de pares (PDF: pair distribution function) que descreve a distancia
entre atomos vizinhos no volume do material [8]. A PDF é obtida a partir de padrdes de difragcdo

de p6 e uma subsequente transformada de Fourier (TF), sendo uma descrigdo no espaco real do
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ordenamento atdmico do material. Mais importante, é possivel realizar anélises de refinamento
estrutural no espaco real com PDF, por exemplo, para determinar o ordenamento de dominios
de NPs policristalinas, a tamanho de nanocristais, defeitos em nanoestruturas e deformacoes
localizadas na ordem de curto alcance [9].

A difracdo de elétrons (ED: electron diffraction) possui vantagens em relagdo a raios X
e néutrons para estudar nanocristais, especialmente relacionada a baixa massa necessaria para
obter um padrédo de difracdo de alta qualidade, fundamental ao estudar nanocristais de dificil
sintese/cristalizacdo (ver Capitulo 2). No entanto, a analise quantitativa de ED é comumente
inviabilizada pela presenca de difracdo dindmica dos elétrons (mdltiplos eventos de
espalhamento), em contraste com a difracéo cinética de raios X e néutrons (somente um evento
de espalhamento). Alternativamente, a difracdo de elétrons com precessao (PED: precession
electron diffraction) modifica a trajetéria do feixe de elétrons para minimizar os efeitos de
espalhamento multiplo [10,11]. Consequentemente, PED possui as mesmas vantagens de ED
comuns, mas também pode ser utilizada analises quantitativas; procedimentos de refinamento
estrutural, tipo Rietveld, foram utilizados com PED para resolver a estrutura de diversos
nanocristais (proteinas, moléculas, zedlitas, solidos amorfos, etc) [11]. Com PED podemos
explorar novas possibilidades em cristalografia com elétrons, principalmente visando uma
solugdo do problema da nanoestrutura, para isso o desenvolvimento de um método utilizando a
combinacdo de PDF e PED ¢ fundamental. Trabalhos anteriores mostraram a capacidade de
realizar solucdo estrutural de PDF derivado com PED com qualidade similar as obtidas com
PDF derivados de radia¢do sincrotron [12,13]. Portanto, € possivel explorar diferentes
problemas estruturais que antes eram inacessiveis com 0s métodos comuns de caracterizacdo
de nanoestruturas. O desenvolvimento de uma técnica robusta de difracdo de elétrons permite
tornar TEM uma ferramenta otimizada a solucdo de nanoestrutura complexas, principalmente
guando combinada com a capacidade de obter informacdo estrutural com alta resolucao
espacial.

Na microscopia eletronica de transmissdo em modo varredura (STEM: scanning TEM)
o feixe de elétrons é focalizado a tamanhos de 0.05 nm a 10 nm e entdo varrido pela amostra
[4]; o sinal adquirido (intensidade de difracdo, emisséo de raios X, nimero de elétrons, corrente
elétrica etc.) é medido pixel a pixel. Nesse caso, é possivel mapear variacdes estruturais na
amostra com resolucéo espacial limitada a aproximadamente o tamanho do feixe de elétrons.
No caso de ED, desenvolvimentos recentes tornaram mais acessiveis detectores bidimensionais
de elétrons de alta velocidade, que permite a medida de diversos padroes de difracdo em tempos

viaveis para experimentos de STEM (milhares de frames por segundo). S&o entdo obtidos
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conjuntos de dados onde em cada posicéo do feixe (duas coordenadas no espaco real) possuem
um padréo de difracdo completo (duas coordenadas no espago reciproco), o que da o nome de
4D-STEM a técnicas de mapeamento de difracdo de elétrons [14]. O uso de PED com 4D-
STEM permite explorar as capacidades de analise quantitativa PED com a alta resolucéo

espacial do TEM.

1.1 Objetivos

Nesse trabalho vamos explorar o uso quantitativo de intensidade de feixes difratados
medidas em modo PED para caracteriza¢do de nanomateriais de alta complexidade estrutural e
onde técnicas de caracterizacao tradicionais nao fornecem respostas satisfatorias.

O Capitulo 2 descreva a utilizacdo da difracdo de p6 com PED para determinar a
deformacdo média em pequenas nanoparticulas policristalinas de AuAg (<5 nm). Mais
especificamente, diferenciamos modelos de deformacdes para nanoparticulas decaédricas
(modelo de Bagley [15] e um modelo de baixa deformacdo tetragonal [16,17]), que
anteriormente n&o foi possivel determinar com HRTEM ou XRD [16,17].

Nos Capitulos 3 e 4 descreve 0 uso combinado de PED e 4D-STEM para estudos que
envolvam a medida da orientacdo de cristais. O Capitulo 3 descreve o desenvolvimento de uma
metodologia para utilizar as intensidades de PED para medir a orientacdo de nanocristais com
alta resolucdo angular (<0.1°). No Capitulo 4 caracterizamos nanoestrelas (NS) de AuAg que
apresentam pernas alta anisotropia e razao de aspecto (~6). As NS atraem grande interesse na
comunidade de Raman devido as suas expressivas propriedades plasmonicas, as quais séo
dependentes da distribuicdo espacial das pernas. Para poder medir a forma tridimensional das
nanostrelas aplicamos a metodologia desenvolvida no Capitulo 3. Também determinar a
estrutura cristalina do nucleo e das pernas da NS o que permitiu obter nova compreensdo sobre

0 processo de crescimento das mesmas.

1.2 Sobre esté dissertacdo

Essa dissertacdo possui uma estrutura alternativa, onde artigos descrevendo cada
trabalho realizado ¢ incluso em capitulos. O Capitulo 2 descreve os métodos experimentais e
tedricos, os Capitulos 3 — 5 descrevem essencialmente os resultados cientificos incluso em cada

um dos artigos. O Capitulo 6 apresenta conclusdo e perspectivas da tese, incluindo uma
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contextualizacdo sobre os desafios do projeto. Finalmente, o Apéndice A descreve em detalhes
o0s procedimentos associados aos métodos descritos no Capitulo 2.



17

Capitulo 2

Materiais e Métodos

Nesse capitulo sdo descritos 0os métodos experimentais e tedricos utilizados ao longo do
trabalho de doutorado. Além disso, descri¢cbes mais detalhadas sdo dadas para métodos que ndo

séo descritos em detalhes nos artigos apresentados a seguir.

2.1 Microscopia Eletronica de Transmissao

A microscopia TEM é uma das técnicas de caracterizacdo estrutural mais aplicadas na
ciéncia de materiais pela sua capacidade de obter informacéo com alta resolucéo espacial. Por
exemplo, na caracterizacdo de nanoparticulas (NP: nanoparticle), € possivel obter umaimagem
que contenha diversas NPs para medir a distribuicdo de tamanhos (resolugdo de sub
micrometro) e uma onde seja possivel observar o ordenamento dos atomos dentro de cada uma
delas para medir a estrutura cristalina (resolucéo sub angstrom) [18]. Essa versatilidade néo se
restringe a imagens, e TEM também permite obter informacdo sobre composicdo quimica,

estrutura eletrdnica, dominios magnéticos, etc [4].

O microscépio eletrdnico funciona como um sistema optico de projecdo. Uma fonte de
elétrons é utilizada para iluminar a amostra de interesse, que tera sua imagem aumentada e
formada por uma lente magnética (denominada lente objetiva, ver Fig. 2.1). A imagem invertida
do objeto iluminado é formada no plano imagem da lente, e no plano focal é formado um padréo

de difracédo de elétrons(eDP: Electron Diffraction Pattern) ou TF da amostra.
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Figura 2.1: Diagrama simplificado do principio de funcionamento de um TEM. A dptica é a mesma utilizada em
um sistema de proje¢do. Imagens sdo obtidas no plano imagem e padrdes de difracdo séo obtidos no plano focal.

A caracterizacdo da estrutura cristalina comumente utiliza imagens de Microscopia
Eletrdnica de Alta Resolucdo (HRTEM: High Resolution Transmission Electron Microscopy)
para observar, por exemplo, o ordenamento dos atomos, fronteira entre gréos e defeitos
estruturais [4]. Comparado a técnicas de difracdo de raios X tradicional na caracterizagdo de
cristais, 0 uso de imagens fornece uma maneira mais intuitiva e direta para observar aspectos
morfoldgicos (forma e tamanho) e o arranjo atdmico de um material. No entanto, embora seja
intuitiva, HRTEM possui diversas limitacdes relacionadas a necessidade de observar o material
ao longo de diregdes de alta simetria (necessidade de alinhar as colunas atdbmicas ao longa da
direcdo do feixe de elétrons[4]). Além disso, ndo é possivel obter informagao nas trés dimensées
(3D) devido as imagens serem projecdes (uma integracdo) da estrutura ao longo da direcédo de
observacao. Considerando todos esses fatores, pode ser bastante complexo obter informacéo da
estrutura dos materiais de baixa simetria cristalina, como amorfos e policristais nanométricos.
Alternativamente, técnicas de difracdo fornecem informacdo estrutural em cristal fora de eixos
de simetria. Mas essa informag&o est no espaco reciproco o que dificulta a interpretacéo direta;
no entanto ele contém informacdo da orientacdo do cristal no espaco com a analise da

distribuicéo e das intensidades dos feixes difratados.
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2.2 Difracao de Elétrons

A caracterizacédo de cristais é feita principalmente com medidas no espaco reciproco, ao
obter o padrdo de difracdo de um cristal temos acesso a uma grande quantidade de informagéo
estrutural com uma unica medida. Por exemplo, XRPD é utilizado corriqueiramente na
determinacéo da estrutura de diversos materiais (metais, ceramicos, moléculas, proteinas, etc.),
sendo capaz de determinar estruturas complexas com o minimo de informac&o inicial e sem

necessidade de analises numericas complexas [19].

A técnica de difracdo mais comum em TEM é a Difracdo de Elétrons de Area
Selecionada (SAED: Selected Area Electron Diffraction), nela € utilizada uma abertura no
plano imagem para obter o ED de uma regido de interesse (Fig. 2.2). Em SAED a frente de
onda eletrbnica incidente é usualmente plana ao chegar na amostra, condi¢do é obtida ao
iluminar areas muito maiores que somente a selecionada com a abertura (5 pm a 0.1 pum).
Consequentemente, em SAED séo utilizadas baixas doses de elétrons, geralmente menores que
10 e/A? ideal para caracterizar materiais sensiveis a irradiacio (nimero de elétrons por area é
a unidade comumente utilizada em TEM) [4,20]. De maneira geral, em condic¢Ges oéticas
equivalentes, as doses utilizadas em técnicas de difracdo de elétrons sdo menores que em
imagens. Isso é devido as caracteristicas de cada tipo de sinal: um DP mostra discos de alta
intensidade localizada num fundo comparativamente baixo (por exemplo, picos claros num
fundo escuro), ja a imagem apresenta variedades sutis de intensidade entorno da intensidade

média (por exemplo, mudanc¢as numa escala de cinza) .

A interacdo dos elétrons com 4tomos é mais forte que a de raios X ou néutrons, portanto
amassa minima necessaria em SAED (menor que ng) é muito menor que a necessaria para raios
X (mg) e néutrons (g). Com SAED torna-se possivel caracterizar cristais individuais com
tamanho reduzido (milhares de &tomos) ou de dificil sintese (biomoléculas, cristais

metaestaveis) [21] .
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Figura 2.2: a) Imagem de baixa magnificagdo de um nanofio de InP; a &rea indicada pela linha tracejada representa
a abertura de utilizada para obter o padréo de difragdo SAED em b).

O raio tipico da esfera de Ewald para elétrons (400 nm™* num microscopio 200 keV) é
maior que a de raios X e néutrons (10 nm), sendo efetivamente quase-plana, tal que uma esfera
de Ewald de baixa curvatura excita mais pontos de uma mesma zona de Laue (ver Fig 2.3).
Dessa forma sempre h&a mais reflexfes excitadas em SAED que em diagramas gerados
utilizando raios X ou néutrons; isso facilita o estudo de monocristais onde pode ocorrer
dificuldade de excitar diversas reflexdes simultaneamente. No entanto, comparativamente a
raios X/néutrons, SAED fornece majoritariamente informagéo bidimensional do cristal, mas

ainda é possivel obter informagao 3D pelas intensidades difratadas (ver Fig 2.3)[22] .

A maxima espessura dos cristais utilizados em TEM é limitada pela necessidade de
transmissao dos elétrons incidentes através da amostra (geralmente espessuras menores que 100
nm [4]). Portanto, ocorro o efeito de filme fino da difracéo (thin film effect), tal que os ‘pontos’
da rede reciproca (transformada de Fourier da forma do cristal) possuem um tamanho finito
(ver Fig. 2.3) [23]. Efetivamente a condi¢ao de Bragg de um cristal fino ¢ ‘relaxada’ por um
desvio s (erro de excita¢do) em relacdo a condicéo de Bragg do cristal infinito (vetor do espagéo
reciproco g), e ocorre excitagdo de uma reflexdao com vetor de difracéo K (Eq. 2.1):

K=kp—ko=g+s (2.1)
onde k, e kp séo os vetores de onda dos feixes incidente e difratado, respectivamente.

A difracdo de elétrons permite medir volumes muito pequenos devido a forte interacdo

dos elétrons com o material, no entanto, isso também torna comum eventos de espalhamento
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mdaltiplo e a interpretacdo das medidas fica mais complexa em relacdo a quando somente ocorre

um Unico evento de espalhamento.

Intensidade

Nio Excitado Excitado

Intensidade

Figura 2.3: Direita) Os pontos da rede reciproca possuem tamanhos finitos devido ao efeito de filme fino, que
nesse caso é representado pelos tragos sobre 0s pontos da rede reciproca. Os circulos representam a relagéo entre
as esferas de Ewald de raios X (linha pontilhada) e elétrons (linha continua). Esquerda) Representagdo dos perfis
de intensidade dos pontos interceptados pela esfera de Ewald. Representacdo para o cristal a) perfeitamente
orientado ao longo do eixo de zona e b) desorientado do eixo de zona. Perceba que quanto mais préximo a esfera
de Ewald esta do ponto, mais intensa é a intensidade do pico de difracéo.

2.2.1 Intensidades Medidas em Difracao de Elétrons

A descrigdo completa da estrutura de um cristal pode ser realizada ao calcular o fator
de estrutura (Fp;) por esse conter informacdo sobre o tipo atbmico e a localizacdo dos N

presentes na célula unitaria:

N
Fopr = Z fn82n(hun+kvn+lwn) (2.2)
n=1
onde f,, € o fator de espalhamento atdmico (informagdo interagdo onda-atomo), 4kl os indices
de Miller e (uy, v,, wy,) as posicdes do 4&tomo na célula unitaria. No caso da difragdo cinética

(difracdo de raios X e néutrons), onde somente um evento de espalhamento da onda incidente
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ocorre, a relacdo entre a intensidade difratada medida I, e 0 quadrado do fator de estrutura é
diretamente proporcional (Eg. 2.3) [23]. Essa relacdo torna simples realizar diversos calculos
de intensidade rapidamente, ja que somente é necessario calcular uma somatéria em poucos

atomos (células unitarias com mais de 50 atomos sdo consideradas incomuns) [24].

i = |Frpal® (2.3)

Durante a propagacdo dos elétrons no cristal ocorrem maultiplos eventos de
espalhamento, por consequéncia a intensidade observada num eDP ndo é relacionada
diretamente com |F,;|? e as intensidades difratas devem ser descritas pela teoria dindmica da
difracdo [25]. O calculo completo e preciso de um ED dindmico ndo possui descri¢do analitica,
sendo processos numéricos ou interativos como Multiple-Beam (mais de 2 feixes) ou pelo
formalismo de Bloch [4]. Ambos os casos exigem célculos que sdo complexos e demorados, 0
que limita a possibilidade de realizar analises quantitativas das intensidades, seja em materiais
complexos ou em aplicacdes que exigem a analise de uma grande quantidade de EDs (como

sera visto no capitulo 4) [26].

E importante destacar que mesmo em amostras de pequena espessura, Como no caso de
nanoparticulas, os efeitos de difracdo dindmica podem ser consideraveis. Simulagdes indicam
que ha forte presenca de efeitos dindmicos no padrao de difracdo de p6 com elétrons, mesmo
em NPs de Au com didmetros de 1 nm (Fig. 2.4) [27].

Esforcos de refinamento estrutural sdo limitados em TEM pelas dificuldades em lidar
com difracdo dindmica por exigir processos nimeros complexos. Para expandir a capacidade
de andlise estrutural quantitativa em TEM € necessaria uma técnica que diminua os efeitos de
espalhamento multiplo nas intensidades difratadas medidas. Na se¢do seguinte descrevemos

uma proposta instrumental que tenta reduzir esses efeitos.
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Figura 2.4: Simulagdes da secéo de choque diferencial eldstica (intensidade difratada) em func¢do do modulo do
vetor de espalhamento s (2sen(8)/4), com elétrons a 100 kV. Foram simulados padrdes de difracdo de po
dinmico (linha pontilhada) e cinematicos (linha continua) em NPs de Au monocristalinas e com didmetros de: a)
~1 nm, b) ~3 nm. Imagem adaptada de [28].

2.3 Difracao de Elétrons com Precessao

O desenvolvimento de Difracdo de Elétrons com Precessdao (PED) por Vicente e
Midgley visou obter padrdes de difracdo que fossem mais apropriado para uso quantitativo em
processos de solugdo estrutural similar ao realizado em raios X [10]. Acima da amostra o feixe
de elétrons é manipulado em um movimento de precessdo em torno do eixo 6tico do TEM,;
esse movimento forma um cone oco (com meio-angulo de abertura ¢) no espago real, e 0
movimento da esfera Ewald, formando um volume continuo no espaco reciproco.
Consequentemente, as intensidades medidas em PED s&o o resultado da integragdo em torno da
condigdo de Bragg (ver Fig. 2.5) e ha uma significativa diminuigdo da influéncia de orientagdes
do cristal que favorecam espalhamento mdaltiplo. Portanto, ocorre uma reducédo significativa
dos efeitos de espalhamento dinamico nas intensidades medidas, que as tornam mais proxima
das esperadas pela difracdo cinemaética; no entanto, as intensidades de PED sdo consideradas
Quase-Cinematicas por ainda possuirem efeitos residuais da difracdo dindmica [29,30].
Efetivamente, PED traz uma relacdo mais proxima ao fator de estrutura do cristal, onde séo
reveladas as simetrias esperadas do cristal que ndo eram visiveis com SAED convencional (ver
Fig. 2.6).
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Figura 2.5: O feixe precessiona acima da amostra com meio-angulo ¢, e sofre uma contra-precesséo abaixo dela
para obter um eDP estético. Portanto, é gerado um volume continuo (marcado em cinza) no espago reciproco, e as
intensidades de PED sdo consequéncia da integracdo em torno da condicgdo de Bragg relaxada pelo efeito de filme

fino.

Figura 2.6: eDP de um cristal de Er,Ge;0v, a) sem precessdo, b) com precessao (¢ = 2°) e c) fator de estrutura do
cristal. As caixas vermelhas indicam regides onde ocorre o aumento do nimero de reflexdes excitadas ao utilizar

precessdo. Imagem adaptada de [31].

2.3.1 Intensidades Quase-Cinematicas

Uma caracteristica importante de PED ¢ a diminui¢do da influéncia de espalhamento
maultiplo nas intensidades com o aumento do angulo de abertura do cone de precessdo, onde a
relagdo entre as intensidades medidas em PED (IF£P) e o fator de estrutura tornam-se

significativamente mais proximas a partir de somente alguns graus (> 0.5°) [30,32-34]:

Il ~ |Fppa|? (2.4)
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Seria esperado que esforcos de anélise quantitativas das intensidades de PED cutilizando
como base o fator de estrutura fosse inviabilizado pela difrenca entre as intensidades medidas
e calculadas. Embora as intensidades individualmente ndo sejam ‘“‘corretamente” iguais, a
ordem relativa entre intensidades € corrigida pela precessdao. Por exemplo, se no caso
cinematico, as intensidades de picos de difracdo podem ser categorizadas como ‘fortes/fracos’,
com PED elas podem ser separadas nas mesmas categorias de ‘fortes/fracas’ [33].
Efetivamente, em um processo de refinamento estrutural, a correta relacdo relativa entre
intensidade é mais importante que os valores absolutos delas, tal que é possivel realizar
refinamento estrutural somente considerando o ordenamento grosseiro das intensidades [33,34].
A natureza quase-cinematica das intensidades de PED é evidente ao considerar a diminuicgao
significativa das intensidades de picos de difracdo cinematicamente proibidos (hkl com F;,; =
0), mas sem que ocorra 0 anulamento desses pico; eles sdo ainda detectaveis mesmo em altos

angulos de precessao (por exemplo, o (002) do Si na Fig. 2.7) [4,31].

E importante enfatizar a complexidade das intensidades medidas em PED, tal que néo é
possivel tirar conclusdes gerais sobre 0 seu comportamento; mesmo calculos complexos e
completos das intensidades de PED somente fornecem as conclusdes qualitativas ou
particulares ao cristal usado na simulacdo/calculos. Novamente, reflexdes proibidas deixam
evidente caracteristicas de PED, tal que estudos mais completos, que aliam simulacGes
considerando a difragdo dindmica e medidas, mostram que individualmente as intensidades
dessas reflexes possuem comportamento complexo com aumento do angulo de precesséo, mas
ainda é possivel observar a tendéncia geral da queda de suas intensidades (Fig. 2.7) [29,30]. No
geral, podemos esperar a atenuacdo significativa de efeitos de espalhamento multiplo com PED,
e 0 aumento do angulo de precessao torna analises quantitativas mais precisas. No entanto,
existe um valor maximo do angulo devido a aspectos: i) instrumentais provenientes das
aberracdes das lentes (alargamento e distor¢cdo dos picos de difracdo); ii) geométricos devido a
aproximacdo das zonas de Laue com o aumento do angulo de precessdo e iii) reflexfes de

comportamento complexo, como (222) das estruturas do tipo diamante/silicio [29,30,35].
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Figura 2.7: Simulacdo de PED para diversos angulos da abertura do cone de precesséo, para feixes proibidos de
um cristal de Si (espessura ~ 48 nm). Figura adaptada de [30].

O aspecto pratico mais importante € as intensidades difratadas em PED sdo bem
comportadas (hum diagrama SAED a relacdo de intensidade entre feixes é imprevisivel) e a
ordenacdo apropriada das intensidades dos feixes difratados permite utilizar o modelo

cinematico para refinar a estrutura cristalina.

2.4 Mapeamento de Difracdo em 4 Dimensodes

Até agora descrevemos medidas de SAED onde o sinal de difracdo vem de uma grande
area, o que é benéfico para obter, por exemplo, informacdo média sobre um conjunto de cristais
ou média de um cristal homogéneo (sem mudangas significativas no volume da estrutura) [13].
Também temos que considerar que técnicas onde um feixe de elétrons focalizado é varrido

sobre a amostra (STEM) sdo bastante comuns em microscopia eletronica.

Recentemente, existe grande interesse em obter dados por 4D-STEM, onde o feixe de
elétrons € varrido pela amostra e para cada posicao do feixe (pixel) é medido um ED (ver Figura
2.8) [36]. Nesse caso, sdo formados dados multidimensionais conhecido como bloco de dados;
para 4D-STEM ha duas dimensdes no espago reciproco (as duas dimensdes do ED medido) e

duas no espaco real (localizam a posi¢édo do ED medido) [14].
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Figura 2.8: llustragdo de uma medida de 4D-ED. Para cada posi¢do do feixe de elétrons é medido um padréo de
difracdo daquele local da amostra. O bloco de dados é formado pela associacdo de uma posicao espacial (um pixel
no espacgo real), localizado por duas coordenadas, a uma medida de um padrdo de difracdo (uma imagem
bidimensional do espaco reciproco). Figura adaptada da referéncia [14].

A aplicacdo dessa técnica estd muito relacionada a capacidade de adquirir imagens
bidimensionais com velocidade o suficiente para que a aquisicdo de mapeamento de difracéo
demore de alguns minutos. Assim, o desenvolvimento de 4D-STEM esté relacionado a recente
comercializacdo de detectores de alta velocidade [37]. O uso de detectores lentos torna as
medidas demoradas e doses de elétrons altas sdo depositadas no material. Um exemplo
preliminar da necessidade de detectores de alta velocidade s&o sistemas comerciais para
experimentos de 4D-STEM com PED (Nanomegas). Esses sistemas incluem uma camera CCD
(Charge Coupled Device) 6tica de alta velocidade colocada fora do microscépio TEM gravando
a imagem da tela de fosforo do microscopio (ver Fig. 2.9) [38,39]. Embora esse conjunto
permita a detecc¢do rapida de padrdes PED, a intensidade difratada € perdida devido ao baixo
intervalo dindmico da camera (8 bits), a ndo linearidade da tela de fésforo (a quantidade de
elétrons incidentes e de luz emitida ndo sdo proporcionais) e as fortes distor¢cGes geométricas
nas medidas (0 eixo otico, tela de fosforo e a cAmera tem orientacdes relativas que distorcem
significativamente o ED medido) [40]. Detectores de elétrons mais modernos de tecnologia
CMOS (Complementary Metal-Oxide—Semiconductor) tem a capacidade de realizar capturas
em alta velocidade (CCD: 1 captura por segundo, CMOS: mais de 200 capturas por segundo)
[40]. Adicionalmente, detectores de elétrons direto (DED: Direct Electron Detector)

aumentaram muito a velocidade de deteccdo (mais de 1000 capturas por segundo). E importante
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também considerar que o tempo de medida por pixel (dwell time) é limitada por outros fatores,
por exemplo, a necessidade de alta intensidade (acumulagdo de contagem) ou a frequéncia de

precessao utilizada em PED.

a b Sistema Comercial
TEM de Controle de Feixe para PED

Computador

Manipulaciao do Feixe

Processamento de Imagem

Sistema de Captura

—_—

Camera Externa

-

Camera Axial

Figura 2.9: Sistema comercial SpinningStar P020 para PED desenhado para experimentos de 4D-ED. a) Cadmera
CCD externa que acompanha o sistema. b) Esquematico do funcionamento: o sistema controla o feixe de elétrons
para 0 movimento de precessdo e a cdmera CCD externa captura os padrdes de difracdo gerado. Ambos estdo
sincronizados por meio do computador. Observe que a cAmera axial ndo é utilizada durante o experimento e esta
coberta pela tela de fosforo, que é observada pela cdmera externa. Figura adaptada de [39].

A principal vantagem de 4D-STEM vem da versatilidade de ter um conjunto de dados
com padrdes de difracdo medidos com resolugdo nanométrica (aproximadamente o tamanho do
feixe eletrénico). Por exemplo, num mesmo dado é possivel formar imagens de campo escuro
e claro, medir localmente fase, distorcdes, espessura, orientacdo, distribuicdo de campo
eletromagnético selecionando imagens formadas por alguns feixes presente em cada diagrama
de difragdo por pixel [14]. E evidente que dados de 4D-STEM contém muita informag&o sobre
a amostra, 0 que traz muito interesse em desenvolver e aplicar técnicas de analise
cristalogréfica. No entanto, embora a qualidade dos dados tenha avancado consideravelmente,
a analise quantitativa das intensidades ainda € bastante complexa devido as mesmas limitacdes
que a difracdo dindmica impde a SAED. Portanto, é comum que 4D-STEM seja combinado
com PED para obter dados onde a analise utilize a aproximagédo cinematica no calculo da
difracdo eletrénica. Um exemplo, sdo medidas de textura por o método chamado pattern-
matching (também comumente chamado de template-matching), onde o PED em cada pixel é
comparado com uma biblioteca de simulagdes de padrdes de difracdo cinematica do cristal em
diversas orientagdes (essa técnica serd mais explorada no Capitulo 4) [39-41]. Outro aspecto
importante de 4D-STEM ¢ uso de aprendizado de maquina (ML: machine learning) para, por

exemplo, reducdo de dimensionalidade, categorizacdo nédo supervisionada (clustering) e
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reducdo de ruidos. Nesse caso, PED torna ML muito mais simples e precisa por homogeneizar
as variagdes de intensidade que ocorrem no interior dos discos de difracdo devido a
espalhamento maultiplo (ver Figura 2.10) [42,43].

Figura 2.10 Comparacéo entre padrdes de difragdo a) cinematico e b) dindmico. A estrutura no interior de discos
de difracdo em b) torna a determinacéo do centro e analises por ML mais complexas [42,43].

As vantagens de combinar PED, seja com SAED ou 4D-STEM, sdo evidentes ao
facilitar o uso quantitativo das intensidades; ainda assim, pouco foi feito visando desenvolver
métodos para 0 uso das intensidades e ainda s&o muito dependentes de técnicas desenvolvidas
em dados sem intensidades de qualidade.

2.5 Funcao de Distribuicdo de Pares

Como descrito na introducdo, a cristalografia de nanocristais possui limitaces
conceituas devido a dependéncia das técnicas comumente aplicadas a existéncia de ordem de
longo alcance (‘the nanostructure problem’) [3]. Na difracdo de pd, ao diminuir o tamanho de
um cristal ocorre perda de informacdo sobre a estrutura do cristal, evidenciado pelo aumento
da largura dos picos com a diminui¢cdo das dimensdes do cristal (ver Fig. 2.11), a maior
atenuacdo das intensidades devido ao movimento mais acentuado dos &tomos e ao aumento do
fundo de difracdo [2]. No espaco reciproco, a quantificacdo das intensidades, numa analise de
Rietveld, é baseada na altura, largura e centro dos picos de difracdo medidos [44,45]. No
entanto, em nanocristais a perda de ordem de longo alcance implica que a informagéo da
organizacdo atbmica esta distribuida sobre todo o padréo de difracdo e o uso exclusivo dos
picos usualmente ndo resulta numa solucdo estrutural precisa. Alternativamente, é possivel

realizar quantificagdo estrutural utilizando todo o padréo de difragdo (full-pattern analysis),
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principalmente realizado através da analise por Funcdo de Distribuicdo de Pares (PDF),

originalmente desenvolvida para o estudo da estrutura de materiais amorfos [8].
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Figura 2.11: Simulagdes dos XRPD em NPs de wurtizita CdS esféricas de diversos didmetros (1 pm — 1 nm). Na
parte superior em destaque estdo as simulacg@es para as NPs de 1 nm, 2 nm e 5 nm. Note o claro alargamentos dos

picos de difracdo. Figura adaptada de [2].

PDF descreve a distribuicdo de distancias entre pares de atomos num volume de

material, como ilustrado na Fig. 2.12a. A PDF € sensivel as distancias interatbmicas e quais sao

0s atomos presentes em cada par. Muitas das informacdes estruturais do material podem ser

obtidas de maneira direita em uma curva PDF, por exemplo, a distancia e nimero de vizinhos

dos atomos (Fig. 2.12). Com a PDF toda informacdo estrutural do material esta presente no

espaco real, a vantagem é ser possivel obter informacdo da estrutura local dos cristais de

maneira mais intuitiva [8].
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Figura 2.12: a) Representacdo da relacdo entre os picos da PDF (g(r)) e a estrutura do material. b) A largura do
pico é relacionada com distorg¢des na estrutura. ¢) A &rea abaixo de um pico é o nimero de &tomos vizinhos a uma
determinada distancia. Figuras adaptadas de [46] .

A PDF é obtida a partir de padrdes de difracdo de pd; no caso da difracdo de elétrons
isso corresponde a medida SAED escolhendo uma abertura que inclua diversos (>1000)
nanocristais. Durante 0 mestrado, desenvolvemos um programa (software) para derivacdo da
PDF a partir de medidas de PED, visando uma metodologia de analise dos dados especifica
para difragdo de elétrons. Os detalhes da metodologia desenvolvida podem ser encontrados no
artigo publicado descrevendo os procedimentos adotados, em anexo no fim desse manuscrito.
Mais importante, a analise quantitativa de PDF com PED mostrou-se capaz de caracterizar a
estrutura de nanocristais complexos (em nosso trabalho nanoparticulas de AuAg) com a
qualidade similar a PDF obtida com difracdo de raios X em fontes d luz sincrotron. O préximo

capitulo explora PDF + PED para determinar as distor¢cdes em particulas decaédricas com alta
precisao e confiabilidade.
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Capitulo 3

Funcao de Distribuicao de Pares (PDF)

para Caracterizacao de Nanoparticulas Decaédricas

A cristalografia de elétrons é reconhecida como fundamental para obter a estrutura
completa de cristais a partir de pequenos volumes de amostra (<pm?) [47]. Tal reconhecimento
€ muito recente (~5 anos), sendo que no paradigma anterior a difracdo de elétrons (assim como
imagens de TEM) eram limitadas a analises qualitativas devido a complexidade de analisar
quantitativamente padrdes de difracdo dindmicos [4]. Consequentemente, a difracdo de elétrons
era comumente utilizada de maneira complementar a técnicas ja estabelecidas baseadas em
raios X e néutrons, quem usualmente sdo utilizadas para obter resultados com alta qualidade
estatistica e utilizando métodos de refinamento estrutural (por exemplo, Rietveld) [48].

Essa diferenca se da principalmente pela difracdo de elétrons ser significativamente
afetada por eventos de espalhamento multiplo ao propagar pela amostra, diferente de raios
X/néutrons onde somente uma interacao/espalhamento ocorre [4]. O uso quantitativo da
intensidade de feixes difratados quando acontece difracdo dindmica demanda simula¢fes muito
demoradas complexas que as de difracdo cinematica. O desenvolvimento de difracdo de
elétrons com precessdao (PED, ver Capitulo 2) tornou possivel utilizar as intensidades de
difracdo de elétrons quantitativamente com maior confiabilidade e reprodutibilidade [11]. Hoje,
PED é visto como uma técnica viavel e precisa para resolver a estrutura de monocristais. Ainda
assim, a caracterizacdo de nanomateriais de tamanho reduzida (<10 nm) é um grande desafio
para técnicas de difracdo, seja ela de raios X, néutrons ou elétrons, devido dificuldades
intrinsecas a pequena dimensionalidade desses sistemas [3].

Nanomateriais possuem estrutura de curto alcance bem definida (primeiros vizinhos,
assim como materiais amorfos) e também possuem estrutura periddica em médio alcance (10-
100 nm). No entanto, o conceito de cristal infinitamente periédico ndo é valido, tal que
metodologias de cristalografia baseadas nesse principio (como refinamento estrutural por
Rietveld, que utiliza unicamente o fator de estrutura para calcular intensidades dos picos
difratados) se tornam dificeis de aplicar com confiabilidade em nanomateriais [3].

Alternativamente, a cristalografia de materiais amorfos tem sido baseada por décadas na
analise de padrdes de difracdo por funcdo de distribuicdo de pares (PDF, ver Capitulo 2), uma

técnica de fronteira associada a facilidades de grande porte e alto custo (raios X: sincrotrons,
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néutrons: fontes nucleares) [8,9]. A PDF descreve as distancias entre pares atdbmicos no espaco
real, de maneira que contém informacao precisa da ordem atébmica de curto e medio alcance,
sendo também é possivel utilizar a PDF para realizar analise estrutural quantitativa similar ao
refinamento Rietveld [9]. A andlise por PDF tem se tornado na ultima década uma técnica
importante para a caracterizacdo de nanoparticulas (tamanho, estrutura de gréos, forma),
amorfos (estrutura de primeiros vizinhos, grau de cristalinidade, identificacdo de tipos de
amorfo) e até mesmo materiais macroscopicos que possuem ordem local complexa
(ferroelétricos, materiais magnéticos,etc) [49].

A PDF é obtida partindo de padrdes de difracdo de pé com alto angulo de espalhamento,
0 que demanda fontes (de fotons, néutrons, elétrons, etc.) de alta energia (35-70 keV). O uso de
difracdo de elétrons para PDF é interessante por ser acessivel mesmo em altas energias
(usualmente microscopios de transmissdo operam acima de 80 keV), simplificando a
aplicabilidade dela no cotidiano da pesquisa cientifica com instrumentos na configuracéo
padrdo [4].

As diferencas entre difracdo de raios X/néutrons e elétrons implica na necessidade de
desenvolver metodologias especificas para derivar PDF de elétrons, portanto, diversas
tratamento de melhor adaptados a ED foram propostas nos ultimos anos [49,50]. Nosso grupo
desenvolveu um software capaz de realizar todo 0s passos necessarios para realizar a analise
quantitativa de ePDF: i) correcdes de distor¢des ticas, ii) integracdo azimutal, iii) subtracdo de
fundo, iv) célculo da PDF, v) simulacdo de PDF, vi) célculo e refinamento estrutural utilizando
como métrica a minimizacdo de residuos [12]. Uma atencdo especial foi dada a subtracéo de
fundo do padrdo de difracdo, que usualmente é tratada de maneira simplifica devido a
complexidade de considerar simultaneamente duas contribui¢Bes significativas ao fundo
medido (espalhamento incoerente e o substrato).

Além disso, aliamos a metodologia desenvolvida ao uso de PED para poder realizar
quantificacdo com alta qualidade e precisdo. Os resultados mostraram a capacidade de
identificar a estrutura de nanoparticulas (tamanho e organizacéo dos cristalitos) com qualidade
similar a obtidas com sincrotrons de alta performance; mesmo ao usar um microscopio com
mais de 10 anos de utilizacdo e muito mais simples (microscopio 200 keV, canhéo de elétrons
LaB6, resolucdo > 0.2 nm) quando comparado a microscopios modernos com corretores de
aberracéo esférica (resolugdo ~0.05 nm).

Nesse presente trabalho utilizamos a técnicas de PDF derivado de PED para caracterizar
a estrutura de nanoparticulas metélicas decaédricas, visando obter informacdo sobre as

deformacdes associadas a essas particulas. Diversos metais formam nanocristais policristalinos
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de alta simetria na nanoescala usualmente chamados de multiply-twinned particles (MTPS)
[51]. Entre elas, as nanoparticulas decaédricas (Dh: decahedra) de metais nobres (Au, Ag,) sdo
uma das variantes mais comuns. Nesse caso, 5 cristalitos (de forma tetraédrica) sao organizados
em torno de um unico eixo de simetria (eixo de simetria 5) [51]. Os tetraedros em principio
deveriam ter a estrutura cubico de face centrada (FCC: face-centered cubic) da fase
macroscopica, no entanto, nesse caso, o decaedro resultante teria descontinuidades em sua
estrutura [15,52]. Portanto, é necessario deformar os tetraedros para obter um decaedro sem
descontinuidades. Diversos modelos foram propostos para explicar tais deformacoes
(deformacGes inomogéneas, ou distorces homogéneas gerando cristais com célula unitaria
ortorrdmbica ou tetragonal) [15-17,52]. No entanto, pouca evidéncia experimental foi obtida
para determinar sem ambiguidades o modelo correto, principalmente por dificuldades em medir
a estrutura tridimensional de NPs individuais, ou a diminui¢cdo de precisdo associado a
alargamento dos feixes difratados induzidos pela diminuicéo de tamanho do dominio cristalino.

O manuscrito do artigo relacionada a esse capitulo (Apéndice A), que estd em fase de
submissdo, foca em obter informac&o sobre a estrutura cristalina média (célula unitaria) de Dh
presente em uma amostra composta de NPs de AuAg de poucos nm de diametro (2-4 nm). Mais
especificamente, contrapomos 0 modelo mais aceito, proposto por Bagley nos anos 60, de uma
célula unitaria ortorrémbica de corpo centrado (BCO: body centered ortorrombic), com uma
observacdes mais recentes (aproximadamente na Gltima década) que sugerem uma simetria
tetragonal de corpo centrado (BCT: body centered tetragonal) [15-17,52].

Em nosso estudo tivemos especial cuidado em minimizar os numeros de parametros livres
utilizados no refinamento estrutural relacionados as distancias/deformacfes do decaedro. E
conhecido que padrdo de difracdo de nanosistemas sdo propicio a perda de informacéao devido
a suas dimensdes limitadas e efeitos térmicos acentuados [3,8,9]. Consequentemente um
numero excessivo de parametros livres durante o refinamento/ajuste induz a ajustes excessivo
(overfiting), gerando estruturas ndo realistas. Mais preocupante no caso estudado, € a
possibilidade de ndo conseguirmos diferenciar apropriadamente (sem um intervalo de
confianga) modelos muito distintos (como os decaedros baseados em células unitarias BCO e
BCT) ao analisar a mesma informagdo experimental. Portanto um numero limitado de
parametros foi utilizado para os ajustes e critérios fisicos (nesse caso o fator de empacotamento)
foram utilizados para restringir a variacdo dos parametros.

Nossos resultados mostram conclusivamente que o modelo de Bagley (célula unitéaria
ortorrbmbica com 5% expansdo na direcdo paralela ao eixo de simetria 5) ndo descreve

satisfatoriamente a amostra medida. A célula unitaria resultante de nosso refinamento sugere
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que uma estrutura ortorrdombica de baixa distor¢do ao longo eixo de simetria 5 como a melhor
descricdo dos Dh de AuAg na amostra. Se consideramos a precisdo na medida absoluta dos
comprimentos dos vectores base (agco, Psco,Csco) da célula identificada, ndo podemos
excluir a existéncia da fase BCT (as distancias agco e bgco Se superpdem considerando os
intervalos de incerteza 30). Devemos mencionar que ndo € possivel descartar a existéncia de
deformacdes inomogénea na estrutura, pois nosso estudo ndo possui a precisdo necessaria para
analisar modelos tdo detalhados. Uma determinacdo mais precisa poderia ser obtida com
experimentos de maior qualidade, por exemplo, ao utilizar detectores maiores para obter maior
angulo de espalhamento e filtros de energia para diminuir a influéncia do fundo inelastico nos
resultados. Os resultados indicam que ePDF + PED é uma ferramenta importante para obter
informacdo 3D completa da estrutura de nanomateriais com as vantagens de utilizar uma baixa
dose de elétrons (< 10 e/A2).

Os trabalho estd descrito no manuscrito presente no Apéndice A em conjunto com 0

material suplementar que acompanha o manuscrito (Apéndice B).
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Capitulo 4

Aplicacao das Intensidade de Difracao de Elétrons com Precessao

(PED) para Mapeamento de Orientacao de Cristais Automatizado

(ACOM) com Alta Resolucio Angular

Recentemente, grande atencdo tem sido dada ao desenvolvimento de nanofios (NW:
Nanowires) semicondutores, principalmente devido a possibilidade de miniaturizar diversos
sistemas eletrénicos [53]. A presenca de defeitos estruturais nesses fios (maclas, discordancias,
interfaces, etc.) geram deformagdes estruturais e afetam significativamente o controle das
propriedades fisicas, como transporte elétrico e propriedades 6ticas [54]. Consequentemente,
a reprodutibilidade da aplicacdo de NW em dispositivos ainda € limitada pela falta de
informacdo precisa sobre deformacgdes na estrutura do material [54]. A caracterizacdo dessas
deformac0es € bastante complexa por ocorrerem em nano-objetos individuais, tal que técnicas
comuns ndo podem ser facilmente aplicadas. Nesse caso, sdo usualmente utilizadas técnicas de
TEM devido sua alta resolucao espacial (atualmente é possivel atingir resolucdes na faixa do
sub angstrom) [19]. Entre elas, técnicas de difracdo de elétrons sdo ideais para acessar
informacdes sobre a estrutura cristalina e sua modificacdo em NWs. Principalmente pela baixa
dose de elétrons (dada por e/A?) necessaria, este valor baixo garante a preservacio da estrutura
de defeitos sem ser modificada pela observacdo em TEM.

Hoje, experimentos de ED sdo comumente realizados no modo 4D-STEM, onde o feixe
de elétrons é varrido pelas amostras e para cada posi¢do do feixe (pixel) é medido um ED [36].
Nesse caso, sdo formados dados multidimensionais conhecido como bloco de dados; para 4D-
STEM ha duas dimens6es no espaco reciproco (as duas dimensbes do ED medido) e duas no
espaco real (localizam a posicdo do ED medido) [14]. A difracdo de elétrons com precessdo €
comumente utilizada para realizar medidas de 4D-STEM, por diminuir significativamente
efeitos prejudiciais do espalhamento dindmico, usualmente encontrados no caso de um feixe
estatico[11]. Por exemplo, PED fornece maior precisdo nos valores de tensdo (expansao ou
compreensdo) ou na identificacdo de fases, mas sem afetar significativamente a resolucdo
espacial das medidas [55].

A técnica de PED ja foi utilizada por nosso grupo para caracterizar nanofios de InP,
sintetizados pela Prof. Dr. Monica Cotta (IFGW-DFA). Neste caso, foi possivel obter

informagdo quantitativa sobre a estrutura de defeitos dos NWs contendo uma discordancia axial
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do tipo parafuso [56]. Também foi possivel reconstruir a forma 3D dele partindo de informacdes
2D, tal foi feito com doses significativamente menores que as utilizadas em técnicas de
tomografia [4].

As informacgdes que podem ser derivadas de 4D-STEM (com ou sem PED) sao
usualmente obtidas somente considerando as posi¢des dos picos de difracdo [43]. O
principalmente motivo tem sido a impossibilidade de utilizar o detector axial do microscopio
(comumente uma CCD) integrado ao eixo 6tico do microscopio para medir a intensidade
relativa de elétrons transmitidos em EDs ou imagens [41]. Usualmente, esses detectores eram
lentos demais para serem utilizados em experimentos em que um feixe de elétrons é varrido
rapidamente pela amostra, que acaba por tonar as medidas significativamente demoradas e uma
alta dose de elétrons é depositada no material [41,43].

Detectores de elétrons mais modernos de tecnologia CMOS tem a capacidade de realizar
capturas em alta velocidade (CCD: 1 captura por segundo, CMOS: mais de 200 capturas por
segundo). No entanto, mesmo nesses casos 0 uso das intensidades de difracdo ainda é
usualmente ignorado, principalmente devido a dificuldade em analisar quantitativamente 0s
valores relativos de intensidade (comparacdo entre medidas e modelos numéricos) [41]. Os
calculos de difracdo dindmica sdo bastante complexos, de maneira que o célculo de EDs para
os milhares de padrdes medidos é inviavel; a técnica PED simplifica significativamente os
calculos necessarios ao permitir a utilizacdo do modelo cinemaético, tal que o uso das
intensidades é viavel.

Esse panorama sera explorado nesse trabalho ao considerar o uso das intensidades para
realizar a medida da orientacdo de cristais, usualmente associada a medidas de textura em
materiais policristalinos (ACOM: Automated Crystal Orientation Mapping) [41,43,57,58]. Essa
é a aplicacdo mais comum de técnicas de 4D-STEM, tal que é um foco importante do
desenvolvimento metodologico e instrumental, visivel pelos diversos software’s disponiveis
para analisar esse tipo de dados. Os métodos convencionais de ACOM utilizam o procedimento
de pattern-matching onde a identificacdo da orientagéo € realizada através de uma correlagao
cruzada entre o ED medido e uma biblioteca de padrGes simulados. No entanto, tais
procedimentos somente utilizam as posi¢des dos picos e ndo suas intensidades, visando acelerar
e simplificar a analise, mas limitando a precisao da determinacgéo da orientacdo do cristal a 1-2
graus.

As intensidades de ED possuem informagdes significativas sobre a orientagédo do
cristal, que pode ser bastante sensivel, principalmente em cristais finos (thin-film effect).[19]

Portanto, a exploracdo das intensidades pode ser fundamental para obter resultados mais
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precisos. Recentemente, Palatinus et al. [59], mostraram a capacidade de utilizar as
intensidades de PED para determinar a orientacdo de nanocristais visando realizar uma
reconstrucdo tomografica precisa do espago reciproco. Surpreendente, a resolucdo angular
obtida com as intensidades (~ 0.05°) é ordens de magnitude maior que a possivel obter com
pattern-matching (usualmente > 1°, mas andlises mais refinadas podem obter >0.2°). Assim, a
aplicacdo da analise das intensidades em ACOM pode trazer melhoras significativas na
resolucdo angular das medidas.

Nesse trabalho desenvolvemos ACOM a partir de dados de 4D-STEM assistido por PED
e usando um detector CMOS acoplado a um cintilador em TEM (medidas realizadas na
University of Texas - San Antonio TX, USA). Para cada posicao da sonda (um feixe de elétrons
focalizado), um padréo PED de alta qualidade é adquirido e a orientacdo do cristal é derivada
automaticamente em cada pixel pela analise quantitativa das intensidades difratadas (analise
similar ao refinamento de Rietveld). A equacdo de Howie-Whelan (two-beam) foi utilizada para
a analise quantitativa das intensidades difratadas por essa ser a Unica descri¢do de difracdo
dindmica que possui expressdo analitica; isso é fundamental para tornar viavel a simulacéo de
intensidades em um grande volume de dados [19]. Aplicamos a metodologia desenvolvida para
caracterizar os nanofios de InP semicondutores anteriormente mencionados. Nossos resultados
indicam que foi possivel obter uma precisdo angular maior que as anteriormente reportadas na
literatura (~0,03°). Mostramos como diferentes metodologias de ACOM se comportam no
mesmo conjunto de dados para obter uma analise rigorosa da qualidade e confiabilidade dos
resultados. Esta melhoria de precisdo tem sido fundamental para observar a pequena
desorientacdo cristalina associadas a discordancia em parafuso nos nanofios com torcéo de
Eshelby [60,61].

Nosso trabalho mostra que os avan¢os instrumentais devem ser acompanhados por
metodologias de analise de dados mais complexas e completas para acessar a informacéo
estrutural de maneira mais precisa e completa. Consequentemente, o trabalho desenvolvido em
ACOM abre uma ampla gama de novas possibilidades para analisar com precisdo pequenas
mudangas na orientagdo do cristal, como tor¢édo de Eshelby NW, rugosidade em material
bidimensional [62], etc. Veremos no proximo capitulo que a anélise de orientagdo de cristais
muito finos e complexos somente é possivel devido a capacidade de analisar quantitativamente
as intensidades difratadas de PED.

Nosso resultados foram publicados na revista Ultramicroscopy [63] (Apéndice C) em

conjunto com o material suplementar que acompanha o artigo (Apéndice D).
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Capitulo 5

Caracterizacao das Nanoestrelas de AuAg

Os trabalhos descritos nos capitulos anteriores mostraram a importancia de
metodologias avancadas para aproveitar a alta qualidade dos dados que é possivel obter a partir
dos recentes avancos em instrumentacdo. Dessa forma, podemos entdo utilizar tais avancos para
caracterizar materiais de grande complexidade estrutural, sensiveis a irradiacdo ou grandes
conjuntos de dados para obter informacéo estatisticamente significante.

Um exemplo desses sistemas complexos sdo nanoestrelas plasmonicas de AuAg (NS:
nanostar), um material de interesse em diversas aplicagdes em dispositivos optoeletrénicos,
medicinais, etc [64]. A caracterizacdo dessas estruturas da grande énfase em determinar a forma
da nanoestrela, ou mais precisamente, a orientacdo das pernas no espaco [65] Diferentes
distribuicGes das pernas afetam significativamente a resposta dptica dessas estruturas, tal que o
controle de suas propriedades demanda a caracterizagdo da morfologia tridimensional da
estrela. Além disso, a caracterizacao da estrutura atbmica permite determinar como parametros
de sintese afetam a estrutura final da NS, como a distribuicdo das pernas e largura comprimento.
As NSs sdo formadas por um processo de sintese em etapas: a) primeiro sdo formadas as
sementes (seeds) que formaram os nucleos das NS, e b) num segundo estégio sdo formadas as
pernas que crescem sobre 0s ndcleos ja constituido.

Técnicas de TEM sdo usualmente aplicadas para obter tanto informacao da forma como
da estrutura atbmica. A informacdo da forma da estrela pode ser obtida por técnicas de
tomografia com imagens de TEM, onde séo obtidas imagens da estrela em muitas (50-70)
orientacdes [65]. A reconstrucdo da forma 3D pode conter informacéo da estrutura atbmica da
amostra dependendo da resolucéo espacial das imagens utilizadas para realizar a reconstrucao
[6]. Usualmente sdo utilizadas imagens de TEM de varredura (STEM) ou mais especificamente
imagens de campo escuro de alto angulo (HAADF: high angle anular dark field) devido essas
possuirem intensidades com efeitos reduzidos de difragdo dindmica, gerando uma imagem onde
as intensidades dos pixels sdo aproximadamente proporcionais a espessura/tipo atdbmico [19].
No entanto, a reconstrucdo com alta resolucdo em regides extensas (> 200nm x 200nm) é
complexa devido a dificuldade em obter as diversas imagens com resolucdo atdbmica sem
danificar a amostra pela alta dose de elétrons utilizada (>10° e7A?)[19]. Portanto, tal método

ndo é viavel em estruturas que ocupem regiGes maiores, como as NS que ocupam uma area
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circular de ~ 180 nm de didmetro. Ao utilizar imagens de menor resolucao, a dose de elétrons
é significativamente menor < 10° -10° e/A? e a morfologia da NS pode ser obtida com resolugo
espacial de 1 - 2nm. Lamentavelmente, a informacéo do arranjo atdbmica nao pode ser derivada
desse tipo de estudo. Tal dose ainda é significativa para matérias com estrutura sensiveis a
irradiagdo, como estrutura policristalina anteriormente observada nas NS.

Alternativamente, técnicas de 4D-STEM, onde um padrdo de difracdo de elétrons é
medido para posicdo do feixe de elétrons, utilizam baixas doses (<100 e/A?) para obter
informacao da estrutura atdbmica do material e da orientacdo do cristais nas pernas da NS a partir
d e um Unico mapeamento de difracdo 4D-STEM [66]. Portanto, é possivel medir a forma e as
estrutura cristalina da NS sem alterar/danificar a estrutura do material.

Nesse trabalho utilizamos 4D-STEM com PED para poder obter a forma da NS com alta
precisdo e uma baixa dose de elétrons (<200 e/A?), O uso de PED é importante em
experimentos com uma grande quantidade de dados coletas (como 4D-STEM) por simplificar
0 uso de métodos de aprendizado de méaquina (ML: machine learning) visando a reducdo de
um grande volume de dados a somente que contém informacéo essencial [40,42]. Em nosso
trabalho utilizamos meétodos de clusterizacdo (K-means) e fatoracdo matricial ndo negativa
(NMF: non-negative matrix factorization), ambas comumente utilizadas em dados de difragéo
de elétrons [40,42].

A andlise por ML separou a NS entre as pernas e o0 nucleo que a compdem; efetivamente
0 problema de reconstrucdo da estrutura e forma da NS ndo requer a analise da grande
quantidade de dados medidas (40000 padr6es medidos), sendo somente necessario somente a
andlise de 11 padr@es de difracdo (nucleo + 6 pontas das pernas + 4 base de pernas).

Nosso estudo provou que as pernas possuem estrutura de decaédrica, similar a nanofios
com eixo de simetria cinco (five-fold nanowires) e o nacleo da NS é uma particula icosaédrica.
As identificacdes aproveitam a capacidade de 4D-STEM de formar imagens com diferentes
critérios para obter contraste a partir dos padrdes de difracdo medidos. Assim podemos formar
imagens que possuam maior sensibilidade a transi¢do entre diferentes cristais (anti-correlacéo
entre pixels) onde um maximo de intensidade indica bordas de grdo. Outro tipo de imagens sdo
imagens virtuais de campo escuro (VDF: virtual dark field) que indicam a distribuicdo espacial
de algum detalhe do diagrama de difracdo (ex. um feixe difratado). Essas analises mostram a
forca de 4D-STEM proveniente da capacidade de correlacionar informacao no espaco reciproco
com sua localizacdo e organizacdo no espaco real.

A determinacdo da forma vem da medida da orientacdo de cada perna por métodos de

ACOM, que somente foi possivel pela utilizacdo do método de analise de intensidade
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desenvolvido neste doutorado e descrito no Capitulo 4. A amostra tem caracteristicas (e
pequenos graos de espessura ~5 nm nas pernas decaédricas) que tornam a aplicacdo de ACOM
complexa, tal que a resolucdo angular das medidas é significativamente afetada pelas
caracteristicas da amostra. Os metodos que somente utilizam as posi¢des dos picos tém
resolucdo angular limitada a ~3-5°, tal que ndo consegue fornecer informacao 3D para pernas
proximas ao plano perpendicular ao feixe de elétrons. Com as intensidades, foi possivel obter
resolucdo angular de ~ 0.1°, um valor mais alto que os anteriormente reportados para analises
similares, ver Capitulo 4, (<0.05°), mas que ainda é significativamente mais preciso que
analises sem uso das intensidades (>1°).

As medidas da orientacdo das pernas mostram que elas estdo numa configuracdo muito
préxima a um plano em comum (desvio maximo de ~ 20° do plano em comum). A andlise da
orientacdo e posicdes das pernas em relacdo a orientacdo do ndcleo (determinada independente)
indica que as pernas crescem nos Vértices de simetria 5 presentes no icosaedro que forma o
nacleo da NS. Isto demostra uma relacdo de epitaxial perna-nucleo o que é consistente com a
estrutura decaédrica das pernas.

A distribuicdo planar das 6 pernas sobre nucleo de simetria icosaédrica ndo é esperada,
pois h& 12 vértices distribuidos regularmente no espaco sobre um icosaedro, onde as pernas
podem crescer. Nossa interpretacdo para esse resultado, que ndo estd somente associado ao
arranjo atdbmico do nucleo, vem da nucleacdo de uma perna em um dos eixos de simetria 5
implicar na redistribuicdo do passivante presente na superficie do NP, tal que os eixos de
simetria 5 vizinhos se tornam as posicdes mais provaveis para nucleacio da proxima perna. A
medida que a pernas nucleiam, o passivante se compacta nas posi¢des ortogonais na linha de
cisalhamento da capa de surfactante determinada pelas duas primeiras pernas formadas. 1sso
inibe nucleacdo nessas regides e permite crescimento das pernas somente num plano.

O trabalho aqui desenvolvido mostra que 4D-STEM + PED pode ser utilizada para
caracterizar completamente estrutura muito complexas, como as NS medidas, com uma baixa
dose de elétrons (<200 e/A?). Uma compreensdo maior sobre o processo de crescimento das
NS exige a analise de outras variagdes morfolégicas (NS com 5 ou 7 pernas). Além disso, a
caracterizacgdo estrutural completa desses sistemas envolve conhecer as estruturas envolvidas
nos diferentes estagios da sintese. Portanto ainda € necessario caracterizar com ePDF a estrutura
das sementes iniciais utilizadas para crescer as estrelas. Assim, a cristalografia de elétrons
guantitativa, com o auxilio de PED, fornece todas as ferramentas necessarias para estudar em

detalhe esse complexo processo de sintese.
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Os resultados do trabalho foram publicados na revista ACS Nano (Apéndice E) em
conjunto com o material suplementar que acompanha o artigo (Apéndice F).
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Capitulo 6

Conclusoes e Perspectivas

Devido ao formato da tese ser um compilado dos artigos publicados durante o
doutorado, esse capitulo resume os principais resultados em conjunto com uma

contextualizacdo dos principais problemas de nossa pesquisa.

A forte secdo eficaz de interacdo entre elétrons e a matéria permite obter padrées de EDs
de alta qualidade com amostras pequenas [4]. No entanto, essa forte interacdo também induz
que o elétron sofra multiplos eventos de espalhamento ao atravessar os materiais, fenémeno
que leva a geracdo de difragdo dindmica [4]. A simulacdo da difragdo no caso dindmico requer
ferramentas numéricas e, em particular demanda o conhecimento preciso da espessura e
orientacdo do cristal. Devido a complexidade do calculo de difracdo dinamica, ndo € possivel
realizar um procedimento de refinamento estrutural de forma pratica. Ainda assim, a capacidade
de obter sinal de difracdo de amostras pequenas ou contendo 4tomo de baixo nimero atdémico
traz um grande interesse a cristalografia de elétrons na industria farmacéutica. De fato, nos
ultimos anos temos visto a comercializacdo de difratbmetros de elétrons, equivalentes ao
comumente encontrado difratdmetros de raios X. Utilizando elétrons é possivel medir os cristais
micrométricos como contidos em medicamentos que chegam ao consumidor, 0 que torna o0s

processos de desenvolvimento de farmacos mais eficientes e seguros [47,67].

A confiabilidade da cristalografia de elétrons tem sido considerada baixa devido falta de
correlacdo direta entre intensidades da difracdo de elétrons e, intensidades calculadas pelo
simples modelo cinematico baseado no fator de estrutura. A difracdo de elétrons PED recupera
a uma relacao razoavel entre as intensidades de difracdo de elétrons e o fator de estrutura; por
isso a PED pode ser considerada quase-cinematica, onde as intensidades experimentais séo
muito proximas das esperadas cinematicamente [10,11]. Portanto, PED é uma técnica com as
caracteristicas necessarias para desenvolver e explorar as potencialidades da cristalografia de

elétrons.

Nesta tese, temos apresentado o estudo do arranjo atbmico em nanoparticulas
decaédricas que demostra a grande potencialidade da cristalografia de elétrons para estudar
pequenas NPs (didmetro < 5 nm), pelo refinamento estrutural no espaco real usando PDF

derivada de um padréo de difracdo de po [8,9]. Este tipo de informacéo ndo pode ser derivado
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de métodos tradicionais; por exemplo, imagens com resolucdo atbmica demandam que o cristal
esteja alinhado ao longo de um eixo de simetria (eixo de zona) do cristal [52]. Assim, a maior
parte dos estudos de decaedros explora imagens de particulas é observada ao longo do eixo de
simetria cinco, e ndo é possivel obter informacéo ao longo dessa direcdo devido a natureza de
projecéo em 2D do objeto 3D. O uso baseado na PDF ameniza a perda de informagao estrutural
acessivel no espaco reciproco (alargamento de picos de difracdo) devido a limitagdo no
ordenamento dos atomos; de fato a PDF representa o principal método de analise materiais
amorfos [8,9] . A obtencdo da funcdo PDF com boa resolucao requer medir padrdes de difracdo
de p6 com vetor de espalhamento significativamente maiores que o comumente utilizados em
cristalografia comum [8,9]. Consequentemente, PDF ¢ associada a difracdo de ondas de alta
energia (pequenos comprimentos de onda) geradas com fontes de radiacdo sincrotron de alta
energia (40 — 120 keV) o que a torna uma técnica menos acessivel. Alternativamente
microscopios eletrénicos sdo instrumentos mais numerosos e acessiveis, que fornecem medidas
de padrdes de difracdo de elétrons de alta qualidade e que pode ser obtido em TEM considerados
de baixa performance quando comparada a instrumentacdo moderna. Durante 0 meu mestrado,
foi desenvolvida a metodologia de PED + PDF que possibilita o refinamento estrutural com
qualidade similar a obtida com radiagdo sincrotron, mas utilizando massas muito menores (~
fg) [12]. No Capitulo 3, apresentamos uma medida estrutural de alta qualidade utilizando os
métodos aqui desenvolvido de nanocristalografia baseada em PDF para a caracterizacdo de NPs
decaédricas. Nesse estudo, demostramos que o refinamento estrutural indica uma célula unitaria
BCO que se superpde com BCT dentro da barra de erro [16,17]. Também provamos que
podemos descartar 0 modelo de BCO Bagley com expanséo da distancia inter atdbmica de 5%
ao longo de eixo de simetria 5 (no BCT essa distorcdo ndo ocorre) [15]. E importante enfatizar
que ao utiliza uma métrica de qualidade (residuo) é possivel determinar com precisdo a rica

informacao estrutural presente nas intensidades e posi¢oes dos picos de difracdo de PED.

No Capitulo 4, abordamos o problema da nanocristalografia de monocristais,
novamente baseado na analise quantitativa das intensidades de PED, e neste caso explorado
para medir a orientacéo de cristais de forma automatica (ACOM) [41,43,57,58]. Nesses estudos,
aliamos a alta resolucéo espacial possivel em um TEM com o poder da analise cristalografica
de PED. Usualmente, os metodos ACOM identificam a orientacéo através de uma correlacao
cruzada (pattern-matching) entre o ED medido e uma biblioteca de padrdes simulados. As
intensidades do ED ndo sdo utilizadas para aumentar a velocidade do célculo, tal que as posi¢des

dos picos difratados é a principal informacéo utilizada. No entanto, essa analise compromete a
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resolucdo angular a valores da ordem do grau. De ponto de vista fisico, devemos esperar que as
intensidades difratadas fornecam informacdes detalhadas sobre a orientacdo do cristal; de fato,
o trabalho realizado por Palatinus et al [59], mostrou que procedimentos de analise de
intensidade podem fornecer a orientacao de nanocristais com uma resolucdo angular (~ 0.05°),
ordens de magnitude maior que a possivel obter com pattern-matching.

A andlise das intensidades pode trazer melhoras significativas aos procedimentos em
ACOM, mas o mapeamento de orientacao requer detectar milhares padrGes de difracdo de alta
qualidade; neste aspecto detectores bidimensionais de alta velocidade sdo necessarios.
Detectores CCD possuem a velocidade de captura limitada a 1x imagem por segundo, e ndo séo
apropriados para mapeamento ACOM (por exemplo, a medida de 10000 PED demanda quase
3h). Detectores de elétrons CMOS podem realizar 200 capturas por segundo (10000 PED
demanda menos de 1 minuto), e também possuem um nivel de ruido menor que detectores CCD.
Nos colaboramos com o Prof. Dr. Arturo Ponce (UTSA — San Antonio) que possui um
instrumento TEM com sistema PED e o detector CMOS que viabilizava 0 nosso experimento
sugerido (no Brasil ainda ndo € possivel encontrar instrumentacao similar). A nossa analise de
intensidade baseia-se numa célula unitaria onde os parametros estruturais sdo mantidos fixos e
somente a orientacdo do cristal e a espessura do cristal s&o otimizadas. Utilizamos um modelo
de dois feixes (two-beam) [4] pois ele permite uma estimacao aproximada de intensidades PED
utilizando uma expressdo analitica, garantindo o tratamento viavel de milhares de ED num
mapeamento. A resolucdo angular resultante é de 0.03°, valor similar ao obtido por Palatinus, e
muito mais preciso que o método tradicional utilizando pattern-matching [63].

E importante enfatizar que a capacidade de medir orientacdo de cristais com alta
precisdo é fundamental para o estudo de deformacdo (strain) de cristais. O estudo de
deformacdo de nanomateriais usualmente se limita a medir a tenséo (tracdo ou compreensao)
da célula unitéria no plano perpendicular ao feixe incidente ao medir a posicao dos picos de
difracdo [55]. No entanto, uma deformacdo estrutural genérica é composta de tensdo e
cisalhamento, sendo a ultima presente em mudangas na orientagdo dos vetores base da célula
unitaria [68]. Portanto a metodologia desenvolvida é fundamental para a medida completa de
uma deformagéo, combinando a medida no plano ortogonal ao feixe com mais uma possivel
sutil rotacdo do cristal.

Os estudos precedentes descrevem as nossas contribuicdes a nanocristalografia de
elétrons para a analise de amostras bem-comportadas ou casos teste. Para demostrar claramente
0 avanco atingido, € importante provar que esses desenvolvimentos sdo uteis para resolver casos

complexos onde métodos de caracterizagcdo comuns ndo sao apropriados. A esse fim, decidimos
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estudar nanoestrelas plasmoénicas de AuAg (produzidas pela Prof. Dra. Laura Fabris,
Politecnico di Torino), que representam um problema de alta importancia cientifica e
tecnoldgica onde é necessario determinar a estrutura atbmica e a morfologia (distribuicéo
espacial das pernas) para aprimora a resposta optica [65] .

Usualmente, técnicas de imagem TEM de resolugdo atdbmica sdo combinadas com
tomografia (STEM-ET) para reconstruir a estrutura atbmica em 3D [6]. A medida de imagens
com resolucdo atbmica requer um feixe de elétron com dimens@es usuais de 0.05 nm em
diametro que utiliza angulos de convergéncia na ordem de 20 — 25 mrad. Tais angulos de
convergéncia implica num ponto focal com tamanho longitudinal (na dire¢éo do feixe) limitado
a5 —7nm [69]. Durante o experimento de ET o objeto € comumente rotacionado entre -70° e
+ 70 graus para reconstruir a estrutura 3D. Em objetos extensos como na nanoestrela, objeto
ficaria fora de foco, inviabilizado ET baseada no modo HAADF-STEM. Nossa abordagem foi
diferente: a) utilizamos um mapeamento de difracdo PED para obter informacdes da estrutura
atdbmica com resolucdo manométrica; b) medimos as posic¢des espaciais das pernas combinando
0s comprimentos obtidos das imagens e a orientacdo dos cristais nas pernas pela analise de
intensidades PED medidas numa camera de alta velocidade e alta gama dinamica.

A necessidade de alta resolucdo espacial e PED requer instrumentacdo especial
disponivel em poucos lugares no mundo, a qual tivemos acesso através de colabora¢do com
Prof. Dr. Caterina Ducatti (Cambridge University). Trata-se de um microscopio ThermoFisher
Spectra 300 (300 keV) com corretor de aberracdo esférica, equipado com um detector de
deteccdo direta Quantum Detector Merlin e um sistema de precessao de alta frequéncia (1 kHz).
O corretor de aberracdo esférica permite atingir 1° sem perdas significativas na resolucéo
espacial (em nosso experimento o feixe possui ~ 2 nm) e melhora significativamente a
correspondéncia entre intensidades medidas e simuladas pelo modelo baseado na aproximacéo
two -beam (Capitulo 4). A NS ocupa uma area de ~ 800 nm?, portanto o mapeamento de difracéo
demanda a medida de uma quantidade expressiva de padrdes de difracdo. Isto foi solucionado
pela cAmera Merlin que realiza aproximadamente 2000 capturas por segundo, e um sistemas de
precessdo poco convencional que opera a de 1 kHz (normalmente utiliza-se 100 Hz limitando
0 tempo de captura por imagem). Portanto, podemos medir conjunto de dados extensos (em
nosso experimento 40000 padrdes PED sdo medidos) em tempos de poucos minutos.

Primeiro, a analise dos padrdes de difracdo das pernas da NS indica que elas possuem
estrutura decaédricas, e foi possivel medir a orientacdo das pernas no utilizando a metodologia
desenvolvida para o uso das intensidades (Capitulo 4). Também determinamos que o ndcleo é

uma nanoparticula icosaédrica, e as pernas crescem sobre 0s Vvértices do icosaedro. Este
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resultado contradiz o modelo geralmente aceito na comunidade de nanoparticulas plasménicas
que associam estrelas a nucleos decaédricos. Outro resultado inesperado é uma distribuicéo
quase-planar das pernas no espaco, contradizendo a alta simetria de um nucleo icosaédrico. A
morfologia da estrela nos permitiu desenvolver um novo modelo da formacdo da nanoestrela,
que envolve um papel determinante da reordenacdo da camada de surfactante sobre o nucleo
icosaedrico. Finalmente, devemos ressaltar que nosso estudo revelo muitos novos aspectos da
estrutura de nanoestrela, com informacdes obtidas de unico mapeamento 4D-STEM + PED
aplicando uma baixa dose de elétrons (<200 e/A?).

Consideramos que o trabalho desenvolvido mostra o grande poder da cristalografia de
elétrons para caracterizacao de nanocristais, O uso quantitativo das intensidades de PED, traz
vantagens significativas, e demos enfatizar nossos esfor¢os para derivar medidas estruturais
com intervalos de confianca, fornecendo clara informacao da resolucéo e representatividade

das propriedades estruturais medidas.
Perspectivas

A andlise de PDF + PED pode atingir resultados de altissima qualidade mesmo com
instrumentacBes simples, mas €é importante reconhecer que limitagcdes instrumentais
encontradas em nosso trabalho podem ser facilmente superadas utilizando microscépios
modernos. A mais evidente esta relacionada a resolucdo limitada da PDF derivada devido ao
tamanho do detector utilizado (2048x2048 pixels). O uso de detectores CMOS modernos
fornece areas maiores (4096x4096) para medir padrGes de difracdo com vetores de
espalhamento maiores (CCD: ~ 12 A, CMOS ~ 24 A™), comparéaveis as obtidos em
experimentos de raios X utilizando fontes de luz sincrotron. A razdo sinal-ruido dos
experimentos também pode ser significativamente melhorada ao utilizar filtros de energia para
reduzir o fundo proveniente do espalhamento inelastico dos elétrons. As doses também podem
ser significativamente reduzidas ao utilizar detectores diretos de elétrons, ja que hoje ja é
possivel encontrar essa classe de detectores com tamanho suficiente para analise de PDF (por
exemplo, a cdmera K3 da Gatan possui ~ 5000x5000 pixels). Também é possivel realizar
melhorias significativas na modelagem utilizadas nas simula¢des de PDF, por exemplo, ao
incluir efeitos mais realisticos dos movimentos dos atomos devido a temperatura (por exemplo,
simulagdes com fronzen-phonos [4]) ou ao incluir deformagdes mais precisas na estrutura que
poderiam ser analisadas ao melhorar a resolucdo da curva PDF. Todos esses fatores séo
essenciais para expandir 0 nosso estudo da estrutura das NPs decaédricas como a diferenciagédo

entre modelos de deformacg&o uniforme ou inomogénea.
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A aplicacdo da analise quantitativa das intensidades necessita principalmente de
melhoras préaticas para simplificar, tornar mais acessivel e acelerar os procedimentos numéricos
utilizados. E importante enfatizar, que o artigo tras questdes em relacdo a acuréacia da
metodologia que foram posteriormente respondidas no trabalho de caracterizacdo das
nanoestrelas, portanto, ndo ha razdo para realizar outros trabalhos sobre a confiabilidade da
metodologia. Também é evidente no trabalho das nanoestrelas que a maior dificuldade em
aplicar a metodologia esta na necessidade de indexar os padrdes de difracdo (o que requiriu a
analise manual). A combinacgéo entre pattern-matching e analise quantitativa das intensidades
pode automatizar muitos dos passos iniciais da analise ao fornecer a indexac&o, eixo de zona e
fase que melhor se adequem a cada padréo de difracdo medido. O tempo de anélise também
pode ser diminuido ao utilizar métodos de minimizacdo mais eficientes e a paralelizacdo dos

mesmaos.

As nanoestrelas sdo fabricadas por um método em duas etapas, crescimento dos nucleos
(seeds) e o subsequente crescimento das pernas [21]. A caracterizacdo completa da sintese ainda
necessita da analise das sementes, e 0 método de PDF+ PED desenvolvido fornece a ferramenta
ideal para tal. Estes experimentos estdo sendo planejados para serem realizado com a
instrumentacdo presente em Cambridge. Também é necessario caracterizar outras morfologias
das nanoestrelas (5 ou 7 pernas) para determinar como os parametros da sintese afetam a

distribuicdo e o numero de pernas.

Finalmente, também planejamos explorar outras possibilidades como a combinacéo de
4D-STEM com PDF + PED para caracterizar materiais amorfos ou de baixa cristalinidade como

metais amorfos.
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Apéndice A

Desvendando a Ordem Atdomica Nao Cubica em

Nanoparticulas Decaédricas de AuAg

Livres de Surfactante por

Analise da Funcdo de Distribuicao de Pares (PDF)

A seguir estd anexado o manuscrito do artigo nomeado “Unraveling non-cubic atomic
ordering in surfactant-free AuAg decahedral nanoparticles by Pair Distribution Function
(PDF) analysis” que descreve o trabalho descrito no Capitulo 2 da tese. O artigo ainda est em

processo de submisséo.



Unraveling non-cubic atomic ordering
in surfactant-free AuAg decahedral nanoparticles
by Pair Distribution Function (PDF) analysis

Leonardo M. Corréa’, Murilo Moreird', Varlei Roa‘rigugsj and Daniel I_fgarre}'t

I Instituto de Fisica “Gleb Wataghin®, Universidade Estadual de Campinas-UNICAMP, CEP 13083-859,
Campinas - SP, Brazil,
* dmugarte(@ifi.unicamp br

Abstract

The atomic arrangement in 3-fold decahedral (Dh) nanoparticles (INPs) made of noble metals remains
an open and contentious question. In the 60s, Bagley proposed a structural description, where the face centered
cubic (FCC) crystal 15 homogeneously strained into a body centered orthorthombic (BCQ) one; this
construction requires a large 5% expansion of interatomic distances along the 5-fold axis. This model has been
questioned due to evidence of localized deformations (inhomogeneous strain) and of Dh nanostructures with
body centered tetragonal lattice (BCT) as revealed by x-ray diffraction. Transmission electron microscopy
(TEM) has also been explored to visualize strain fields using images taken along the 5-fold axis. However,
the 2D projection nature of TEM images inhibit the complete three-dimensional distortion field assessment,
hindening the direct comparison between the proposed BCO and BCT ordering. Here, we have studied the
average umt-cell symmetry and size in few-nm-wide surfactant-free noble metal (AuAyg) nanoparticles; we
have applied a structural refinement method based on Pair Distribution Function (PDF) derived from
Precession Electron Diffraction (PED). This approach provides 3D information from a minute amount (= fg)
of NPs deposed on a convention TEM grid. Two main conclusions can be derived from structure optimization;
firstly, mimimum residue 1s associated to a BCO unit-cell close to tetragonal symmetry (BCT). Secondly, the
traditional Bagley BCO model is clearly unable to provide a good description of experiments, what suggests
that 1t must be used with care for the modeling of Dh nanoparticles. Our structural refinement has followed
rigorous error bars estimation and solution search procedures considering physical constrains and a minimal
number of variables. This study demonstrates the exciting potential of (PDF +PED) to quantitatively obtain
fine details of the average unit cell in small nanocrystals using a low electron irradiation dose (10 e/A%).

KEYWORDS: Pair Distribution Function (PDF), Decahedral Nanoparticles, 3D strain, Transmission Electron
Microscope (TEM), Precession Electron Diffraction (PED), Nanocrystallography.
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Introduction

The term Multiply Twinned Particles (MTP) describe nanoparticles (INPs) which are formed by the
assembly of several tetrahedral joined through twin planes, such as noble metal icosahedra or decahedra. The
twin planes occur around one or several high symmetry axes, and in particular MTPs include 5-fold rotation
axis!. Decahedral (Dh) symmetry contains a single 5-fold axis and it constitute the basis for a plethora of
nanostructures such as nanorods, nanowires (NWs). bipyramids, nanostars, etc.>?

The Dh atomic arrangement must form a closed structure filling space without gaps nside its volume;
this condition cannot be fulfilled when Au or Ag atom are in the bulk stable phase, a face centered cubic (FCC)
crystal structure. In the 60s_ Bagley proposed a simple geometric construction based on optimizing the packing
of rigid spheres into a Dh 5-fold motif % this proposed arrangement contains a homogeneous distortion of the
cubic lattice towards a body centered orthorhombic (BCO) unit cell (Figure 1), as discussed in detail by Yang *
One notable aspect of this BCO structure 1s a significant expansion (3%) of the interatomic distance along 5-
fold axis direction. In contrast, several experimental and theoretical studies have suggested that
inhomogeneous strain (localized deformations) should be the energetically preferred configuration in noble
metal Dh NPs*? Also, recent x-ray diffraction studies of Dh nanostructures suggest a body center tetragonal
(BCT) symmetry! 11

Transmission electron microscopy (TEM) has been the basic tool to characterize structural feature of
Dh NPs. Atomic resolution images based on High Angle Annular Dark Field Scanning TEM (HAADF-STEM)
or High-Resolution TEM modes (HRTEM) allow the easy identification of individual Dh NPs observed along
the 5-fold symmetry axis®®’®. However, these images represent a bi-dimensional (2D) projection of the
imaged object; then only provide information averaged along the incident electron beam direction’®. The 2D
projection nature significantly hinders a complete picture of the three-dimensional (3D) deformation field and
hides any interatomic distance expansion along observation direction. An atomic resolution electron
tomography (ATM) study of a Au Dh (~17 nm in diameter) revealed the occurrence of inhomogeneous strain,
but the Bagley's 5% expansion along the 5-fold axis was not detected”. ATM requires the acquisition several
tens of HAADF STEM images (50-70 images) with atomic resolution and the use of a rather high electron
irradiation dose (10°-107 e7A%)". It is always important to note that high electron irradiation levels may induce
modifications of nanostructures > 1.

Powder x-ray diffraction (PXED) techniques acquired in modern synchrotron sources have already
been utilized to Dh atomic arrangement in macroscopic samples of long Dh Ag nanowires (60-80 nm in
diameter, several microns in length)®!%1%17 Some groups have reported that BCT structures provides a better
description of PXRD patterns results; this unit cell 1s much closer from traditional noble metal FCC than the
Bagley's BCO structure! & Concerming few nim wide nanoparticles, the low interaction cross-section between
x-ray and matter induces a rather low signal-to-noise ratio even using advanced synchrotron. Also, these
experiments remain quite challenging as they require uniform samples of nanoparticles in the mg to gr range,
which may be difficult to produce in practice.

Electron crystallography has recentlv gamned renewed interest due to recent instrumentation
development in electron optics, detectors and automation, but also because to the capacity to study tiny crystals
and minutes quantities of matters'#?. Among electron diffraction (ED)) available techniques, pair distribution
function (PDF) based on precession electron diffraction (PED) has shown high potential to finely characterize
the average atomic arrangement of NPs deposited in a conventional TEM sample grid®>®*. The PDF+PED
techniques allow quantitative structural refinement (or unit cell optimization) to gather 3D lattice distortion
Au or Ag MTPS. Here, we have applied electron-based PDF (ePDF) to reveal that surfactant-free AgAu alloy
Dh nanoparticles show an atomic arrangement better described as BCT, and that the Bagley BCO model based
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on rigid sphere packing is not an appropriate to describe experimental results.

Cpco

C
bBCO
Anglegpe agp = 72°
AB = |bgco| = 4AX |€scol/ |@pco| = 1.376

Figure 1. a) Schematic draw of the atomic arrangement inside an ideal decahedral particle; usually two main interatomic distances
are used to define local order: a) AX represent distance along the 5-fold axis (AB) and, b) NN represent interatomic distances
between atoms along twin planes ((AC)= (4B)= (BC)= (BD)). b) resulting atomic arrangement can be described by a BCO unit
cell. When (AB)= (CD) a BCT structure is generated (noted as D-1 particle in the text); for a Bagley s decahedra with BCO structure,
(AB)=1.0515 (CD).

Decahedral Nanoparticle Structure

The space filling constrain in a Dh particle implies in a 72 degrees angle between twins parallel to the
5-fold axis (Figure 1)°; a geometrical schemes of the atomic arrangement is represented in Figure 1, We may
note that the angular constrain bounds the ¢z and ag;p wvectors of a generic orthorhombic cell with
tan “(@gco/Ceco) = 36 degrees or cgcg/agce = 1.376 (in contrast for a cubic FCC lattice. crqc/arce =
1/+/2, and an angle between twins of 70.5 degrees)’. We build this generic BCO unit cell using two interatomic
distances (see Figurela): 1) distance AB along 5-fold axis (equal to bggg. hereafter named AX) and, 2)
distances AC =AD =BC =BD along to twin planes (hereafter named NN). Using simple trigonometrical
calculation, agcq 18 derived from AX (or bgop) and NN: subsequently, cprp 1s calculated to fulfil the angular
constrain due to filling space criteria. It must be emphasized that filling space restriction does not impose any
bound on the relation AX/NN. then, the length of vectors ageg and bgrp 1n the unit cell can vary
independently meaning that Dh symmetry may be obtained with many different BCO atomic arrangements.

The Baglev's packing of rigid spheres lead to a Dh particle with BCO structure where the following
relations were defined: €D = NN and AX/NN = 1.0515 (or bgeo/@gco = 1.0515 | hereafter named
DBa)*. Although this purely geometrical construction is very popular due do its simplicity. recent experimental
studies of Dh nanostructures suggest a ratio that leads to a body center tetragonal (BCT) %! In this work, we
have not attempted to analvze experimental data using mhomogeneous strain models (or localized
deformations). The experimental ePDF data resolution is related to the maximum scattering vector in the
measured diffraction pattern; this value 1s determined by the detector size (CCD camera) using for acquisition
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of the electron diffraction pattern. Our experiments measured scattering vectors up to Omax ~ 12 A, what may
render extremely difficult the detection of fine details due to inhomogeneous strain. However, we must
emphasize that this value of Oma allows a reliable assessment of different mean atomic arrangement, for
example, to differentiate cubic (FCC), icosahedral (thombohedral arrangement) and different decahedral
particle models (BCO or BCT, as shown 1n next sections).

Methods

The surfactant-free AuAg NPs samples have been produced using a home-built cluster source where
metal particles are generated from the atom aggregation from a metallic gas®®. Initially, the metallic gas is
generated by sputtering of intertwisted wires (1x Au and 1x Ag) using a cylindrical magnetron sputtering. To
initiate the agglomeration, the metal gas 1s cooled by an adiabatic expansion; the produced NP size distribution
18 controlled with the aid of ion optics and a Time-of-Flight Spectrometer (TOF) (see scheme in Figure 2a).
The NP formation 1z composed of nucleation, growth of some nuclei within the gas, which subsequently
agglomerate and coalesce to form larger clusters. This last step may favor the formation of MTPs® as observed
in AuAg particles produced by gas aggregationzs_ The selected clusters are deposited with low kinetic energy
(=0.5 eV/atom, soft land regimme) onto an electron microscopy grid containing an amorphous carbon (a-C) thin
film. The gnd 1z afterwards transported to the microscope, so we cannot exclude that a thin Ag oxide layer
may have been formed before electron diffraction measurements. The conventional electron microscopy
characterization of these samples has already been thoroughly described in several previous publication of our
group??™_ Figure 2 includes a low magnification TEM image of an ensemble of particles (mean diameter
3.2 nm, size distribution 1s shown i Figure S1), and several atomic resolution images where twinned and
decahedral structures can be recognized.
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Figure 2. (a) Scheme illustrating the gas aggregation source?*. b) Typical low magnification TEM image of

the nanoparticle samples; c-h) Atomic resolution images of surfactant-free nanoparticles, note that the
structure may present many twin defects.

Electron diffraction measurements were realized using a FEI TECNAI G2 STWIN microscope
operated at 200 keV coupled with ASTAR (Nanomegas) beam precession control system at the Structural
Characterization Laboratory (LCE-DEMa, UFSCAr, Brazil). The microscope has a LaB6 thermionic gun, a
Gatan Orius CCD detector (14 bits, 2048x2048 pixels).

The whole procedure utilized to derive ePDF from the measured PED ring patterns (Figure S2) and
the subsequent quantitative comparison between measurements and simulations has been described in a
previous work (see Figure 3)?!. Simulations of powder electron diffraction pattern have been based on the
Debye scattering equation; this approach allows the calculation of diffraction intensity from any configuration
of atomic positions, and no medium- or long-term periodicity is required. The lattice parameter of the AuAg
alloy was calculated using Vegard’s law (measured chemical composition of the samples was Cy, ~ 0.70,
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leading to apgc= 0.408 nm)*L.

The structural refinement follows a guantitative comparison of the measured PDF, Gmsas(7), with the
simulated one from a structural model, Gem(7). A residual square difference R is used as the metric for
optimization (Eq. 1):

2 Gms - G.s‘i'm z
e = EGne = Gan)®
E Gm&

All residue minimization procedures are performed utilizing home-made Python software using the Powell
algorithm provided by the Scipy library™.
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Figure 3. a) Powder diffraction pattern using obtained by the azimuthal integration of conventional PED ring pattern. b) Comparison
between measured and optimized ePDF for the model that includes Dh and TW NPs with diameters of 2.6 nm and 2.2 nm,
respectively.

Results

The optimization procedure (residue mimmization) is initially performed using a librarv of diffraction
patterns calculated as a function of NP diameter (from 1.4 nm to 4 nm, step 0.2 nm) for each proposed
structure: FCC, twinned FCC (TW), Icosahedral (ICO) and Decahedral NPs. For each structure it 1s possible
to find the NP size that yield the minimum residue when compared with experimental data. It 1s important to
emphasize that the optimization only consider two free parameters for each structure: a) Qeal: correction factor
for the diffraction pattern calibration {perfect calibration imply O.q = 1) and b) DW: 1sotropic Debye-Waller



factor.

The PED-based powder diffraction pattern from the nanoparticles deposed on an amorphous carbon
substrate 1s shown i Figure 3a, while derived ePDF curve 1s displaved in Figure 3b (after appropriate
background subtraction and physical scattering constrain normalization, see Corréa et al.?! for details).
Motivated by recent results suggesting Dh nanostructures with symmetry close to BCT and for the sake of
completeness, we have also analyzed an exploratory Dh particle with AX/NN = 1.0 what leads to
bgco/agen = 1.018, hereafter named D-1). The resulting unit cell vectors are agrp = 0.294 nm, bgqp =
0.288 nm and cgrp = 0.404 nm, what represent an atomic arrangement (a~b) very close to BCT symmetry.

Figure 4 shows the residues as a function of NP diameter resulting from the comparison between
experiments and simulations for the different NP models; note that the icosahedral structure generates a much
higher residue than the others, so it has not been included in the plot. This figure shows that for all analvzed
structures the residue behavior allows the clear identification of the particle size vielding the mimmal residue
(plot profiles display a well-defined single minimum).

The best experiment description 1s obtained by a D-1 particle with diameter of 2.6 nm; surpnisingly,
the DBa structure generated the worst experiment description showing a very large residue difference (~ 10%)
for the global minimum (Rpga = 30%. Rp1 = 20%). A spherical twinned FCC particles twin crossing the
particle center) also shows a very good description of experiments yielding a Residue just 1% abowve the D-1
NP (Figure S3 shows simulated electron diffraction and ePDF curves for D-1 and TW particle)

To analyze in more details this unexpected behavior, we have also constructed a library of diffraction
patterns considering a fixed distance NN equal to bulk FCC one (NNpee = apec/ V2. indicated as 4B, BD,
AC and BC in Figure 1). Also, we analyzed the residue evolution while varying the interatomic distance AX
along 5-fold axis (indicated as AB distance in Figure 1, AX = NNgc @45, where a4y represent the expansion
factor). Figure 4b shows the residue evolution when waxy varies in the range of 0.95-1.06 for decahedral
particles of 2.6 nm and 2.8 nm in diameter; this plot confirms unambiguously that the DBa structure (oax ~
1.0515) generates much higher residues, and it clearly far away from the atomic arrangements that better
describe the experimental measurements.

Discussion & Summary

Although our previous discussion has been focused on Dh particles, Figure 4a indicates that TW NPs
(diameter of 2.2 nm) also yield a very good residue just ~1% above the global mimimum. Decahedral particles
with D-1 structure and 2.6 nm diameter should display at least 40% of atoms around the 5 twin planes in the
Dh. Then, we must also expect that when a sample contains a significant fraction of decahedra, Twinned FCC
NP will also produce a good description of the PDF curve. Looking carefully at the optimized PDF curves for
TW and D-1 particles, experimental PDF peaks in the range between (8 — 16 A) are better described by the
TW NPs, although the local order 1s better described by the D-1 NPs (see Figure 53).

Considering that noble metal NP samples almost always a certain population distribution of NP
structures in the sample, it is logical to consider that the sample may be formed by a dominant combination
of the two kinds of particles whose residues were close to the residue global minimum (2.2 nm TW and 2 6nm
D-1). Then, a more complete and reliable description of the experimental data should consider an optimization
where both these structures are simultaneously included in the simulation. To do so, we have built a simulated
electron powder diffraction pattern by the following expression (eq. 2):

@) =wlp_1(Q)+ (1 —w) Iy (Q) (2)
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where w 1s the proportion factor (0 — 1) of D-1 NPs in the sample. In our next optimization procedure, the
diameter of both TW and D-1 has been kept fixed with the value that yielded the best residue when analyzed
individually (2.2 nm and 2.6 nm respectively, see Figure 4a). This optimization was based on 3 free parameters
(O scale, DW and w) and it generated a further reduction of the residue to 18.8 % with w ~ 0.6. The optimized
profile improved the description in the 2 — 16 A range (Figure 3b), corresponding to the local and medium
range order. However, proper description of the long-range order (>16 A) may demand the inclusion of
additional parameters such as a size distribution. This has not been attempted in this study with the aim of
performing numerical optimization procedures with the minimal possible number of free parameters.
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Figure 4. a) Residue as a function of NP diameter resulting from the comparison between experimental and simulated ePDF; this
includes 4 different atomic arrangement: single crystal FCC, Twinned FCC (TW). DBa and D-1 (see text for more details). Note
that the TW and D-1 structures provided excellent agreement with experiments by attaining minimal residue (NP diameter: Ztw =
2.2 nm and @p.) = 2.6 nm). b) Plot of resulting residue as a function of the decahedral axis expansion factor (AX= way NN) values
range from 0.93-1.06), a well-defined minimum is recognizable for axial value around 1.0, indicating that the usually considered
Bagley structure (indicated by a vertical dashed line) do not seem suitable to explain our experimental measur t:
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At this point, it 1s clear that our results provide solid evidence that the DBa model provides a poor
description for our ePDF measurements (high residue). It would be interesting to exploit even more deeply
ePDF methods to try to extend our structural refinement to measure the BCO unit cell that best describe our
experiments. To achieve that we must perform a residue optimization where distances NV and AX are allowed
to vary simultaneously. This structure refinement analysis was implemented considering a sample containing
with both TW and Dh particles with fixed diameter. Then, refinement procedure was implemented to optimize
5 free parameters: a) 2 parameters for NN and AX distances inside a 2.6 nm Dh (2.2 nm TW keeping fixed
bulk FCC interatomic distances); b) 3 other parameters were scattering vector scale, D factor and fractional
weight of Dh presence in the sample (Q scale, DW and w).

We must remark that the inclusion of TW NPs 1n this refinement procedure fulfils a particularly key
role. The atomic structure of TW particles 1s based on the FCC atomic arrangement using bulk interatomic
distance (NNg.-). In these terms, it adds robustness to the derived scaling of scattering vector Q in the
diffraction pattern or, conversely (in real space), an internal interatomic distance calibration for the Dh particle
interatomic distance. Then, we will be able to gather the subtle vanation on AX and NN accurately measured
and calibrated in relation with NNgq-. This 1s an essential point 1f we consider that several experimental factors
can affect the absolute distance measurement (calibration errors of scattering vectors, optical distortions due
to mtermediate lens, background subtraction, etc.). The optimization procedure usuvally vielded the @
calibration factor very close to 1.0 (differences < 2%) indicating that our data treatment and careful calibration
had been very precise. what allows the derivation of absolute .4X and NV distance values (4X= cyr2 NNeoo
and NN= aow2 NNgce)-

Figure 4 shows the residue plotted as level curves showing the correlation between oav? and wix2
parameters; the residue global minimal 13 16.5% in the region with aaz ~1.03 and oux2 ~1.10 and (this Dh
structure 15 referred as Dh-Optl). This residue value suggests a significative improvement, but the reliability
of the fitting parameters should be carefully analvzed due to the very unusual value of estimated interatomic
distances. The Dh-Optl display a significant expansion of the unit cell volume or, in other terms, unexpected
reduction of atom paclang factor to 0.66, while for FCC crystal the value 15 0.74 (for Bagley decahedra packing
attains .72, see in Figure S4 a plot of packing factors for the analyzed values of oxvz and o4x2). In addition,
the Dh-Optl contribution to sample diffraction 1s rather low (w ~ 0.2) suggesting a minor fraction in the NP
sample; this somewhat 1s inconsistent with results shown in Figure 4 where the best NP structure to model
experiments are Dh particles (precisely 2.6 nm D-1).

The refinement results, discussed above, seems open to doubt, and should be carefully examined. More
likely, the global minimum low residue value may be associated to an overfit occurrence; it 1s known that an
excessive number of variables dunng PDF optimization can provide structural parameters without any
physical significance®=*_ In fact, the resulting structure appear to have no influence in the PDF peaks positions
and only affects the region between real space peaks in the ePDF. This can be clearly observed in Figure S3
where ePDF peaks of the simmulated decahedra are severely shifted downwards from the experimental values.
Most likely, overfitting of parameters compensates the lack of resolution in the experimental ePDF signal,
which widens the bases of the ePDF peaks {(ePDF minima between peaks are not as sharp in experiments in
comparison with simulations, indicated with arrows in Figure 53). Briefly, we conclude that the overfit
improves residue through the unrealistic use of the decahedra with large interatomic distances as a background
contribution at the global minimum. Then, a more reliable optimization effort demands that we include more
constrains based on known physical attributes of free parameters whose values are optimized.
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The first constrain to consider 1s atomic packing of the optimized unit cell, which must be very close
the expected value of the corresponding bulk FCC crystals. Consequentially, we will impose a minimal atomic
packing factor of 0.72, what is the value for a Bagley decahedron DBa’. Furthermore, we can try to additional
constrains, and Figure 4 provides an essential and strong information: both 2.2 nm TW and a 2.6 nm D-1
particle yield independently a very good description of experiments (residue ~20%). If we calculate the
residue when comparing simulated PDF curves from these two model NPs, the residue results 1s again around
~20%. Then this residue value (~20%) seems to be a good estimate of the lower bound in our analysis
considering the numerical comparison through a residue metrics between experiments and simulation or
between simulation (TW vs D-1). This represent a limnit to the structural information that can be derived for
our ePDF analysis, considering our sample (polydisperse in size and structure, defects, oxidation),
experimental data quality (counting noise, limited O range, geometrical distortions associated to electron
optics, background subtraction, precession angle, etc.) and the modelling (kinematical diffraction theory, no
size distribution).

To put it more precisely, we have chosen to accept as physically correct all point in the oz, cixr:
residue map (Figure 5a), where the associated Dh structure shows: a) an atomic packing factor above 0.72;
and, b) the simulated ePDF vields a residue < 20% difference with optimized 2.2 TW and 2.6 D-1 decahedra
(Fig. 3). Fig. 4b shows the region in the opp and ax2 map that fulfill the precedent two physical constraint.
A more detailed analysis of the validity of this assumption i1s discussed in the Supplementary Information,
where we present examples of quantitative comparizon between decahedral particles outside physically
acceptable region, as well the overfitting effects and occurrence of correlation between free parameters.
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The selected region of physical significance in Figure 5b contains several local minima, so we will
choose the mean value of them as result of our refinement. We have constructed the histogram of each
parameter from local minima within 0.5% from the global minimum 1n the restricted region (see Figure 3).
All parameters show well defined means and a further quantitative analysis provided an opportunity to
estimate the error bars through the standard deviation or the point cloud size. We have estimated the error bar
in a deliberately cautious way, taking it as the half-width of the cloud formed by the spread of the optimized
parameters (see Figure S8). The following values are calculated: Quopmean = 0.994 £ 0.002, @yy mean =
1.005 1 0.003. @45 mean = 1.00 £ 0.01 and wy,..,, = 0.54 1 0.04. Notice that, as expected, the scaling

of the scattering vector has remained remarkably close to unity (less than 0.5 % deviation); also, it must be
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noted that the precision for interatomic distance along the 3-fold axis direction (AX) 1s worse than for NN. The
mix parameter w,, . provided a balanced contribution to the final diffraction intensity from the NP of each
type (TW and Dh).

Both @

analysis realized until this point. Consequently. we conclude that the determined @yy mean 304 @y meqn are

calimean And the mix parameter w are considered reasonable and consistent with all thorough

also reliable and suitable for deeper further interpretation. The estimation of the ratio @y /ayy 15 always
found close to unity (1.0020.01), which 1s compelling evidence that our sample 1s composed in majonty by
decahedra very well described by a D-1 structure. It must be noted that our results clearly indicate that the
Bagley model (DBa) is outside of the experimental 30 confidence interval (expected value a,yy/ayy =
1.0515 ); DBa model incorporates a distortion of 5% along 5-fold axis that seems too high to properly describe
the few-nm-wide particles studied here. We must note that this analysis seems to be very robust because if
larger regions of acceptable physical solution space are considered (higher thresholds residue values of 25%
and 30) similar conclusions are obtained (&, /ayy ~1. see Figure §8).

The absolute BCQ unit-cell derived from the ePDF analysis is: apb: = (0.295 4 0.001) nm; b =
(0.288 + 0.003) nm; ¢ = (0.406 + 0.001) nm, vielding a filling factor 0.727. Considering the precision of
measurements, a 30 interval criterion indicates an overlapping of a nd b vector lengths; then, a rigorous error
analysis suggest that our experiment cannot exclude the occurrence tetragonal symmetry (BCT), as our
measurement are unable to prove the fact @ # b (1.e. the unambiguous 1dentification of a BCQ unit cell).
These results are in agreement with previous reports that noble metal Dh nanowires or rods may show

tetragonal symmetry as derived from XRPD studies'®!.

Notice that both DBa and optimized Dh structures fulfill all requirement of 5-fold symmetry, 72°
between twins and similar atomic packing factor (~0.724 and 0.727 respectively). So, our experiments do not
necessarily exclude the occurrence of other atomic arrangement m another kind of NP sample (ex with
different surfactants), because of the dominant role of surface energy in few-nm-wide particles. However, the
lack of crystallography studies using advance analytical techniques confirming the identification of Bagley 5-
fold structures may at least indicate that such structure tmust be considered with care to model Dh particles. In
contrast, several experimental or theoretical studies support BCT unit cell description for homogenous strain
1011 while the reliable measurement of inhomogeneous strain in the 3D (not addressed here) in small nm-wide
NP remains a remarkable challenging experiment.

From another point of view, our study reveals the dangers of just looking at optimized structural
parameters derived from numerically local/global minima search without considering the physical constrains
associated with materials physical and chemical properties. Finally, we must conclude that PDF + PED show
huge potential to contribute to quantitative refinement procedures in the field of erystallographic study of
nanomaterials considering the low electron irradiation dose (10 e/A%) necessary to acquire a diffraction pattern

in TEM.

Associated content

Supporting information
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The Supporting Information 1s available free of charge at https: /X
Additional figures describing TEM experiments, Precession Electron diffraction, Data processing,
kiematical simulation of nanoparticle electron diffraction patterns, Pair Distribution Function mterpretation

details.
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Apéndice B

Material Suplementar ao Apéndice A

A seguir estd anexado o material suplementar ao artigo que descreve o trabalho descrito
no Capitulo 2 da tese.
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Pattern (Fig. $2)

2. Powder electron diffraction patterns simulated using kinematical theorv and. comparison of the derived
PDF profiles with experimental curve (Fig. $2).

2. Defining phvsical constrains for optimized free parameters associated to the structural properties of
decahedral particles (Fig. S3-56).

3. Optimized parameters derived using different residue threshold values (20%. 25% and 30%) for Dh
structure acceptance (Figs. S7-59)
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Figure S1. Size distribution of the NP used 1n our ePDF experiments, derived by TEM conventional imaging.
The dashed curve represents the log-normal description of the distribution.
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Figure S2. Schematic draw showing he input measurement to calculate the ePDF curve: a powder electron
diffraction pattern calculated from TEM measurements. Polycrystalline samples generate ring diffraction
pattemns in a conventional TEM experiment; the radial profile extracted from this kind can be easily recognized
as similar to a Powder X-ray Diffraction (PXRD) one. The measurements explored in this work used an
incident beam precession along a cone of 2.0 degrees around the TEM optical axis, what allows a good
description of measured intensity using the kinematical diffraction theory®. Also, we have performed an
azimuthal integration of the ring patter to increase signal-to noise-ratio; all details of data treatment have been

described in detail in a previous publication’.
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Defining phyvsical constrains for the structural parameters of decahedral particles

This work aims to find the best Body Centered Orthorhombic (BCO) unit cell representing the average
lattice 1n few NM wide noble metal decahedra. Two interatomic distances define the unit cell vector: a)
distance between atom along 5-fold axis (AX) and distance between atoms along twin planes (NN). The
requirement of space filling structure imposes an angle of 72 degrees between twin planes, what fixes the
relation between the length of the three unitary cell vectors. The geometnical construction described above
(see Figure 1, main text) does not impose any relation between AX and NN parameters, which can be varied
independently (AX= aix? NNpor and NN= w2 NNgee, where NNgeqcis the bulk interatomic distance).
However there physical constrains that limit the values that these parameters may display. The first one 1f the
atomic packing factor which must be close to the corresponding bulk phase (0.74, see main text and Figure
S4a); in this work its value has been chose to be > than 0.72 (value corresponding to Bagley’s BCO decahedral
structure)’.

From another point of view, our initial structure refinement trial has revealed that two model NPs
generate the best description of experimental ePDF curve: a) 2.2 nm in diam. Twinned FCC particle (TW)
with interatomic distance identical to the bulk phase (NNrcc); and b) 2.6 nm in diameter decahedron where
AX=NN= NNrcc (called D-1 in the main text). Both model NPs generated a residue in the range of 20% when
compared with experiments; in addition, the comparison between the simulated ePDF curves also vielded a
residue in the range of 20%. So, we have concluded that a residue value of ~20% seems to be approximatively
the lowest possible value and also indicates the guality of the structural information that can be derived for
our ePDF analysis. From another point of view, this also indicates that the simulated ePDF from decahedral
particle with arbitrary value of AX and NN must be well suited to analyze experiments, only if its residue 1s
< 20% when compared with the 2.2 nm twin or the 2.6 nm D-1 particles (the two NP structures that individually
provide a good fit to experimental data).

If we use simulations to compare a 2.6 Dh particle with varying AX and NV distances with the 2.2 nm
TW particles (nearest neighbor distance NNgpq), the global minimum residue 15 ~16.5% at optimized
parameters axw2 =0.992 and waxz ~ 1.002 (very close to D-1 decahedra, see residue map as 3D plot in level
curves in Figure S4b). In contrast, the Dh particle found at the global minimum of the TW+Dh combination
(see Fig 5a, main text) not only displays a extremely low filling factor of 0.66 but it also attains a very high
residue value of 76% when compared with 2.2 nm TW particle (Figure S5); this clearly indicates that a more
careful and detailed hunt for the optimized decahedral structure should be discussed in detail. For the sake of
completeness, we have also performed a similar calculation to get the residue map of comparing a simulated
2.6 nm Dh with varying a4y and oy when compared with the simulated D-1 particles (Figure S4¢). We can
utilize both filling factor and residue maps in Figure 54 to define critenia fixung a valid range of au.ax2 and aznvz.

To analyze the validity of the 20% residue criteria discussed above, we can observe the quality of the
fits when comparing of Dh (a2 and a4y ;) with the 2.2 nm TW model (optimizing O scale and Debye-Waller
factor, Figure S4b) for structures Dh structure with approximately 20%, 30% and 40% residue results (see
Figure S6). It is possible to observe that Dh particles showing a 30% residue display clear major differences
in the PDF curve profile and can be easily described as not well suited for detailed analvsis (see Figure 56).

The visual analysis described above provides a value for the residue threshold, but a more precise
determination can be obtained by detecting a correlation map between optimized free parameters. This
represents an invaluable tool to reveal if fithing parameters are independent and to avoid the overfit behavior.
This information 1s better uncovered by comparing ouyand w (mix) (Figure S7), where it 1s clearly observable
that those parameters are uncorrelated (less structured point distribution) only when we limit the accepted Dh
structures to be within a residue of 20% from the 2.2 nm TW and from a 2.6 nm D-1. Bevond such values
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parameters are strongly correlated, as the distance along 5-fold axis axial (osy) increases the relevance of
decahedra in the sample (w) diminishes.
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Figure S3. Simulated powder electron diffraction pattern (left) and comparison between measured and
optimized ePDF (right) for: a) D-1 decahedron (where the body center orthorhombic was setto agrp = bgeo:
and b) spherical FCC particle containing a single twin crossing the particle center. Below each ePDF
comparison, we show the difference curve. The arrows show the regions where the loss of resolution of the

peaks are most evident.
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ABSTRACT

Keywords:
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intensities
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High angular resolution crystal orientation
measurement

The association of scanning transmission electron microscopy (STEM) and detection of a diffraction pattern at
each probe position (so-called 4D-STEM) represents one of the most promising approaches to analyze structural
properties of materials with nanometric resolution and low irradiation levels. This is widely used for texture
analysis of materials using automated crystal orientation mapping (ACOM). Herein, we perform orientation
mapping in InP nanowires exploiting precession electron diffraction (PED) patterns acquired by an axial CMOS
camera. Crystal orientation is determined at each probe position by the quantitative analysis of diffracted in-
tensities minimizing a residue comparing experiments and simulations in analogy to x-ray structural refinement.
Our simulations are based on the two-beam dynamical diffraction approximation and yield a high angular
precision (~0.03°), much lower than the traditional ACOM based on pattern matching algorithms (~1°). We
anticipate that simultaneous exploration of both spot positions and high precision crystal misorientation will
allow the exploration of the whole potentiality provided by PED-based 4D-STEM for the characterization of

deformation fields in nanomaterials.

1. Introduction

The possibility of controlling chemical or physical properties of
nanostructured materials have transformed then into essential constit-
uents of many technological devices, such as sensors, electromagnetic or
optical devices [1]. For example, semiconductor nanowires (NWs) are
now proposed for many optoelectronic systems, where the application
performance can be optimized by modifying their size, chemical
composition, atomic structure, structural defects and other morpho-
logical and atomic structure aspects [2]. The presence of defects can
affect their properties in unexpected ways, but usually inducing detri-
mental performance. Although the most common synthesis methods can
provide high-quality crystalline order, the nanometric dimensions of
NWs can favor the formation of metastable structure and defects/dis-
tortions may be unavoidable [3]. The control of such aspects requires
precise analytical tools, which display unique challenges for such small
systems.

Transmission electron microscopes (TEMs) are widely used in the
characterization of nanomaterials because of the achievable high spatial
resolution. The huge recent developments in instrumentation aspects
(mainly aberration correctors and direct detection cameras) provides

* Corresponding author.
E-mail address: dmugarte@ifi.unicamp.br (D. Ugarte).

https://doi.org/10.1016/j.ultramic.2024.113927

structural information at the atomic scale, which is considered acces-
sible and reliable [4,5]. In general, advanced TEM methods are associ-
ated with atomic resolution imaging, but recently the development of
the so-called four-dimensional scanning-TEM (4D-STEM) have raised
the interest in electron diffraction techniques (ED) [6]. In this technique,
a focused electron beam is scanned over the sample and a ED, or scat-
tering pattern, is record for each pixel position. The resulting data can be
utilized for several quantitative analysis methodologies to measure the
structural properties of materials sample (as phase, strain and thickness)
with nm resolution. From the local ED pattern, many different data types
can be derived such as virtual detector imaging (VBF: virtual bright
field, VDF: virtual dark field, VADF: virtual annular dark field) and
higher-order Laue zone analysis [6]. Overall, 4D-STEM allows for ver-
satile data acquisition and precise structural analysis without some of
the limitations of atomic resolution imaging techniques, in particular
reducing electron dose and allowing larger fields of view. Additionally,
recently 4D-STEM has been applied to further developments in the
collection and analysis of big data to extract the transmitted electron
wave phase (lost during detection), in which the phase is encoded
throughout a diffraction pattern at large convergence angle [7,6].
Alternatively, 4D-STEM analog analyses have been applied in the

Received 2 August 2023; Received in revised form 9 January 2024; Accepted 21 January 2024
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Fourier space of atomic resolution images and applied to crystal seg-
mentation of multiple twinned small particles [8].

The fundamental and tricky problem associated with electron
diffraction interpretation is the phenomenon described as dynamical
diffraction. For example, the very strong interaction between the elec-
tron beam and the sample imply that electrons maybe scattered many
times within the specimen, leading to complex effects on diffracted
beam intensities, inhomogeneous illumination of diffracted spots and
other deviations of the ideal kinematical regime [5]. The prediction of
dynamical diffraction effects requires rather slow and complex numer-
ical simulations [9]. An interesting alternative approach is the so-called
precession electron diffraction (PED), where a pattern is generated by
the incoherently addition of EDs acquired while the electron beam
precesses around the microscope optical axis (forming a hollow cone)
[10]. The resulting PED pattern display diffracted beam intensities with
reduced dynamical diffraction effects. Such peculiar diffraction regime
provides many characteristics that may be modelled using kinematical
diffraction, as a reasonable quantitative interpretability of diffraction
patterns, but we must always keep in mind that some non-kinematical
effects will remain due to the unavoidable (although reduced) influ-
ence of dynamical diffraction [10-14]. In addition, diffraction disks
show more homogeneous intensity, and more reflections are excited to
high-scattering angles; this last attribute is fundamental to obtain in-
formation about small interatomic distances.

Scanning precession electron diffraction (SPED, can be included as a
4D-STEM method) is also widely used in materials science for texture
analysis by means of the so-called automated crystal orientation map-
ping (ACOM) [14,15]. In fact, orientation indexing of each PED pattern
can be carried out automatically by comparison with a library of kine-
matically calculated ED patterns. ACOM studies are usually performed
in large areas, such that up to tens of thousands of EDs can be measured
in a single experiment. Traditionally, TEM detectors are based on the
charge coupled devices (CCD) technology, and usual read-out speeds are
in order of ~1 frame/s (detectors with very limited size or complex
electronics can achieve 1000 frames/s), which are unsuited for ACOM
(e.g. 10,000 EDs imply in ~ 3 h of measurement) [16]. For that reason,
the conventional PED set-up uses a high-speed external optical camera
to capture diffraction patterns from the TEM fluorescent screen during
nanobeam scanning [17]. The external optical camera captures the
SPED patterns as images with an off-axis geometry, which must follow
additional postprocessing steps, to correct different severe image dis-
tortions [17]. Although a high-frame rate is possible, acquired patterns
contain afterimages from the last several probe positions because the
fluorescent screen continues to emit light (—~100 ms) after electron
impact [17]. In addition, due to the low efficiency of detecting signal
outside the microscope and high noise of the optical CCD, the
signal-to-noise ratio (SNR) for this technique is suboptimal. Hence, this
traditional SPED setup may introduce artifacts, obscuring the detection
of weak reflections and strongly reduces angular resolution.

A much better measurement of PED patterns could be realized by
using an on-TEM-axis camera to reduce geometrical distortions. The
required high acquisition speed may be fulfilled at present by different
available camera based on various technologies, such as direct electron
detection (DDC) and complementary metal-oxide-semiconductor
(CMOS) detectors based on monolithic active pixel sensors (APS) [16,
18-22]. Recently, direct detectors acquisition have been fully synchro-
nized with probe scan, allowing easy access to datablock already prop-
erly formatted for use in common analysis software/methodology. More
importantly, new opportunities for analysis methods are possible as
those detectors have shown linear intensities in common applications.
Furthermore, their high detection speed and low noise compensates any
possible non-linearity by allowing measurements with much lower
electron doses which preserves the structure to beam damage. The
conventional ACOM methods relies on a template-matching procedure
where orientation identification is performed through a
cross-correlation between the measured ED and a library of simulated
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patterns (see Fig. 1). This numerical calculation mostly takes into ac-
count diffraction peaks position, and intensities are usually rescaled. For
example, in order to enhance angular resolution, high angle scattered
beams intensity are rescaled by a gamma function or even binarized
[21]. Other works utilize the intensities basically as a weight factor to
ensure that low diffraction intensity peaks have influence in
template-matching results (similar to the gamma function). The in-
tensities basically work as a criterion for selection of peaks, but they will
not be explored in any further analysis [22,23]. Some authors have
applied the Laue circle method to fit diffraction spot positions and
quickly determine sample disorientation [24,25].

The main strength of x-ray diffraction techniques (probably the most
popular structural characterization method) is the quantitative use of
the diffracted intensities though the comparison between measurement
and simulations by mean of residue analysis [26]. In recent years, PED
data has played a fundamental role to consolidate electron crystallog-
raphy, allowing crystal structure solution/refinement analysis (as in
x-ray or neutron diffraction) [11]. Previous works by the Palatinus
group have shown that PED pattern intensity carries precise information
about the orientation of the studied crystal, and that it is possible to
recover such information though quantitative analysis of the PED in-
tensities [27]. They applied such analysis to improve the angular posi-
tion of frames in electron diffraction tomography experiments with an
angular precision up to ~ 0.05° [27]. The precedent precision is much
less than for common ACOM methods, where angular precision is usu-
ally accepted to be around ~ 1°, but with reports of the possibility to
achieve ~ 0.2° in angular resolution [18,20-22,28,29]. Consequen-
tially, the application of intensity analysis to ACOM could bring major
improvements in angular precision to the technique.

Herein, we demonstrate orientation mapping with derived from the
intensities of PED-assisted 4D-STEM measured using a scintillator-
coupled CMOS detector in TEM. For each nanobeam probe position, a
high-quality PED pattern is acquired, and the crystal orientation is
automatically derived at each pixel by the quantitative analysis of dif-
fracted intensities. The axial CMOS camera allows bigger arrays, faster
readout (similar to the off-axis optical camera), higher-dynamical range,
reduced noise, and reduced electron radiation damage [21]. We have
studied semiconductor InP NWs displaying an axial screw dislocation
and the corresponding crystal torsion (or Eshelby twist) [30,31]. Our
results indicate that it has been possible to achieve much higher angular
precision (~ 0.03°), well below normal ACOM method reports (~ 1°)
and structure refinement efforts (~ 0.05°) [18,20-22,27.29]. We show a
detailed comparison between different ACOM methodologies and make
a rigorous analysis of the results quality and reliability. This precision
improvement has been fundamental to observe the small crystal dis-
orientations in the Eshelby twisted NWs.

2. Materials and methods
2.1. Sample and measurements

The In(Ga)P nanowires were grown using the vapor-liquid-solid
(VLS) mechanism using a Au catalysts inside chemical beam epitaxy
(CBE) process. The generation of the wires has already been described in
detail in [32,29]. Briefly, thermally decomposed phosphine (PHj), tri-
methyl Indium (TMI) and triethyl Gallium (TEGa) have been used as
precursors, with Hy as carrier gas. The electron microscopy samples
have been generated by gently scraping the carbon grid (lacey type) on
the substrate. The atomic arrangement in the wires is a wurtzite struc-
ture (P6gme, a =b = 0.4150 nm, ¢ = 0.6912 nm); this hexagonal phase
is not stable in macroscopic InP crystals.

The NWs represent a rather complex system to be analyzed (see
Fig. 2); the wires contain an axial screw dislocation (wire axis along
wurtzite hexagonal c-axis) such that the basal planes in the crystal form
a helicoid of pitch B (dislocation Burgers vector) [30,31]. The normal to
the helicoidal basal planes are tilted in relation to the wire geometrical
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Fig. 1. Comparison between different ACOM methods. Explanation of differences between the template-matching method (threshold and binarization of intensities)

and raw intensities use.

axis and the tilt display opposite sense at different sides of the disloca-
tion line. In addition, the torque created by the screw dislocation in-
duces a backwards torsion to get mechanical stability for a finite volume.
This is so-called the Eshelby twist, which was initially proposed in the 50
s using classical elastic theory [30,31]. The twist rate « (given as radians
per nm) is given by:

B
223

1)

a =

where B is the norm of the dislocation Burgers vector (in this case,B = ¢)
and R, is the NW radius. The twist should easily be revealed as a
continuous rotation of the crystal normal along the wire. This effect has
been first observed in 2008 in PbSe and PbS NWs [33,34]. A detailed
description of Eshelby torsion in InP wires has been recently present by
Ugarte et al. [29] and the combination of crystal torsion superimposed to
helicoidal basal planes represent quite challenging case to test new ACOM
methodologies. Furthermore, the interpretation of ACOM results is chal-
lenging due to changes in orientation along the electron probe path,
which integrates a minor distortion at the NW surface with a much more
distorted structure at the NW core. Ugarte et al. [29] has shown, using
simulations, that the integration can greatly affect the measured dislo-
cation field and imply in significative deviations from pure elastic theory
at a precise radial distance of a screw dislocation.

TEM images and electron diffraction patterns have been acquired on
a JEOL 2010F microscope at 200 kV. Diffraction patterns were recorded
in a highly sensitive 16-megapixel F416 CMOS camera (TVIPS) and they
were registered at 16-bit to ensure maximum dynamical range. This has
allowed us to measure low intensity peaks (minimal intensity is ~ 200
counts) without the saturation of high intensity ones (maximum in-
tensity is ~ 50,000 counts, close to the maximum possible in a 16bit
system). Subsequently, the patterns have been binned to 512 x 512
pixels. Such procedure generates a larger data volume that is not

utilized; however, more modern high-speed detectors are already
limited in pixel number (usually < 512 x 512) with high-dynamical
range and such cares are no longer necessary.

A Nanomegas PED unit was used to generate the precessing electron
beam (frequency 100 Hz, precession half angle 0.5°). The beam full
convergence angle was ~ 0.1° (measured from diffraction spot diam-
eter), generating an approximately 2-4 nm diameter electron probe,
estimated with the Barth and Kruit expression [5] with known values of
probe current (2 pA) and expected instrumental parameters. The dwell
time was ~ 125 ms, the electron dose is ~ 6000 e’ /A% per pattern. The
dose is much lower than the common values in many STEM experiments
(usually higher than 10° e /A%). Also, the InP NW did not show modi-
fication indicating radiation damage due to electron beam incidence,
such that we don’t expect our results to be influenced by structural
damage.

2.2. Data reduction

Data treatment has been performed with a home-made software
developed in Python and, all the steps (from measurement, data
reduction and quantitative analysis) are described below or in a more
detailed way in Supplementary Information. A key point in our pro-
cedure is that the ACOM results are derived from structural refinement
based on the analysis of diffraction intensities. Our approach relies on
forming a list of intensities and their respective hkl values (or hkil for the
hexagonal lattice), a common procedure in structural refinement efforts
[11,27]. This greatly simplifies the simulations as only a limited set of
hkl beam values (up to 30 in this work) needing to be calculated when
compared to the required to calculate all pixels forming a PED pattern
(each a 2D data, 512 x 512 pixels).

When erystallographic information is derived from the hkl intensities
we must add the whole area under individual diffraction disk and also
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Forbidden

Fig. 2. a) Schematic draw of the NW crystal orientation changes due to the
screw dislocation and Eshelby twist deformation fields [30,31]. Notice the
a-axis rotation into the a’ direction due to the crystal torsion and the change of
orientation of the c-axis due to the dislocation core. b) TEM image of the
nanowire; region indicated by the dashed rectangle has been scanned to
generate the 4D-STEM-PED dataset. ¢) Example of a measured PED pattern,
some peaks have been indexed along the wurtzite c-axis direction (or the NW
growth direction) to show the presence of low intensity kinematical forbidden
diffraction peaks.
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further processing must preserve the intensity relation between different
peaks. Consequentially, any data treatment that alters the peaks in-
tensity value (enhancement filters) or the ratio between peaks (as a
gamma function, that artificially increases low intensity peaks) will be
impeditive for the quantitative use of intensities proposed in our work.

The original data was acquired as movie (time resolved) as the
detection CMOS axial camera was not synchronized with the PED
attachment used in our experiments. To convert the diffraction pattern
series into 4D data, we have used VADF intensity from each pattern to
assign a spatial position and build the NW VADF image (see Figs. 2 and
3). Once the 4D data set was generated, the area of the diffraction disk
has been determined from the transmitted beam size and utilized as a
template for the diffraction beams disk shape. This approach is only
possible due to the use of PED, as there are no observable intensity
variations within the hkl diffracted disks due of dynamical diffraction.
The peak position detection is performed by cross-correlation with the
template disk, allowing indexation and measurement of diffracted

Fig. 3. Experimental data showing clear differences in PED patterns at different
NW position. a) VADF image which shows the 4 distinct pixels in the NW, that
are related to the 4 PED patterns below (b). The 4 arrow pairs show peaks or
features displaying major distinctions between each ED both from the left to
right or top to bottom. Notice that the differences are noticeable both across the
NW center (where the screw dislocation is located) and along the NW length
(due to Eshelby crystal torsion). The contrast of the displayed pattern images
have been corrected to aid the visual analysis (gamma: 1.76, contrast: —18 and
brightness: —29, IrfanView software). The scale bars are: a) 10 nm, b) 5 1/nm
for all figures.
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intensities from each diffraction disk (see Fig. 4 and details in Supple-
mentary Information). Peaks which have intensity below a defined
threshold have not been included as their information can be signifi-
cantly affected by noise (see Supplementary Information). Background
subtraction has not been utilized as no significative influence from
background is observable due to the suspended nature of the sample,
allowing us to minimize the amount of data processing.

This study aims the exploration of 4D-STEM PED intensities, so no
attempt has been done to detect strain though the geometrical analysis
of disk positions in the diffraction pattern [36-38]. Furthermore,
Eshelby-twisted NWs may be too complex for strain analysis as the NW
has two superimposed deformation fields (screw dislocation and crystal
torsion). The dislocation strain field varies radially and the experiment
performs an integration of different radial values along the electron path
when traversing the NW (see [29]). This coupled with a possible non
uniform relaxation of strain field due to a thick oxide layer suggest a
system which may be rather complex for strain analysis.

Since, the realization of our experiments, the integration of PED and
4D-STEM with modern high-speed detectors had amazing improvement
and several options are now available [18-22 39]. Many of the steps
taken in our data processing (as the datablock creation) are a conse-
quence of the utilized instrumentation, and recent developments makes
then not necessary. Many native (experiment output) options for
diffraction pattern data-blocks (data organization) are now available,
and as long that the chosen experimental setup and data recording do
not alter the measured diffraction intensities, they will be suitable to be
analyzed with our proposed methodology.

2.3. Diffracted intensity calculation

The measured PED intensities include both dynamical diffraction
effects (strongly dependent on crystal orientation and sample thickness)
for each incident electron beam direction and, the incoherent integra-
tion along the beam precession circle. Due to the large number of dif-
fracted patterns on an orientation mapping data set, we have chosen to
use dynamical two-beam approximation for intensity caleulation and a
numerical integration to consider the change of excitation error asso-
ciated to beam precession [12,40,41]. Our rather small 4D data-set in-
cludes more than 3000 measured EDs, and each one may need to be
simulated many times during the residue (Ry) minimization procedure
in order to perform the ACOM analysis or crystal orientation optimiza-
tion by quantitative comparison of diffracted intensities. Although the
two-beam expression may be considered a rather simplified approach to
dynamical diffraction when compared with multi-slice calculation and
Bloch wave formalism, it yields an analytical expression which can be
utilized for quick calculation of diffracted intensity [5]. The two-beam
approximation is considered of limited application to describe dynam-
ical electron diffraction intensities from crystal oriented along a zone
axis (strong many-beam condition) [5]. However, two-beam can provide
good numerical descriptions of PED intensities, as beam precession re-
duces dynamical diffraction effects, as already reported by many studies
[35,42,43]. Overall, two-beam has been reliable applied for structural
refinement/solution of several types of crystal structures, and can be
considered a well-established approach for quantitative analysis of PED
intensities [35,44-46].

The two-beam model (Howie-Whelan equations) gives the most basic
description of the diffracted intensities (I;) in the dynamical regime:

[5]

nt sin®(atsg)

@)

Iy =
ikl z, (75) 7

where 5.5 = \/ 52+ émfi is the effective excitation error, t is the crystal

thickness and s is the excitation error for a given disorientation; £, is
the extinction distance and it is defined as £y = 7V, /iFqy, where V, is
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the volume of the primitive cell of the crystal, A the electron wavelength
and Fpy the structure factor [47]. The application of this model requires
knowledge of the thickness of the analyzed region and precise orienta-
tion (through excitation error) to calculate diffraction peak intensities.

Our simulations are based on a numerical integration to consider the
effects of beam precession geometry where spot intensity is evaluated
around the relaxed Bragg condition (integrating a range of s values). We
have calculated this by considering the Laue circle center (0;) move-
ment, as the electron beam precession implies in a complete revolution
of Op around the transmitted beam position (T) [40,41]. If # is the angle
that defines projection of the scattering vector k (k = 1 /1) (azimuthal
position of the precessing beam, see Figure $3) we can express the PED
intensity as: [40,41]

hr g

= [ La(0)de @)

o

The precession geometry implies in a complex relation between the
crystal orientation, precession angle and the excitation error. Such
relation can be expressed by the equation derived by Gjonnes: [40]

2Rogycos(6) + kg, + g @

s(0) = — %

where Ry is the Laue circle radius (Rj = ki+ k), g is a point in
reciprocal space, gy is its component in the plane perpendicular the
component g; parallel to the optical axis. Usually, the g, factor in Eq. (4)
is neglected due to the low value in the first Laue zone (most spots
appear in this region due to the small curvature of the Ewald sphere for
high energy electrons) [27,43,10]. Although this may be a sound
argument for analyzing zone axis patterns, its implementation forces a
symmetry to the diffraction intensities (not suitable for performing
simulations targeting ACOM). For the pair of reflections hkl and RKI, g,
will be identical and both reflections will have equal intensities and
independent of crystal orientation [48]. Then, it is fundamental to
include the g, term, as tiny value modification may induce asymmetry
between intensities which carry the searched essential information
about crystal orientation.

It is important to notice that Eqs. (2) and 3 can be utilized to account
for the presence influence of several phases or overlapped crystal in the
measured PED as each may be considered to contribute independently to
the incoherent addition to form the total hkl intensity (independent in-
tensity). This simplification is more realistic in PED, as it helps to avoid
multiple scattering between crystals, for example, by reducing the in-
fluence of double diffraction in the overall intensity distribution [49].

In the following section, we will describe the crystalline structure
and crystal orientation referential implement for PED intensity caleu-
lation based on the two-beam approximation.

2.4. PED intensity calculation and residue minimization

‘We have chosen our coordinate system such that initially the crystal
is perfectly oriented at a zone axis set along the x axis (anti-parallel to
the microscope optical axis), with prior correction of any possible in-
plane rotation (rotation around the x-axis). Subsequently, the recip-
rocal lattice vector g of a reflection in a twisted crystal relates to the one
in the ideal zone axis orientation ( gy) by Ry(p|R:(f) gy, where Ry and
R, are the rotations matrix around the y and z axis, respectively. This is
used to calculate the excitation error as a function of f, p and 8
(azimuthal position of the precessing beam) for any orientation of the
crystal near the considered initial zone axis.

The next step involves the calculation of the structure factor for the
estimation of &y In the case of InP wurtzite structure, two Debye-
Waller factors (B and Bp, for the In and P atoms respectively) are
necessary. In our residue minimization procedure, we included a single
multiplicative factor mpg, which modifies the amplitude of both By, and
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Bp factors to account for possible variations in the Debye-Waller factors.
This has been necessary to avoid complications due to correlation of By,
and B during optimization, a possibility as both have the same effect in
the calculations (damping of intensities with increasing scattering
angle). Then, mpg imply in only one parameter to describe the intensity
damping while preserving the proportion of Bj, and Bp. In this
approximation the structure factor is given by:

(ff & mpa B Gy, + foe mpaBp @l g¥)
in

| ) (h+2k 1) } (%)
+ exp|ilm 3 +i

where By, = 0.88 A e Bp = 0.57 A? (bulk values); fin € fp are the atomic
scattering factor for the In e P, respectively [50,51].

Finally, utilizing Eqs. (4) & (5) in 2 & 3 we obtain the equation
utilized to calculate the diffracted intensities:

Fru(mps) =

x

Ar’
Z
Eiwi(mon)

> (6)
x/senl{msd, [&ri(mpg), s(f, p, 6)] } do

{”-‘cn [ (mpi), (B, p, 9)]}2

FEC (At mpg, pp) =

0

The integral in the expression is performed numerically and imply in
five free parameters in our residue optimization procedure:

1) A : scale factor.

2) mpg : changes in the Debye-Waller factors.
3) t: crystal thickness.

4) p : crystal rotation (ACOM parameter).

5) p: crystal rotation (ACOM parameter).

The crystal orientation is derived through a refinement based on the
comparison between the measured and calculated intensities using a
residual factor defined as: [35]

Ry =} Sl VI~ VT -

N 2w I

where I, is the measured intensity and I, the simulated one. This
residue value is normalized by the number of peaks (N) in each
diffraction pattern to allow for comparison between EDs with lower and
higher values of N. In this work, when the residue Ry is shown in per-
centual units, the Ry is multiplied by N, such that we can compare the
quality of the structural description obtained with previous works in the
literature. The addition of 1/N in Ry do not change the minimization
parameters for individual EDs, as it is only a scale factor in the residue
evaluation.

The number of diffraction peaks (or fitting values) in each ED may be
rather low (27 to 7 peaks have been utilized in this study), so we have
chosen to further reduce the number of free parameters simultaneously
fitted in our ACOM application. Our highest concern arises for the NW
sides, where we have observed a strong thickness variation and signif-
icant effect of the amorphous oxide layer. It would be better to avoid any
potential overfitting of the measurements due to the low information
content over this wire region. In this sense, we have decided to optimize
the Debye-Waller scaling factor myy globally, such that all EDs will have
the same value. The thickness t has also been optimized globally, how-
ever the shape of the nanowire can be very complex, such that a more in-
depth discussion may be need is this case (see practical details below). A
cylindrical shape is the most reasonable expectation for the NW shape,
however there are reports showing that semiconductor NW surfaces may
show prominent faceting [52,53]. We have used VADF intensity to test
which possibility would be the most appropriated for our data; the VADF
NW profile does not follow the expected eylindrical shape, suggesting
that it is reasonable to consider a faceted NW cross-section and uniform
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thickness. This has been assumed for the wire region displaying highest
SNR and that is suitable for the diffracted intensity analysis (see Sup-
plementary Information section S.4 for more details). This constant
thickness assumption may be refined in future works, but the compari-
son of both models (cylindrical and faceted) has not shown relevant
differences in the results for the present study. The methodology applied
here can be performed with any type of thickness variation model or
even with thickness optimization in every pixel. In fact, one of the
strengths of PED is that it its a well-recognized approach to diminish the
sensibility of the intensities to small changes in sample thickness [11,
12]. This is important to simplify the complexity of determining the
optimal thickness in quantitative intensity analysis, as simple electron
path variation models can be utilized and/or reliably tested even with
the analytical two-beam simulations. Initially we have attempted to also
refine the A value globally, however this was not possible as this
demanded all diffractions patterns to be rescaled by the transmitted
diffraction beam intensities. This procedure implied in severe dis-
cretization of the measured intensities (possible due to numerical
truncation of very large numbers during division or by saturation of the
transmitted beam intensity), which consequentially discretized all the
optimized parameters.

In practice, the optimization is performed in two steps. First, a grid of
mypy and t values is manually formed, the interval between them is
chosen to ensure sensitivity without overpopulating the grid (as per-
formed in [54]). Concerning crystal rotation analysis, NW torsion in-
duces the basal plane vectors (a, b, and d axes) to rotate by  (R,) and the
basal plane normal (hexagonal ¢ axis) will tilt due to the screw dislo-
cation by p (Ry, see data treatment section and Fig. $4b, c).

Then, for a pair of mps and t, the parameters A, /f and p are optimized
for each individual ED, with a common minimization algorithm (our
data was best suited by differential evolution and Powell function
optimization from Scipy [55]), but this may likely change with other
systems). The pair mypy and t (and the corresponding A, # and p) are
chosen as the one that minimizes the mean residue of the whole dataset
(always taking care with possible overfitting in the NW extremities). The
choice of initial values in the optimization must be carefully performed
to ensure convergence in a global minimum. The Laue circle fit (see
Section S3) is utilized to find the initial values of § and p; the t initial
value is found from the virtual images and my; is initialized equal to 1.
Also, the thickness and mpg are minimize through a brute force approach
by a forming a grid of values, which allow us to better control the
minimization. A template code (jupyter notebook) of the minimization
algorithm is provided and a workflow of the method is present in the
Supplementary Information (Section 8). Consequentially, the data
analysis presented here is based on the optimization of the parameters A,
p and p for each ED, such that we can obtain the orientation of each
measured pattern of the NW through a residue factor comparing
experimental and simulated intensities.

3. Results

Fig. 2 shows a TEM image of the Eshelby twisted InP NW, where we
can observe a thin amorphous oxide layer and also a contrast variation at
the NW center revealing the existence of the axial screw dislocation.
Fig. 2b indicates the region scanned for the 4D-STEM data set (3500
patterns, 50 x 70 pixels, pixel step 1.59 nm). A quick look at a typical
diffraction pattern (Fig. 2c) reveals that the crystal orientation is close to
the (2110 zone axis and that the misalignment is rather low. Using a
simple Laue circle fit on the diffraction spot positions we may verify that
zone axis misorientation is in 1-2° range [25].

Fig. 3 show diffraction patterns from pixels located such that their
positions form a rectangle over the NW in such way that we are able to
observe possible crystal orientation differences across the wire center
(due to screw dislocation), and also along the wire due to the Eshelby
torsion. As expected, the PEDs patterns show significant changes, which

93

Ulramicroscopy 259 (2024) 113927

can be detected even with a simple visual inspection.

3.1. Results of acom based on intensity analysis

We have chosen as our coordinate system the case where the crystal
is perfectly aligned along [2TT0] zone axis along the x axis (anti-parallel
to TEM optical axis); the ¢ vector of wurtzite crystal is along the z axis.

Fig. 4 shows the different steps realized to perform the crystal
orientation optimization based on the intensity of the diffraction spots.
Firstly, the in-plane rotation of the ED must be correct or accounted
prior to indexation; for the InP NW this can be performed by matching
the [0001] direction of the ED with the anti-parallel of the NW growth
direction (direction of increased diameter). Subsequently, the Laue cir-
cle (see section S.5 in the Supplementary Information) is fitted on spot
positions to obtain initial angular values of § and p for orientation
refinement (Fig. 4a and b). Then, the free refinement parameters are
optimized to minimize the residue (Ry, Eq. (7)) comparing experimental
and simulated intensities; an example of the result of this procedure is
show in Figs. 4c and S11. Overall, the residue values are below 20 % (see
Fig. 4d), such that we can confirm that a good structural description has
been obtained for the ensemble of the NW; the residue value is similar to
previous reports on structural refinement based on PED pattern analysis
using two-beam approximation [35]. Also, the colormap of normalized
residues (see Fig. S9¢) is mostly homogeneous within large areas,
ensuring optimization with minimal influence of noise. Furthermore,
better structural descriptions (lower residues) are expected from crystal
orientations that minimize the number of excited reflections, as they are
closer to the two-beam condition expected by Eq. (2). However, the
homogeneity of the residues in Fig. S9¢ show that such effect is not
observable in our results. The optimized Debye-Waller factors are 0.6 A?
and 0.4 A2 for the In and P atoms, respectively. These values are slightly
lower than the crystallographic base data for room temperature (In: 0.9
A2, P: 0.6 A%), but this can be explained by the increase in relative in-
tensity for high scattering vector Q in PED patterns, which induces an
effective reduction of the derived Debye-Waller factor [50,12]. The
standard deviation of the optimized Debye-Waller factors along the NW
center is approximately ~ 0.2 A% only the center is utilized to avoid
possible changes in thickness that can alter the Debye-Waller value. The
combination of good residues and coherent Debye-Waller factors values
ensure that the results obtained are reliable for the ensemble of
diffraction patterns.

The quantitative analysis of diffracted intensity yields the crystal
rotation angles /i and p directly (two free parameters of the residue
optimization). To reveal the screw dislocation, we plot the angle p;; =
P — Peenter (Value of p.... is associated to pixels on the axis where the
screw dislocation core is located) for each measured position at both
sides of the NW (see Fig. 5¢) [29]. A clear opposite behavior is observed
when comparing the NW left and right sides. The Eshelby crystal torsion
is observable by the plot of §,,,, = f — ffy.. (meanvalue of f, . across
the wire in one of the NW extremities, see Fig. 5e). As expected, the basal
plane rotation increases along the NW, revealing the crystal torsion
around ¢ -axis. Similar characteristics have been observed in crystal
disorientation maps (Fig. 6), where a clear contrast can be observed
across the NW center for screw dislocation detection (py, ) and subtle
torsion variation (f,,., ) along the NW.

4. Discussion

As observed in the previous section the ACOM based on PED in-
tensity analysis has easily revealed the helicoidal nature of the basal
planes, as well as the induced crystal torsion in the NW crystal [30,31].
Nonetheless, it is important to corroborate these results by comparing
them with other well-accepted ACOM methods, specially with the ones
that only utilize the diffraction peak position as main source of infor-
mation. In order to compare the quality of generated results, we can
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Fig. 6. Disorientation maps for the dislocation deformation field (a-c) and Eshelby torsion (d-f) for the ACOM methods. The colormap contrast represents the
maximum and minimum disorientation values for each method, such that they are directly comparable (see Fig. 5).

quantify the dispersion of the values of py; and f,,, (named o, and
oy, respectively) using the root mean square deviation; this will provide
a reliable estimation of the angular precision and dispersion in crystal
orientation determination.

The most popular methodology for ACOM is based on pattern
matching, this approach has been initially proposed by Rauch [14] and
also adopted by different available freeware programs [18,22,14]. In
this work, we have used the proprietary software ASTAR for the com-
parison, which has already utilized for the characterization of Eshelby
twisted InP NWs [29]. We must note that pattern matching ACOM is
capable of identifying the presence of a screw dislocation and measure
crystal torsion (Fig. 5). The angular precision obtained with ASTAR is

~1° (angular dispersion ,) what is about one order larger that the in-
tensity analysis approach (see Table 1). This can be due to fact that
initially ACOM has been designed to target the analysis of large areas

Table 1

Summary of the results obtained from ACOM based on different data treatment
strategies (Laue circle, template matching-ASTAR and diffracted intensity
analysis).

Method Twist rate (°/nm) a,(°) a; ()
Laue circle 0.010 + 0.003 0.24 0.32
ASTAR 0.031 + 0.008 3.0 1.2
Diffracted Intensity 0.006 + 0.001 0.14 0.18
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(several |.12} where crystal grains suffer large and abrupt changes in
crystal orientation (> 10°). Usually, the number of PED patterns in the
data set is in the several tens of thousands and this kind of crystal
orientation study requires to map a large volume space in reciprocal
space and with a high speed. The efficient cross-correlation metric has
been chosen, but this metric is prone to get stacked in local minima [18].
Many researchers tried to improve the angular resolution of the pattern
matching method with improved instrumentations, image treatment
methodologies and better sampling of reciprocal space in simulations,
but angular resolution has remained around ~1° [18,20-22,29].
Angular resolution of ~ 0.2° has been achieved when the
template-library calculation is modified to include and replicate the
effect of beam precession in the intensity angular variation (rocking
curve) [28].

The Laue circle approach only relies on simple fit of a circle to the
PED spots positions, ignoring intensity of the diffraction spots. It is
extremely fast and simple to apply; also, it does not request any kind of
simulations library or previously knowledge about the crystalline
structure. Nonwithstanding, the extracted information may be rather
limited, being mainly appliable to derive the angular distance to the
closest crystal zone axis [25]. Although its simplicity, the Laue circle
method has been able to reveal the presence of the screw dislocation and
crystal torsion for the rather small NW region analyzed here (see Fig. 5a
and ¢). We can observe in Table 1 that the Laue cirele angular dispersion
o, is much lower than using the template-matching method, what enable
us to observe changes below 1° in crystal orientation (see Section 5 in
the Supplementary Information for more details). Overall, the Laue
circle fit appears to be a good alternative to the common template
matching procedure to derive small changes in orientation in a small
sample region as required for a distortion/strain study. Finally, the
derived angular dispersions are almost twice the ones obtained by the
intensity analysis proposed in this work (Table 1).

The torsion angle derived from template-matching (Fig. Se) appears
to present two populations; this could be explained by the presence of
two close local minima in the template-matching procedure, a tendency
which has already been observed [18]. The Laue circle provided a twist
evolution along the wire where several plateaus are clearly observable
(Fig. 5d), this indicates the lack of precision to detect small PED features.
In contrast, when using the diffracted intensity analysis, the twist evo-
lution is mostly continuous with a monotonous positive slope (see
Fig. 5e). Table 1 shows the comparison of measured twist rates, which
measures the wurtzite basal plane rotation due to Eshelby torsion (it is
supposed to be constant change rate along the NW due to the short NW
section that has been analyzed). The twist rates derived from each
ACOM methodology are significatively different (Table 1) and also differ
from theoretically calculated value of (0.0219 + 0.0001)"/nm (Eq. (1),
for a cylindrical NW with (48 & 7) nm in diameter and Burgers vector
equal hexagonal axis ¢). The more precise torsion rate evaluations
methods (Laue circle and intensity analysis) have superimposed values,
but both underestimate the theoretical twist rate by at least a factor of
3x. It is important to notice that a quantitative comparison must be
performed with care as the assumption of Eshelby equation relating
Burgers vector and torsion rate (with B = ¢) has shown to be quite un-
reliable in several attempts to quantify NW torsion rates (usual values
deviate by a factor in the 0.3-3x range) (see [29,32-34,56]). Such de-
viations could be explained by several different factors: i) faceted NW
shape what is different from the theoretical cylindrical calculation; ii)
oxide layer on NW surface which can relax the distortion in the structure
(in our case is quite thick ~ 7 nm); iii) a complex interplay between the
dislocation core (unknown structure) and surface effects in the NW
distortion field. Considering the available data, we have been able to
discuss ACOM precision with the intensity analysis, but we are not able
to estimate the accuracy. In order to estimate accuracy, we would need a
Eshelby twisted nanowire with rotation of more than 30° along the
analyzed region to cross two zone-axis (e.g. [0110] and [2110], see Fig. 3
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in [29]). These zone axes provide a good standard for calibration, but
also require a very thin wire (~ 30 nm in diameter, torsion is inversely
proportional to NW diameter), where crystal torsion is large (0.05° /nm).
Otherwise, the required NW length is not viable for intensity analysis
ACOM: our measure region is ~ 0.07 ym in length, a 30 nm in diameter
requires at least 0.5 ym and the measured NW (diameter ~ 45 nm) re-
quires almost 1.5 ym. The NW shape must also be straight, as any
thickening due to lateral growth will lower the torsion rate and increase
the required length.

Briefly, the three methods have been able to detect both dislocation
and torsion deformation fields in the NW structure (see Fig. 5), however
a quick visual inspection of the data indicates massive differences in the
characteristics of the results. We took great care to ensure that each
method was optimized to yield the best results, which required only
some minor adaptations between data reduction for each method. The
main difference was the threshold values utilized to select valid
diffraction spots in the PED pattern (3 % and 7 % of Ipgo for, respec-
tively, the Laue circle and intensity analysis). For the ASTAR processing,
we utilized a gamma function to enhance the low intensity peaks
threshold value (traditional approach in pattern matching procedures),
then the threshold cannot be directly compared with the other two ap-
proaches. We do not expect that such minor changes have had any major
influence in the comparisons between methods. The above discussion
shows that intensity analysis provides the crystal orientation and twist
values with highest precision among all methods (Table 1).

Our analysis shows clear differences in sensibility to measure
changes of the orientation of ¢ axis (dislocation) or basal plane rotation
(torsion). The colormaps in Fig. 6a-c shows that all the three methods
detect the dislocation deformation field, however none of them appear
to derive a well-behaved evolution of twist angle f,,;, (see Fig. 6d-f).
This is most critical for the ASTAR analysis as most derived f3,,;, values
are not appropriate for torsion analysis (too large variations between
neighboring pixels), such that only a very limited number of pixels are
considered reliable to observe erystal torsion.

The previous study of Eshelby twisted InP NW have clearly shown
the assessment of crystal torsion become imprecise when incident beam
direction is perpendicular to hexagonal c-axis and close to zone axis the
directions (2110) (see Fig. S5 in the supplementary information of
[29]). For erystal close to these orientations (within ~ 5°), assessment of
disorientation can be significantly noisy and non-accurate. Consequen-
tially, as the NW studied here is oriented close to a [2110] axis (~ 2°
misorientation) we should expect that the measurement of such a small
torsion rate (0.02 */nm) will be extremely difficult from SPED. However,
it is possible to recognize a subtle torsion along the NW (see Fig. 5d-f).

The exploration of diffracted intensity allows the measurement of
disorientations with a precision much better than previous works for the
case of deformation fields in nanowires [29]. The obtained angular
dispersion agrees with reported precision of individual frames orienta-
tion during tomography of reciprocal space experiments [27]. These
experiments must correct the angular values indicated by TEM goni-
ometer mechanics, and the authors have used a PED diffracted intensity
refinement to determine the correct crystal orientation. The intensity
analysis procedure is analogous to structure refinement data treatment,
such that the residue value is the important parameter to be considered.
The residue normalized by the number of peaks (see Fig. S9a) tend to
increase close to one of the NW sides (right) in relation to values for in
the NW center (also observable along the right edge in Fig. $9¢). This is
expected considering the lower quantity of information (less diffraction
spots) in such EDs and, also the increasing relevance of the amorphous
oxide shell in relation to the crystalline phase. However, the other NW
side, show a different behavior and the normalized residues remain at
same values than the center. This may relate to a certain asymmetry
observed in the virtual images and the number of peaks (see Supple-
mentary Information, Figs. §5b, S7b and S9b), possibly related to small
differences in thickness in each side of the NW. This indicate that we
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must be careful in properly deciding the region in which the measured
disorientation is reliable. A proper criterion may be determined in the
region where the normalized residues start to deviate from the radial
neighbor’s tendency, as those appear to be homogeneous (see
Figure S9c). It is important to understand how much changes in the
number of diffractions peaks affect the quality of structural description,
as this could be an important limitation for ACOM based intensity. It is
evident that ACOM is most reliable when crystals are orientated far from
zone axis, however, quantitative use of diffraction intensities is most
precise when crystal is orientated near a zone axis (more diffraction
peaks will imply in better structural descriptions). In our data, no
significative degradation in the quality of structural description could be
identified in our analysis for pixel close to the center of the NW (outside
the increased residue edges in Fig. S9¢), even with a variation of the
number of diffraction peaks along the NW (see Fig. S9b). Although the
residue map in Fig. S9¢ shows that the residues near the bottom of the
NW are larger than in the top due to the lower number of diffraction
peaks (see I'ig. 3 for an example) the residues are still acceptable. Most of
our fits have Ry < 20%; this value is considered to be a good quality
when analyzing PED patterns by two-beam simulations [35]. This im-
plies that the crystal structure is well described by assumption taken to
the optimized free parameters in our simulations: crystal orientation
described by 2 angles and a simple rescaling of the Debye-Waller factor
for In and P. It must be emphasized that the residue values are compa-
rable with ones in previous works even through the precession angle is
much lower. Our PED 4D-STEM data have used a precession angle of ~
0.5° (typical angle for SPED experiments in uncorrected TEM in-
struments), while previous works targeting electron crystallography and
structural refinement have used precession angles above 1° [11,13,54,
57.,58]. It is our understanding that the careful consideration of the
precession geometry by the numerical integration along the excitation
error g; (Eq. (4)), represent an essential issue for the generated ACOM
good quality refinements.

The analyzed Eshelby twisted NW represent a very interesting atomic
arrangement due to the superposition of two orthogonal deformation
fields. In fact, all pixels should show a crystal on a different orientation.
However, as in our case only a small length of the twisted NW has been
measured (~70 nm), it is reasonable to think that this wire sector is
straight with a constant c-axis orientation for pixels on the wire center
[29]. This provides us with a second opportunity to measure a constant
optimized parameter (p) in the sample by observing the orientation of
the wurtzite c-axis at the NW center. Both the Laue circle and intensity
analysis corroborate that no significative tendency is observed for the
changes in p along the NW axis or center region (see Fig. 7). In this case,
the precision (dispersion for the values p in the NW center) for the Laue
circle is ~ 0.06° and for the intensity analysis is ~ 0.03". This result
indicates the high quality of the crystal orientation precision that can be
obtained by the diffracted intensity analysis in 4D-STEM using PED.

It is important to corroborate the robustness of our results by
observing the consistency of the several steps taken in our data treat-
ment. During optimization, the 2 angles (f# and p) describing crystal
orientation are the most relevant free parameters for residue minimi-
zation in our analysis. A small variation of any of these parameters
induce significant residue changes; we have observed that changes of ~
0.1° are enough to produce a residue difference of ~ 1 % (see Supple-
mentary Information, Fig. $10). As the precision of orientation values in
our study is ~ 0.03°, this implies that it is not possible to differentiate
models (crystal in distinct orientations) with Ry differences around ~
0.2 % for our experimental conditions (SNR, maximum scattering angle,
etc.)

The use of high-speed and low noise detector is fundamental to the
quantitative use of intensities in nanomaterials and to avoid structural
damage by electron irradiation. However, the method itself can be
applied to datasets captured with much less performant detectors. This is
clearly observable in the crystallographic works by Palatinus where
similar approach was taken in reciprocal space electron tomography
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Fig. 7. Dispersion p_,, (in relation to the mean value) of p (hexagonal c-axis
orientation) at the NW center derived from a) the Laue circle fit and, b) in-
tensity optimization. The scales have been chosen such that the precision can be
compared with the dispersions in Fig. 5a—c.

data capture by CCDs, where a good quality angular precision has been
achieved [27,35,54]. Most detectors available in the market are
appropriate for low to medium scattering angle (<12 1/nm) electron
diffraction measurement (in relation to linearity and other aspects
affected by the detector quantum efficiency). Regarding data quality, we
do not expect that binning or detector size will influence the measured
integrated intensities, as the main detrimental aspects to their quality
(support background and Poisson noise) are mostly independent of the
number of pixels that define the diffraction spots. Consequentially,
angular precision is mostly dependent of diffracted intensity counts,
quantity of peaks and PED reduction of dynamical diffraction effects.
Then, the choice of instrumental parameters (dwell time, beam current,
step size and probe size) must provide the maximum number of counts
for the diffraction intensities, while minimizing sample damage by the
electron beam and avoiding saturation of the detector. The probe
convergence angle, and consequentially the probe size, must be limited
to ensure that no overlap occurs between diffraction disks, as a
one-to-one correspondence between peak intensity and indexation must
exist to perform the two-beam modeling.

The work discussed in this manuscript uses a quite different
approach to evaluate ACOM (diffracted intensity quantification) in
which we focus on precision over a rather small dataset (few thousand of
PED patterns). The residual factor metric is a very robust and popular
approach in crystallography using x-ray, neutron or electron radiation
for structural refinement. The residual metric has proved to be suitable
even for cases where many local minima are present, although all the
process (simulation, parameter variation and comparison) may be rather
slow compared to the efficient pattern matching algorithm. Our analysis
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has taken about ~ 22 h to be completed in common desktop computer:
Intel i5-8400 CPU (2.8 GHz), 32 Gb of RAM DDR4, 1 Tb HD, UHD Intel
630 GPU. The ACOM results presented here are based on the analysis of
~ 750 PED patterns; similar crystal orientation optimizations has been
reported for ED-based tomography of reciprocal space where 50-100 ED
patterns constitute the data set. The speed of the method can greatly
improve from parallelization as each PED pattern can be treated as in-
dependent from other. Others improvements could be performed, e.g. by
more efficient minimization algorithms, proper vectorization in many
sections of the algorithm, etc. This could allow the method to be applied
to very large datasets or to contain multiple phases.

5. Conclusions

Our results show that PED-based ACOM can be significatively
improved by exploring quantitative analysis of the intensities to attain
an angular precision of ~ 0.03°. This opens a wide range of new pos-
sibilities to analyze precisely small crystal orientation changes such as
Eshelby twist NW and roughness in bidimensional material [29,59,60].
After the crystal orientation optimization procedure, residue values for
each pixel fully agree with previously reported structural refinement of
PED data and two-beam dynamical diffraction analysis [35]. Although,
the used precession angle is smaller (~ 0.5°) than conventionally
accepted for electron crystallography structural refinement (1-3°, e.g.
electron tomography in [35]), the high-quality results are most likely
due to a proper integration of excitation error for PED provided by the
Gjonnes formalism [40].

The structural complexity of the measured NW allowed the possi-
bility to measure the small disorientation required to determine the
method angular resolution, but also implied in a limited assessment of
the accuracy. The method is accurate as the measured torsion rate are
within the expected deviations from the Eshelby elastic theory, but
further work must be performed for a reliable measurement of accuracy,
e.g. by measuring a region of Eshelby NW containing two zone axis. Also,
the structural complexity of the nanowires (screw dislocation and tor-
sion) limited the possibilities to explore full-dynamical simulations to
access the limits of angular resolution and accuracy. Thinner crystals
with less structural distortions can provide the possibility to analyze
limits and accuracy of ACOM based on intensities analysis. All the
methods showed difficulty in yielding a reliable measure of NW torsion
rates, which shows the importance of avoiding near-zone-axis (>5°)
crystal orientations, independently of the utilized methodology.

The homemade developed software has performed the analysis of
around 750 diffraction patterns in ~ 22 h of processing in desktop
computer; but we estimate that this could be improved with more
computational power and algorithm optimization. We must note that we
have used a two-step approach to accelerate data treatment: 1) firstly,
initial crystal orientation values are derived from the rapid and simple
Laue circle fit and, 2) optimization based of intensity comparison be-
tween model and experiment. We think that a similar approach may be
implemented by considering an initial step based on template-matching,
but using a low sampling in reciprocal space to build the library.

More modern detectors can provide improvements in data quality
due to their higher signal-noise-ratio, and higher acquisition speed that
allow larger regions of the NW to be measured without beam damage.
However, the data quality required for quantitative intensity analysis is
much higher (much higher counting level) than the common ACOM
ones, and not only instrumental limitations are significative. At present,
template-matching routinely performed with good reliability and
reasonably short acquisition times, but diffraction peaks typically have
insufficient counts for proper intensity quantification. Template-
matching only requires the identification of a diffraction peak, and
this can be performed when its intensity is three times (3 x) the back-
ground noise. The seminal work of Currie [61-64] shows that quanti-
tative analysis requires a significant increase of the signal level
(approximately 15 times higher than the uncertainty interval) to attain

Ultramicroscopy 259 (2024) 113927

the measurement of a quantity with a 10 % relative error. This increases
enormously the signal (counting level) required, in particular when the
detection suffers from shot noise, given that in Poisson statistics in-
tensity uncertainty is the square root of the intensity and it is unavoid-
able. Consequentially, experiments for intensity analysis requires
acquisition speed limited by signal counting level of diffraction peaks,
not detector speed or the precession cycle frequency.

The study described in this manuseript has focused on the analysis of
experimental diffracted intensities to determine crystal orientation and
no exploration of the peaks position has been attempted. If we remind
that a small shear deformation can be describe as a pure strain plus a
rotation, [65] the simultaneous exploration of both characteristics
(diffraction disk positions and high precision crystal misorientation) can
provide a much more complete characterization of the deformation in
nanomaterials by exploring the whole potentiality provided by PED
4D-STEM dataset.
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Apéndice D

Material Suplementar ao Apéndice C

A seguir estd anexado o material suplementar ao artigo que descreve o trabalho descrito
no Capitulo 3 da tese. O arquivo pode ser encontrado em https://ars.els-
cdn.com/content/image/1-s2.0-S0304399124000068-mmc1.docx.
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through Quantitative Analysis of Diffracted Intensities

Leonardo M. Correa!, Eduardo Ortega?, Arturo Ponce?,
Ménica A. Cottal, Daniel Ugarte'”

1. Instituto de Fisica “Gleb Wataghin”, Universidade Estadual de Campinas-
UNICAMP, 13083-859, Campinas - SP, Brazil
2. Department of Physics and Astronomy, University of Texas, San Antonio,

Texas 78249, United States

S1. Assembly of the PED-based 4D-STEM data set

The original spatially resolved data has been acquired in a detection system which was
not prepared to assign the precession electron diffraction (PED) pattern and the corresponding
spatial location on the nanowire (NW). The original data was acquired as movie on CMOS axial
camera while PED attachment performed the precession and scanning of the electron beam. To
convert the diffraction pattern series into 4D data, we have calculated virtual annular dark field
images (VADF) for each pattern. The VADF pixel intensity is formed by integrating the
intensity of a selected annular region of the electron diffraction pattern (ED) which contains
only diffracted peaks (excluding the central peak or transmitted beam), as show in Figure Sla.

The center of each cross-section of the NW will represent the center of the peaks in the VADF
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intensity constructed as a movie. To determine the centers, we utilized the cross-correlation
function between the formed VVADF profile and an ideal wire profile (for simplicity we utilized
atop-hat function, see Figure S1b). The profiles were then aligned to construct the 4D datablock
(see Figure Slc), such that during the analysis is clear that the NW center is set along the
datablock center. It is important to notice that this procedure is only possible due to previous

knowledge about the region scanned by the electron beam, as seen in Figure 2b.

S2. Diffraction peak identification, intensity integration, indexation and
calibration

The diffraction disks from each ED need to have its center determined and intensity
integrated in order to exploit diffracted intensity values. To solve such issue, we have utilized
the cross-correlation between each ED and an ideal diffraction disk (top-hat type, binary form,
1 inside the disk, 0 outside it). The diameter has been determined from experimental patterns,
representation very closely measured diffraction spots, such that both have the same
convergence angle (see Figure S2a). After the application of cross-correlation, a new ED is
obtained where the intensities in the center of each diffraction disk are maximum, and the
maxima have the value of the integrated spot intensity in the original pattern. The cross-
correlation also smooths the diffraction peak profile, as show in see Figure S2b, such that we
can easily find the disk centers by searching local maxima in the cross-correlation image (Figure
S2c¢). This procedure is similar to the ones used by other software’s of ACOM, but the properties
of intensity integration is usually not explored, as the methodologies do not explicitly aim to

explore intensity values (Johnstone et al., 2021; Savitzky et al., 2021).
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Each peak need to be indexed to be utilized in our analysis, such that we have included
an automatic peak indexation algorithm in our analysis procedure. As all diffraction patterns

measured are near the [2110], we need only to find:

Iv* IC*
IV k=8 i _(i+k) =0 (51)

=T e

where ¢* and v* = b* /cos(30°) are the reciprocal vectors related to the ¢ and b lattice vectors
of the hexagonal primitive, g is the scattering vector for each identified peak. The g vector is
obtained by multiplying the identified centers by the proper scale factor (obtained from the

manual indexation and calibration of one the measured EDS).

S.3 Details of the Laue circle analysis.

The orientation of a crystal severely affects the observed diffraction patterns, as it alters
the observed projection of reciprocal space which intercepts the Ewald sphere (known as the
Laue circle). A slight tilt of the crystal away from a zone axis can significatively move the
position of the center of Laue circle (0,) from the position of the transmitted beam (T') (usually
considered the diffraction pattern central spot, see Figure S3). It is possible to measure the
resulting disorientation (¢) from the zone axis direction by determining the radius of the Laue

circle (Ry), as they are directly related by: (Edington, 1975)

R A =sin(¢p) (S.2)

where 4 is the wavelength of the incident electron wave. This simple relation can be easily
implemented in procedures for crystal orientation determination or alignment, as it only
requires a simple fit of a circle to the diffraction peaks position (Ben-Moshe et al., 2021; Zhang

et al., 2018; Zhang et al., 2020). This procedure does not require any assumptions about the
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crystal structure or previous information about the sample. In our case, we can derive the angles
p and [ (see Figure S4) from the fit of the Laue circle to the binarized version of the measured
diffraction patterns. This is possible as angles p (tilting of ¢ axis in relation to the plane
perpendicular to the optical axis of the TEM) and g (basal plane rotation) are related to the
[0001] and [hKiO] directions, respectively, which are identified by indexing the diffraction

pattern.

For analysis, the indexed ED has been binarized by a threshold value that exclude any
diffraction peak with intensity lower than 3% of the direct beam intensity. Then, a simple circle

fit is performed, in which the circle equation utilized is given by:
(x — Rycos0)? + (y — Rysin0)? = Ry® (S3)

where R, and 6 are free parameters that minimize the distance between the circle and the
diffraction points. It is possible to use Equation S.2 to obtain the angles 8 and p if the related
lengths to cartesian axes (Lg and L,) are determined. This can be performed by projecting the
vector formed by T and 0, = (R, cos 8, R, sin 8) into the ¢* and v* directions, as show in

Figure S3. From that we can obtain § and p through:

{sin(ﬁ) = LA 5

sin(p) = L,A

S.4 Nanowire shape and size analysis.

As described in the main text, the formation of virtual VADF images is fundamental for
our analysis and is important to understand the contained spatial information with the maximum
possible precision. We have decided to explore VADF images, as the detection has been

optimized to ensure the quality of the diffracted peaks, while the central beam is possibly
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saturated and variations in it could not be related to structural features (a virtual bright field,
VBF). All VADF have been generated by integrating the intensities in an annular region with

6 mrad of inner half angular opening and 23 mrad in the outer one (see Figure S5a).

The NW shape analysis has been performed in the integrated cross-section of the formed
VADF (summation of all the cross-sections along the NW length), this allows an easier
interpretation and better signal to noise ratio (e.g. in Figure S5b the error bars due to Poisson
noise are smaller the points dimensions). We have tested the possibility of a cylindrical NW
by calculating the VADF intensity (I"4PF) as a function of distance to the NW center
considering a convolution between the circular profile of the NW and gaussian profile of the

electron beam which scans the sample: (Carter & Willians, 2009).

B 2x\? 1 _("‘—5)2
1V40F () = ¢ |a I1— (g) ¢ e WE) | (55)

where d is the NW diameter, C is a scale factor, o and u are, respectively, the width and center

of the gaussian. We can see in Figure Sbb that the fit of the above expression on the measured
intensity profile do not properly describe the NW VADF intensities. This is evident if we
superimpose the useful region in our analysis (from a residue quality analysis, maximum
distance of 15 nm to the NW center, see Figure S5c). In this region, the root mean square
deviation (RMS) of a constant profile (mean value in the region) gives much lower value (0.45)
than the RMS of the circular profile (0.67). This suggest the presence of faceting in the NW
surface, but, as this is not a rigorous analysis of the NW shape, we will constrain ourselves to
state that the measured diffracted intensities are much better described by a constant thickness
than by a circular cross-section. The assessment of the NW shape can be performed by TEM
image tomography (Midgley & Dunin-Borkowski) by imaging its cross sections (Sun et al.,

2015; Wagner et al., 2010).
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Considering the available data, we have been able to discuss ACOM precision with the
intensity analysis, but we are not able to estimate the accuracy. In order to estimate accuracy,
we would need a Eshelby twisted nanowire with rotation of more than 30° along the analyzed
region to cross two zone-axis (e.g. [01 1 0] and [2 110], see Figure 3 in (Ugarte et al., 2019)).
These zone axes provide a good standard for calibration, but also require a very thin wire (~ 30
nm in diameter, torsion is inversely proportional to NW diameter), where crystal torsion is large
(0.05 degrees/nm). Otherwise, the required NW length is not viable for intensity analysis
ACOM: our measure region is ~ 0.07 um in length, a 30 nm in diameter requires at least 0.5
um and the measured NW (diameter ~ 45 nm) requires almost 1.5 um. The NW shape must
also be straight, as any thickening due to lateral growth will lower the torsion rate and increase

the required length.

One of the most prominent sources of error in our analysis comes from the determination
of the NW crystalline core diameter. This is due to the common imaging methods utilized (as
VADF and VBF) lacking sensibility to differentiate abrupt changes from the crystalline core to
the amorphous oxide layer in the NW surface (Kiss et al., 2016; Ugarte et al., 2019). An
advantage of 4D-STEM techniques is the capacity of explore the measured EDs to generate
different types of contrast. One alternative is to utilize the correlation or anti-correlation
functions to generate contrast due to changes in the measured EDs (Kiss et al., 2016). This is
especially useful to identify the position of change between amorphous and crystalline regions
in the NW. We have utilized the most common definition of anti-correlation utilized in ACOM,

which compares a diffraction pattern p,.,, (x, y: spatial coordinate in the ED mapping) with its

nearest neighbors (py.1,, and py,,4+1) to form contrast C(x, y): (Kiss et al., 2016)

(S.6)

Clxy) = \/Zi,j[px.y(i:j) — Pxr1y (G, j)]22n+ [Py (i) = Pryr1@))]
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where i, j is the coordinate of a pixel of the measured ED, white n total pixels in each one.
Notice that the definition of C(x, y) is anti-correlation function, although it is often referred as
a correlation function (Kiss et al., 2016). The value of C(x,y) is low for similar diffractions
patterns and high for very distinct patterns. The correlation function (similar diffraction patterns
give high value) is obtained utilizing the inverse value (inverse of contrast) of C(x,y) in each

pixel, as defined by (Kiss et al., 2016).

To construct such anticorrelation images some additional treatment is required, as it has
been reported that those images are significatively sensitive to ED background intensity (Kiss
etal., 2016). The procedure is very similar to the ones performed in other works in the literature,
so only a quick description is given and we focus our attention in the quality and interpretation
of our correlation images (Kiss et al., 2016). An example of our data treatment is given in Figure
S6; first, the central peak is excluded by a simple circular mask in the center of our data, the
mask is a little larger that the central beam diameter to ensure that no possible blooming-like
effects are included. Then, we create a mask to mitigate the intensity outside the diffracted
peaks by applying a local threshold method to our data. An example of the effective mask and

the resulting effect in the ED are shown in Figure S6b,c.

We can observe the anti-correlation image in Figure S7a. Most of the NW center appears
to have an almost homogenous value, with a gradual maximization of C(x, y) (anti-correlation)
in its borders and then a region of low contrast in the vacuum region (diffraction patterns are
very similar to each other without diffraction peaks). The integration of the cross-sections in
the image along the NW (Figure S7b) shows two peaks in the anti-correlation, which can be
interpreted as the region with maximum difference between the crystalline part and the
amorphous surface layer in the NW. The peak width is a transition region between crystal and
amorphous and its width can be utilized to determine an uncertainty for the crystalline core

diameter. From those criteria, we have obtained the NW diameter as (48 + 7)nm.
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S.5 Results from the Laue circle analysis

The Laue circle approach only requires the proper indexation of each ED and a simple
circle fit, from that we can obtain the angles £ and p associate to crystal tilt for each scanned
position. A low threshold value was utilized as the method requires many diffraction spots for
proper fit. The Laue circle allows the characterization of a larger area of the NW (until 20 nm
from NW center) than the more precise intensity residue analysis. This also implies in the
inclusion of noisier data, which may lead to lower reliability. The Laue circle derived
information is clearly sensible to the dislocation and torsion (see Figure 5) in the NWs, and the
results indicate a high sensibility to small values of disorientation. The values of dispersion
obtained are much lower than the ones in previous pattern matching reports (~ 1°) (Ugarte et
al., 2019). The disorientation B,,4 = B — Beenter (Pasal plane rotation) is shown in Figure S8,
with no observable tendency variation until ~15 nm from center. This is expected as the basal
plane orientation should be constant along the NW cross section perpendicular to wire axis,

such that any variation is only due to noise.

S.6 Pattern matching Results (ASTAR)

The pattern matching calculation required the simulation of a large library of diffraction
patterns (~50000 patterns) to cover the small changes in crystal orientation. The template-
matching ASTAR procedure yields 3 Euler angles for each diffraction pattern and additional
calculation is required to obtain the disorientations (see (Ugarte et al., 2019) for more details).

It is clear that the ASTAR is sensible to both the core dislocation and the torsion, but with
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varying quality in the observation of each structural feature. The dislocation varies continually
withing a large useful area (within 16 nm from the NW center), with only a few points diverging
from data point clouds. The torsion behaves in a discontinuous manner, with two clear distinct
distributions that present very different torsion rates values ((0.031 + 0.008)°/nm and
(0.067 + 0.006)°/nm). Only a small fraction of the NW was useful for the torsion calculation,
and the locations of the related PEDs present a random behavior all over the wire. This implies
that the torsion seen to be much more prone to data noise, with the two populations observed
being two distinct local minima distributions in the template-matching cross-correlation
procedure. This last behavior has already been observed by other researchers and it is possibly
due to different assumption that ASTAR utilizes in data treatment and template simulation
(Cautaerts et al., 2022). The dispersion in angular disorientation (see Table 1) seen to be higher
than the ones observed in previous works; this could be a consequence of our use of the ASTAR
software with data acquired outside the Nanomegas suite (optical camera) for ACOM. The
system is extremely well optimized to be utilized together with the non-axial optical camera,
and deviations from the characteristics of the expected data (well defined narrow diffraction
spots, some distortion, a gamma function applied during acquisition, etc.) can imply in the
ASTAR software having trouble to properly process our data. Previous studies of InP nanowire
based on Nanomegas ASTAR, have taken great care (e.g., data denoising, scan in reduced
regions for better signal, more pixels in detection) to obtain the best possible data to measure
those small changes in orientation (Ugarte et al., 2019). Those steps are not reproduced in the
analysis presented in this paper. Nonetheless, the analysis shows the main limitations and serves

for comparison with other techniques, as is performed in the main text.

S.7 Intensity analysis: consistency and sensitivity
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It is important to corroborate the robustness of our results by observing the consistency.
This has been tested for torsion by looking for sudden variation of basal plane disorientation in
relation to the value in the NW center (see Figure S8). No strong variations have been detected
using the intensity analysis. The residue normalized by the number of peaks (see Figure S9a
and Figure S9c) increases at one of NW sides (right) in relation to values for in the NW center.
This is expected considering the lower information (less diffraction disks, see Figure S9b) in
the EDs and also the lower signal-to-noise ratio due to the amorphous oxide shell. This residue
asymmetry may be associated to thickness differences at each NW side. The analysis of
residues indicate that a change in orientation of ~ 0.1° induce a residue variation of
approximately 1% . Considering our angular precision of ~ 0.03°, the induced R, changes
would be 0.2% (see Fig. S10). The 2D comparison of the simulated and measured PED patterns
(see Figure S11) show good visual agreement for diffraction peaks above the threshold value
utilized to select peaks for optimization. However, noise appears to affect the peaks excluded
from the original analysis due to the low number of counts, although the general trends are still

comparable.

S.8 Code

We provide a template code (a jupyter notebook file) for the orientation determination
algorithm utilized in our analysis, which takes as input a list of hkl and the related intensity for

each one. The code can be found at: https://github.com/1211796/Crystal-Orientation-from-

PED-Intensity-Analysis. The user must also provide every aspect related to the experiment

performed, especially the parts related to the sample crystal system (crystal primitive
dimensions, structure factor, Debye-Waller factors and proper indexation). Most critical are the

structure factor and zone axes references. The user must provide its own rotation referential,


https://github.com/l211796/Crystal-Orientation-from-PED-Intensity-Analysis
https://github.com/l211796/Crystal-Orientation-from-PED-Intensity-Analysis
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keeping in mind that the code is limited to 2 angles of rotation. A workflow chart for all step
of the used program (Figure S12) is also provided. The code itself shows the part responsible
for the determination of the crystal orientation. The code only performs the optimization of a
single measured diffraction pattern, such that the user must be responsible for the generalization

for an entire datablock.
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Figure S1
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Figure S1: Schematic representation of the datablock construction from recorded PED patterns
(time based). a) A virtual annular aperture selects a region in the PED pattern in which all the
intensities are summed up. This integration forms a sequence of peaks in relation to time, where
each peak center is related to the center of the NW position. b) The cross-correlation value
between the measured peaks and an ideal peak (top-hat function) is maximum when the center
of the two curves are matched. ¢) Then we can align the centers (and consequentially all pixels)
to produce the data block.

Figure S2

Figure S2: Example of the peak finding algorithm. a) The binarized diffraction disk
corresponding to the transmitted beam is selected as an ideal peak. b) The result of the cross-
correlation between the data and the ideal disk selected in (a). Notice the blurred aspect of the
pattern, consequence of the smoothing effect of the cross-correlation. ) Diffraction spot centers
identified by a local maxima algorithm applied to the cross-correlation image.
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Figure S3

b

Figure S3: Application of the Laue circle fit to a diffraction pattern. a) Effect of a disorientation
¢ of the crystal in relation to a zone axis. b) It is possible to determine the disorientation in
relation to a specific direction by projecting the R;, vector along those directions.

Figure S4

Figure S4: Crystal orientation system in relation to sample coordinates. a) Initially, the crystal
is perfectly oriented along the microscope optical axis (represented by the static electron beam
direction, considered along x axis). b) Rotation of basal plane (torsion) of the NW disorientates
the crystal in relation to TEM optical axis (x-axis). ¢) The hexagonal c-axis inclination
originated by the screw dislocation deformation field generates a disorientation in relation to
the plane (yz plane) perpendicular to the TEM optical axis.
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Figure S5
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Figure S5: a) Annular region values utilized to form the VADF images. b) VADF intensity
profile formed by integration of all the cross-sections profiles along the nanowire length (blue
dots) and optimized circular cross-section (continuous red line). The highlighted region
identifies the high quality (PED patterns) used for our orientation determination by diffracted
intensity analysis. c) Closer look at the highlighted region, showing the measured (blue dots),
circular cross-section NW (red line) and flat cross-sections (value used in intensity optimization
dashed green line) profiles. The error bars are much smaller than the points due to the large
number of counts provided by the integration (more than 10° counts).
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Figure S6
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Figure S6: Example of the procedure used for maximizing the quality of the cross-correlation
images utilized for NW diameter estimation. a) Raw data (left panel) shows significative
influence from the central beam scattering and background; intensity profile along the [000I]
direction (right panel). b) Circular mask (left panel) utilized to exclude the transmitted
diffraction disk in VADF images c¢) Resulting mask selects only the regions inside the
diffraction disks (left panel), which greatly reduces the influence of the background and
transmitted beam in the resulting profile (right panel).
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Figure S7
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Figure S7: a) Anti cross-correlation image of the NW. Notice that a small region just before
20 nm from the NW center is excluded from image formation due to a scan instability during
measurement. b) The anti-correlation profile formed by the integration of the cross-section
along the NW length. The center of each extremity peak is considered the NW edge, the full
width in half maximum is considered the uncertainty of the NW edge position.
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Figure S8
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Figure S8: Basal plane vectors disorientation (points) in relation to the value at the NW center
(data corresponding to all crossing lines is displayed): a) Laue circle analysis and b) diffracted
intensity analysis. The polynomial fit (3" order polynomial, continuous line) helps to observe
the tendencies in the data. Notice that a flat curve should be observed in relation to the zero
disorientation (see Discussion section in the main text for more details).
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Figure S9
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Figure S9: a) Values of the Residue normalized by the number of peaks in the PED pattern (all
analyzed points over the wire). Notice that an increase of the value in the extremities of the NW
would be expected. b) Number of peaks analyzed on the PED patterns. ¢) Colormap of the
residue normalized by the number of peaks overlayed in the VADF image of the NW. The
increase in residue along the NW length is related to a decreased in number of peaks (top to
bottom) due larger disorientation from zone axis.
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Figure S10
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Figure S10: Analysis of the sensibility of the residue to small changes in the orientation. a)
basal plane and b) hexagonal ¢ vector (dislocation). In this work, we have considered that only
residue differences above 0.2% are significative, as our precision is ~ 0.03°.
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Figure S11

Figure S11: a) Raw diffraction pattern shown in Figure 4. b) Simulated pattern obtained after
optimization procedure (in this case no threshold of peaks have been utilized to construct the
image; Figure 4 shows peaks utilized for the actual optimization). ¢) Diffraction pattern built
with spots brightness based on integrated peak intensity, derived by processing raw pattern in

@).
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Figure S12
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ABSTRACT: Despite the interest in improving the sensitivity of optical sensors using plasmonic nanoparticles
(NPs) (rods, wires, and stars), the full structural characterization of complex shape nanostructures is challenging.
Here, we derive from a single scanning transmission electron microscope diffraction map (4D-STEM) a detailed
determination of both the 3D shape and atomic arrangement of an individual 6-branched AuAg nanostar (NS) with
high-aspect-ratio legs. The N5 core displays an icosahedral structure, and legs are decahedral rods attached along the
5-fold axes at the core apexes. The NS legs show an anomalous anisotropic spatial distribution (all close to a plane)
due to an interplay between the icosahedral symmetry and the unzipping of the surfactant layer on the core. The
results significantly improve our understanding of the star growth mechanism. This low dose diffraction mapping is
promising for the atomic structure study of individual multidomain, multibranched, or multiphase NPs, even when
constituted of beam-sensitive materials.

KEYWORDS: plasmonic nanoparticles, nanostar, 4D-STEM, precession electron diffraction, crystal orientation mapping,
nanoparticle morphology, nanocrystallography

Noble metal nanoparticles (NPs) attract huge interest due to
the possibility of tuning their optical properties. This usually
exploits the excitation of surface plasmon resonances, which
show a strong dependence on dielectric properties, morphol-
ogy, size, and interparticle distance.’ Optical metamaterials™
and surface-enhanced Raman spectroscopy represent actual
application of tuned optical response, where efficiency is
deeply tied to NP morphologies. Despite its relevance, the
determination of three-dimensional (3D) shapes of very
complex NPs (anisotropic, branched, etc.) is an everlasting
issue in nanoscience.! Many different merphologies of metal
NPs have been synthesized and proposed to generate strong
2024 The: Authars. Publishe by
American Chamilcal Soclety

- 4 ACS Publications

plasmonic response, such as nanospheres, nanorods, nano-
sheets, and nanostars (NSs). Among them, multibranched
plasmonic NSs display high field enhancement around the
sharp tips of high-aspect-ratio legs."* The precise under-
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Figure 1. (A) TEM micrograph displaying general view of a high-aspect-ratio AuAg NS. (B) BF-STEM image of the NS studied in detail by
4D-STEM precession diffraction methods. (f} A virtual anticorrelation image revealing abrupt crystallographic changes between pixels
(pixel step 1| nm) inside legs, which confirms their decabedral structure. ()} BCO unit cell and the relevant erystallographic directions in
relation to a decahedral structure ([010] e, vector points along the decahedral leg axis as derived in Figure 53). (E) The crystal orientation
deduced from the EI} pattern interpretation that allows the determination of LEG#1 orientation in space (by,., vector points downward in
the scheme) in relation to the incident electron beam (or in sample coordinates). (F) A virtual annular dark field (VADF) image generated
from the 4D-STEM data set. The colored region at legs’ tips mark regions of pixels clustered by the machine learning (ML) tool K-means;
the regions of all 6 legs have been recognized (indicated numbers are used to identify different legs in the subsequent sections of this work,
see the Methods section for details and explanations). (G} A mean diffraction pattern calculated from the region on LEGH#! (the arrow
indicates the leg axis on the pattern along the base—tip direction as derived from the annular VDF image). (H) Interpretation of the mean
diffraction pattern of LEG#1 in {G) was rendered easier after using non-negative matrix factorization (NMF) to perform a partial demixing
of the diffraction contribution from the five different erystal domains of the decahedral leg; dashed lines are used to show the manaally

identificd ED) pattern from the NMF component #1.

standing of the NS structure and 3D shape is an essential step
to refine synthesis protocals, to help tailor shape, and to
oplimize plasmonic response.

Transmission electron microscopy (TEM) and its related
scanning mode (STEM) represent the best suited tools to
characterize nanomaterials due to their intrinsic high spatial
resolution.”" TEM (or STEM) images just provide 2D
projections of the studied object, and the 3D structure can be
reconstructed by applying discrete electron tomography (ET)
to a series of 50—70 images taken at different tilting angles
(usually in a tilt range —70 to 70°).% In the field of
nanomaterials, ET may exploit high-angle annular dark-field
(HAADF) STEM images to derive particle faceting using
nanometer-wide electron probes, and atomic resolution ET
reconstructions may be generated exploiting aberration-
corrected instruments. This requires the generation of
Angstrom-size probes with semiconvergence angles of 25-30
mrad; this convergence limits the depth of field to 5-7 nm
(resolution along the longitudinal electron beam path) to
avoid image resolution loss.* "' Therefore, atomic structure

ET is restricted to particles that are thin (10—20 nm), and
images must be acquired at high magnification. This limits its
use to rather small regions when a large parlicle is studied.
Despite recent progress,” > STEM ET remains quite
demanding considering the required beam time (typically 1
h acquisition time) and high electron irradiation doses {10°—
108 e /A" thus, beam-sensitive samples can be seriously
madified.

New opportunities to study nanosystems have recently been
explored by the so-called 4-dimensional scanning-TEM (4D-
STEM),"* where either an electron diffraction (ED) or a
scattering pattern is stored for each image pixel position (sec
Figure S1). This method allows the measurement of, for
example, atomic arrangement, phase, crystal orientation, and
strain, with nanometer resolution'® using a much lower
irradiation dose." Additionally, a 4D-STEM data set maps
local crystallographic information, and it can be used to get the
spatial distribution of regions that generate a particular crystal
attribute in a reciprocal space (e.g, individual peaks and the
related virtual dark-field images: VDF)."'?
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In this work, we address the study of a complex six-branched
AuvAg plasmonic NS, where branches show a high aspect ratio
(7=10 nm in diameters and 35—60 nm in length); the star
structure attains a diameter in the 150—200 nm range. These
NSs are synthesized by seed-mediated methods exploiting
peculiarities of different surfactants, The deep understanding of
the star optical properties and synthesis protocols requires the
precise measurement of different structural aspects: (a) 3D
spatial distribution of the legs, (b) atomic arrangement inside
seeds and legs, and (c) how the seeds structure determines leg
number and their spatial configuration. The application of ET
tomography to answer all of these questions may be extremely
challenging, First, atomic resolution ET cannot be used to
analyze such extended objects (50—70 nm in length) because
the necessary depth of field would be ~70 nm. This will limit
the convergence angle to about 1.0—1.5 mrad, and then the
generated electron probe will be in the nanometer-wide range;
ET using this kind of electron beams may be used to measure
leg distribution but will be unable to provide atomic
arrangement knowledge. Some studies have overcome these
difficulties by taking a nanometer-resolution ET to determine
3D morphology and perform a second atomic resolution ET of
a very reduced NP region such as the tip of a nanowire or the
corner of a NP.'® Here, we have adopted a different strategy to
determine NS atomic structure with reduced electron
irradiation; we show that the crystallographic information
mapped by a 4D-STEM data set can provide simultaneous
determination of leg 3D distribution, atomic arrangement of
legs and seed, and their orientation relationships. All this NS
structural information could be derived from one single 4D-
STEM diffraction map using a total electron dose of ~200 ¢/
AL

Crystalline Structure of the NS Legs. The AuAg NSs
studied here display a morphology with a high aspect-ratio
(Figures 1 and 52). While the sample contains stars with
various leg configurations (see Figure 52), for this study, we
have chosen to analyze a symmetrical NS containing 6 legs
which can be efficiently produced™ [sce bright-field STEM
image (BE) in Figure 1B]. Many studies of Ag nanowires have
reported a decahedral structure, with a 5-fold axis along the
wire lengrh.""?'m It is, therefore, not surprising that previous
atomic resolution TEM images of NS legs are interpreted as
consistent with an elongated decahedral structure containing
twins along its axis.* From the crystallographic point of view, a
decahedron is formed by the assembly of 5 tetrahedra;
nevertheless, a pure face-centered cubic (FCC) structure
cannot generate a compact decahedral structure (see Figure
53). Therefore, a structural distortion must occur, what leads
to a body-centered orthorhombic (BCO) crystal, as discussed
by Yang et al.'® and illustrated in Figure S3.

Iluminating information can be derived by evaluating the
anticorrelation between the diffraction patterns of each pixel
with its neighbors in the 4D-5TEM map; these imagfs are
brighter at interfaces between phase or grain boundaries.”” The
anticorrelation image in Figure 1C (and in Figure S18) reveals
two points: (i) most legs display bright lines parallel to their
axis, revealing the axial twin planes that confirms the
decahedral structure of the legs, and (ii) several legs display
clear contrast changes along their axis, suggesting a crystal
maodification, which may be due to growth discontinuities,
slight rotation, or mechanical deformation (to be discussed
later). Furthermore, the anticorrelation contrast in a cross
section of the NS leg is very well described by the expected

position of grain boundaries for a distribution of grains around
a 5-fold axis, as shown in Figures 511 and 512. Consequen-
tially, the S-fold symmetry of the legs is confirmed by the
reciprocal information (the BCO unit cell measured from the
diffraction spot positions) and the real space information (the
grain distnbution observed by the anticorrelation image is
consistent with the 5-fold structure).

There has been much debate on whether this deformation
field is homogeneous or inhomogeneous;"™ here, we will limit
our diffraction pattern analysis to a homogeneous BCO
structure, as this yields good quality understanding and
modeling of our experiments, as described in the Methods
section. A schematic drawing of the atomic position within the
BCO unit cell and its orientation in a decahedral rod is shown
in Figures 1D and 53 (notice that the [010]y, vector points
along the wire axis, Figure 1E).

Determination of the Star Legs Orientation in Space.
The measurement of the 3D leg orientation can be directly
obtained by determining the [010]cq crystal direction (see
Figures 1D,E and 53); this is possible by indexing the
diffraction patterns as described in the Methods section. A ML
clustering tool (K-means)™ ™ has been used to easily group
pizels with similar diffraction pattemns that spatially corre-
sponded to each leg tip as can be seen in Figure 1F. Note that
pixels close to the core or in structurally defective regions are
not grouped by the analysis algorithm. To complete the
analysis of the whole star, we manually selected regions closer
to the core to obtain structural information in the whole leg
length, avoiding defective regions (mean ED from tips and
bases are displayed in Pigures S4 and 55). At this point, the
task of estimating the NS shape requires measuring the crystal
orientation from merely the average diffraction patterns from
10 different regions (Figures 54 and 55); information on leg
lengths can be derived from the images. It is important to
consider that each decahedral leg generates a complex ED
pattern, as it results from the overlapping of 5 crystal grains,
The grains share the same crystal direction ([010]gc) along
the leg axis (Figure 1D), but all positioned at different
orientations. The initial rough indexing and interpretation of
the patterns required manual identification (see Figure 56 for
details) of spots arising from one of the five BCO crystals (see
examples in Figures 1H and 57—59). Subsequently, a more
precise crystal orientation has been performed with automated
crystal orientation mapping (ACOM) numerical procedures to
determine each leg axis ([nm],ﬁ,) orientation with a
precision of ~0.1% (see Figure 510"

Table 1 summarizes the leg orientation in space (vectorial
directions), and their spatial distribution is graphically included
in Figure 2. Most of the leg bases (#2—6) lay very close to the
xy sample plane, with the larger deviation observed for LEGH#1,
which has an elevation angle of about 20.2° (downward in
Figure 2). For legs #2 and #4—6, bases and tips show quite
similar results with angular changes that do not exceed a few
degrees. The tip of LEG#3 points up in Figure 2 showing
angular change from the base to the tip of ~39°, suggesting
that this leg suffered a major mechanical deformation when
deposited on the grid. In fact, the LEG#3 tip is not free, and it
seems in contact with a big particle (see the lower left corner in
Figures 1B,C,F and S18). In contrast, for legs #2 and #4—6, the
bases and tips show quite similar crystal orientation results
with angular changes that do not exceed a few degrees, so we
attribute the anticorrelation image contrast changes observed
in Figure 1C to instabilities that occurred during growth.
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Table 1. Spherical Coordinates of the NS Leg Axis (Versors)
Derived from Intensity Analysis”
leg base tip

aimuthal — elevation e azimuthal  elevation
[deg] [deg] l:ﬁ? [deg) [deg] "ﬁ'-&ﬁ'

1 90 0.2 34
1 4.5 kX 55
3 142.1 16.5 19 1415 =111 38
4 193.6 9 16 1937 19 38
5 1533 =11 4 1559 05 3z
L] 314.6 19 17 343 19 33

“The azimuthal angle indicates the in-plane (zy) rotation of the legs
(around z axis, starling from = axis), while the elevation angle
provides the out-plane position (from the =y plane, note that in the
adopted coordinate system, z-axis points down in Figure 2).

Figure 1. Orientation of the NS 6 legs deduced from ACOM
results for bases and tips. (A) Top view, along electron beam
direction indicating the legs’ azimuthal distribution. (B) Side view
[along the (—y) direction] revealing that most of the legs lay in a
plane perpendicalar to the electron beam direction (the z axis
points downward in the plot). The background grid indicates 20
nm ¥ 20 nm squares.

To further understand N5 formation and the rather planar
spatial leg configuration, it is essential to determine the NS
core structure because the layout of legs, in first approximation,
should be determined by the seed NI structure (|or symmetry)
used in the two-step NS synthesis procedure.

Determination of the NS Core Structure. The mean
diffraction pattern of the NS core was calculated by adding the
contribution from all pixels at the NS central region (10 nm in
radius; see Figure 3A). The mean ED pattern shows an
elongated hexagonal shape that seems to be roughly close to a
2-fold symmetry with a quasi-mirror plane defined by the line
crossing the diffraction spot marked E (Figure 3A). VDF
images provide the spatial location of crystals generating the
different diffraction spots (A—F), and we can derive several
structural aspects by closely examining these VDFs (Figure
3B): (a) most images reveal crystal regions with a triangular
shape at different azimuthal orientation and always showing a
sharp tip at the core center and (b} some VDFs show 2 bright
triangles that are diametrically opposed and sharing a pointed
tip at the core center. These two features can only be explained
by a multidomain structure formed by a core with icosahedral
symmetry (ICO, see icosahedral schema in Figure 3C), where
the noble metal FCC structure is distorted into a
rhombohedral (RHOQ) lattice as discussed by Yang et al™

The experimental ED pattern in Figure 3A shows the
characteristics of the 2-fold (ICO2) and 3-fold (1CO3)
diffraction patterns of icosahedral particles, such as a rough
2-fold symmetry, but also several diffraction spots (4, D, and
E) associated with twin planes visible for I[CO3 (Figure S15).
Strong evidence of an orientation close to an ICO3 orientation
is the generation of spot F, which should be observable only for

this orientation. Based on the assembled crystallographic data
and VDF images, we have been able to conjecture an estimate
of the 1CO orientation (ICO32D, Figure 3D) very close to the
intermediate axis between the 2-fold and 3-fold symmetry axes
(1C032). The deduced ICO32D NS core orientation has been
confirmed by the compelling good agreement between
simulated and measured diffraction patterns (see detailed
analysis in the Methods section and Figure 3).

Understanding How the Star Core Structure Influen-
ces Leg Spatial Configuration. The full understanding of
NS atomic arrangement and shape needs the determination of
the relation between the NS icosahedral core and leg spatial
position and orientation (Figure 4). An ICO particle oriented
along an 1CO32D axis represents an interesting structure: this
configuration presents four corners approximately in the plane
perpendicular to the incident beam direction (Figure 44,
expected attachment position for legs #2—3 and 5—6). These
ICO corners (actually 5-fold axis) constitute excellent
substrates to stimulate the epitaxial formation of decahedral
legs close to the xy plane (see the geometrical medel in Figure
4A,B and angular measurements in Figure 3 and Table 1). This
structural model also predicts that two legs (numbered #1 and
#4) should grow from apexes that should point 20-30° out of
the xy plane (upward or downward). LEG#3 data does not
follow the previous interpretation (the measured position is
indicated with a black arrow in Figure 4C), possibly due to the
mechanical deformation mentioned previously. Figure 4 shows
a good agreement between the 1CO model and the
measurement of the legs’ position and orientation, with the
small deviations likely related to the imperfect formation of the
ICO core.

The ICO vertices represent the ideal 5-fold structured
substrate for an epitaxial growth of decahedral wires, so there
must be a well-determined register between angular position
from the twin planes composing the legs and twins from the
core S-fold axes (Figures 1D and 4C,D). This information is
straightforwardly available from the crystal orientation through
the measured [0 0 —1 ]y vectors (which are parallel to the
decahedral twins). LEG#1 displays the expected twin plane
pointing close to the vertical direction from the leg center
{upward in Figure 4D). In contrast, LEG#5 (LEG#6) should
display a twin laying close to the horizontal plane pointing left
(right) from the wire center. Leps #1—3 and #5—6 show a
good agreement with this detailed structural model (Figure
41)). Also, we must note that there is a small rotation in the leg
structure between the base and tip, suggesting that the legs
must include structural defects formed during their growth.

Three capital structural properties of a NS have been
determined: (a) the core is an ICO particle; (b) the high-
aspect-ratio legs are decahedral rods; and (c) the leps are
attached at the wvertices (S-fold) of the [CO core. Several
previous growth models relate NS shape to a decahedral core,
with legs growing from twins perpendicular to S-fold axis (at
72° between them), and any additional legs (a sixth one)
would be located perpendicular to that plane (along the 5-fold
axis).**" In contrast, our results indicate that the 6-leg NS
imaged in Figure 1B,C.F grow in an utterly different
configuration. Our measurements indicate azimuthal angles
between NS legs around 60° (see Table 1 and Figure 3) and an
icosahedral core. Previous studies have reported stars with
identical branch configuration,” indicating that the derived
structural analysis (Figure 1) must be quite general. The
occurrence of an 1CO core may explain many different NS leg
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1CO320

Figure 3. (A) Mean diffraction pattern from the NS core generated by summing all pixels at a distance <10 nm from the estimated core
center (shown in the inset). (B} Upper image row: the VI)Fs derived from diffraction spots marked A—F (the circle diameter is 20 nm}).
Lower image row: the expected VDF contrast generated from the icosahedral geometrical model along ICO32D orientation (the red line in
these images indicates the expected twin plane that would agenerate diffraction spot E and define the rough 2-fold symmetry of the ED
pattern). The simulated VIIFs show a very good agreement with the experimental data (in the upper row). Notice that the brighter regions
of the VDF from spots A, D, and E are perpendicular to the diffraction peak direction, as expected for regions containing twin planes,
providing a solid interpretation for crystal domains generating those peaks. (C) A schematic drawing of icosahedral particles, note that all
tetrahedra show a tip at the particle center, and a diametrically opposed tetrahedron rotated by 60° ICO particles include two stacked
decahedra bly of 5 dra) rotated by 36° 2/ 10) along the S-fold axis. (D)} The estimated orientation of the N$ icosahedral core
as observed in the experiments with the incident electron beam impinging vertically onto the page (ICO32D, see the Supporting
Information for detailed explanations). (E) The azimuthal distribution of legs derived from NS images in comparison with the position of
icosahedral vertices in the estimated ICO core orientation. (F) (left) Schematic drawing of an ICO oriented along ICO32D (see text for
explanation). {right} In this orientation, the tetrahedral pairs marked (1 and 1°, 2 and 27) present {110} gy, atomic planes almost parallel to
the electron beam, which would generate strong diffraction spots (marked as B and C, respectively). This conclusion is corroborated by the

excellent match between the predicted and experimental angle and intensity differences between these spots, see Figure §17.

configurations, even when formed by 5, 6, 7, or more high-
aspect-ratio legs. Symmetrical 5-branched NS (angle between
legs close to 72°, Figure Sg in ref 4) can be easily accounted for
considering 5-fold axes of an ICO core. Some NSs display 5
legs distributed close to the 5-fold symmetry and some
additional legs (arrowed NS in Figure LA or 6c or 6g in ref 4).
These additional legs (sixth, seventh, etc.) are always located
close to the central angle between the legs in a 5-fold
configuration (see Figures 1 and 523). An ICO particle
observed along a 5-fold axis presents 10 tetrahedra sharing an
edge with the axis, which can be described as two stacked
decahedra which are rotated by 36° (2a&/10) in relation to one
another (Figures 3C and 523). Thus, the vertices from one of
these decahedra support the legs in a 5-fold layout, while the
additional legs at bisecting angles must grow in a different
plane and from apexes located on the second decahedron
(Figure 523).

Insights into NS Formation during Synthesis. The
detailed AuAg NS structural information derived in this work
contributes  significantly to understanding NS synthesis
protocols and growth mechanism. NS synthesis involves two
steps: (a) seed formation and (b) a second step to induce leg
growth. It has already been observed that it is necessary to
increase Ag concentration (from AgNO,) during the second
step to improve cylindrical shape (reducing tapering) and

increase the stability of the high-aspect-ratio legs after growth,*
As all legs are decahedral rods, and they contain 5% twins
parallel to the leg axis along the whole length. The increase of
Ag atoms during leg growth will enhance stability by reducing
the energetic contribution of the 5 twin defects (the Ag twin
energy is about a factor 2 lower than the Au one™). From
another point of view, the efficient production of high-aspect-
ratio 6-branched NS is favored if the amount of ascorbic acid is
raised during leg formation, which is associated with the
enhancement of metal atom migration toward low energy
facets as {111}.* In fact, the surface at the tip extremes of
decahedral wires should be formed by {111} facets; in
addition, leg tip surface contains § twins which would enhance
atom attachment efficiency due to generation of steps and
edges during growth. This helps to nucleate new layers,
increasing kinetics in a similar way of cr_rstal growth around
screw dislocations (Frank growth model™).

Our results have revealed that the NS legs located at 1CO
vertices lay in a highly anisotropic leg distribution (lying very
close to a plane, Figure 2B). This contradicts a crucial aspect of
icosahedral symmetry: a regular and homogeneous spatial
distribution of the 12 corners on a sphere; the ideal star leg
configuration on an 1CO core would be 123 legs distributed
regularly in space. It is expected that the anisotropic growth
through seed-mediated methods involving reducing agents,
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Figure 4. 3D correlation between the icosahedral core symmetry
and leg orientation. Comparison of the N§ measured morphology
with the leg azimuthal positions and elevation angle derived from
the geometrical NS maodel. (A) ICO32D core and the expected leg
attachment positions at the 5-fold axes located at icosahedral
vertices (pentagonal markers), NS legs indexing is shown below in
(B). {C) A plot of elevation angle of the vertices as a function of
azimuthal angle around the ICO core (pentagonal red markers)
compared with measured leg base orientation (round black
markers). Note that measured LEGH#3 orientation (indicated
with a black arrow) is mot as close to the predicted position;
this is expected as LEGE3 seems to have suffered a major
mechanical deformation when deposited on the grid (see text for a
more detailed explanation). (D) Orientation of the decahedral leg
structure (five crystal domains) around their axis; darkened
triangular sectors indicate domains used for leg orientation
assessment.

metal salts, and passivating molecules is determined by the
relative rate of metal atom deposition and surface diffusion.™"
However, it seems unlikely that kinetic factors associated with
diffusion-limited growth would contribute to induce anisotropy
inside the solution. Our hypothesis is that, as the NS core is
formed during the first synthesis step (i.e, seed generation),
the nucleation and further growth of the legs during the second
synthesis step may require the unzipping of the surfactant layer
on the NP.* Upon nucleation of the first leg on an icosahedra
vertex, the surfactant layer might be disturbed, rendering the
nucleation of a second leg on a neighboring apex easier. The
nucleation at two neighboring apexes may be able to generate a
linear crack in the surfactant layer, facilitating its further
unzipping along the expanding unzipping line. Simultaneously,
this may increase the pressure on the direction perpendicular
to the plane defined by the unzipping line on the core; as a
result, the nucleation of the out-of-plane legs could be
inhibited. In this scenario, the anisotropic leg distribution
could be due to an interplay between the symmetry of the
icosahedral core and the crack line on the surfactant capping
layer. As this is only a working hypothesis of the complex and
currently unknown mechanistic events taking place during the
growth of these NSs, more detailed experimental work is
necessary, and it is currently the focus of our synthetic efforts.

CONCLUSIONS

The precise crystallographic analysis reported here provided a
complete characterization of the NS 3D crystalline structure.
We must emphasize that all structural measurements have been
confirmed by the analysis of a second 4D-STEM scan with the
sample holder rotated by 10% also, this second data set
provided evidence of no detectable stractural damage,
confirming the low dose utilized in the experiment.

‘We speculate that the measured NS shape and legs” spatial
distribution is associated with the surfactant layer unzipping
over the icosahedral core during growth. It is essential to
continue to refine the chemical and structural characterization
of products at different stages of the complex two-step
synthesis protocol to improve the understanding. This would
be fundamental for NS synthesis scale-up and technological
application.

Once we have a detailed measurement of the 30 shape, it is
crucial to apply this knowledge to develop more precise
madeling of their optical response and a deeper understanding
of their application as plasmonic antennas.* ** The optical
response results show a wvery good agreement with the
measured spectrum for an ensemble of NS, providing more
detailed understanding of their optical properties (see Figures
S24—526).

Determining the 3D morphology of a NS represents a
traditional and well-stablished application of nanometer-
resolution ET; in fact, HAADF ET could have been applied
as an independent verification approach. However, the
derivation of atomic arrangement information from higher
resolution ET experiments remains quite challenging for this
kind of extended NPs. Notwithstandingly, tomography image
reconstruction is more suitable for nanomaterials which are not
beam sensitive, where sample thickness and height (inducing
defocus) do not change significantly during the tilt series: NPs,
nanorods, nanocubes, etc, within the svitable dimension size
(<20 nm). This study has provided solid evidence that we have
been able to derive a very detailed atomic arrangement (legs,
core, and the relative spatial orientation) from an individual
very complex multibranched metal plasmonic NP from a single
4D-STEM scan, which was acquired using a very low electron
total dose (<200 ¢ /A® per frame). The utilized analysis is
especially well suited for the characterization of objects with
extended and asymmetric shape. Our study has been based on
ED} techniques, which demand a more complex data analysis
than the intuitive visualization of a tomography 30 image. The
procedures applied in our work and results obtained provide
opportunities to determine the atomic structure of individual
multidomain or/and multiphase NPs, even when constituted
of beam-sensitive materials.

METHODS

Specimen Preparation. The Au seed NPs were initially
synthesized by the addition of a freshly prepared ice-cold solution
of NaBH, (0.6 mL, 0.01 M} into an aqueous solution of HAuC, (10
mL, 0.25 mM) and Triton X 100 {0.15 M). The solution immediately
turned from pale yellow to orange after the addition of NaBH,. The
mixture was stirred for 2 min and aged for 10 min at 4 °C before use.
The star growth solution was prepared by adding 0.4 ml. of 25 mM
HAuCl, solution to 3 20 mL Triton-X solution (0.15 M). This step
was followed by the addition of ascorbic acid (1.2 mM), AgNO, (100
uM), and the Au seeds (ranging from 0.06 nM) to the growth
solution. The solution was stirred for 10 min and then centrifuged at
3500g for 10 min and dispersed to a final concentration of
approximately 2 nM with Ultrapure Milli-0) water {182 M£2 cm).
Samples of the produced é-branched NSs with high-aspect-ratio legs
were then drop-cast on a holey carbon Cu grid (Figures 1 and S2).

Electron Microscopy Experiments. A Thermo Fischer Spectra
300 electron microscope operated at 300 kV equipped with a probe
spherical aberration corrector and a Quantum Detector Merlin 256 »
256 pixels direct detection camera was used for recording STEM and
4D-STEM data. Precession ED (PED) at 1 kHz with a precession
anghe of 17 was generated using a Nanomegas hardware and TopSpin
software. Data acquisition used a 2 nm-wide electron probe of 1.0
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mrad halfconvergence angle and a dose of <200 e fA? per frame; the
pixel step was | nm, and the dwell time was 1 ms. Low-resolution
study of the sample was based on a 200 kV using a Topcon 002B
TEM. More detailed description of the PED experiment can be found
in the Supporting Information.

Calculation of Virtual Images (VDFs) from 4D-STEM Maps.
The interpretation of virtual images was fundamental for this work;
thus, it was important to understand the contained spatial information
with the maximum possible precision. Different kind of images has
been calculated; (a) VADFE, where the intensity in annular areas of the
diffraction patterns (including many diffraction peaks) is added to
generated images, or (b) VDF by selection of individual diffraction
peaks to generate specific sample regions associated with a particular
diffraction spot (see Figure 1)."*"*

‘We have uwtilized anticorrelation images to wvisualize grain
distribution in the NS; they were constructed with the common
definition of anticorrelation wtilized in 4D-STEM work, which
compares a diffraction pattern Puy (x: spatial coordinate in the ED
m(app;ng) with its nearest neighbors (py, |, and p, ;) to form contrast
Clxy

Clax, y)

C Eyle i) G M+ g, () =
- .'f 2n

G, I

~_‘,+|

(n

whiere l,rslhcnumd:mlc of a pizel in the measured ED, with n total
pixels in each one. ™ The value of C(xy) is low when neighboring
pixels show similar diffractions patterns and high when pattemns
change significantly from pixel to pixel; this is a very efficent tool to
identify crpstal grain boundaries and twins (see Figure 1).

Details of 4D-STEM Diffraction Data Processing and
Simulation. The 6-branch star is quite an open panostructure, in
which the area that it occupies (a circle with a diameter of ~120 nm,
the distance from a leg tip to the appesite one) is much larger than
the effective projected area that the NS fills. Then, most pizels in the
ariginal 200 »x 200 map just contain information from the carbon
substrate {amarphous), not the NS (crystal). To reduce data volume,
we have binarized a VADF image and selected all bright pizels to
build a reduced data sel containing just the pixels {~3200) inside the
2D} projection image of the NS {a 92% reduction in data size). ML
tools were applied wsing the Hyperspy open Pidﬂ% * Intensity
profiles were derived using the Image] free mﬂ'wa.m Orientation
analysis was based on the Pyzem open software,” and PED intensity
analysis has been p:cwuuslu) developed and applied using a
hememade Python software. ™

Background Subtraction. The data block has been processed to
reduce the effect of nonspecific (substrate or inelastic) intensity. A
simple background subtraction was applied: a threshold was utilized
in the VADF image to separate crystalline (inside NS} and
amorphous (carbon substrate) regions. A background mean
diffraction paltern was utilized as a template, which was rescaled for
each piel as a PED and finally subtracted.

Clustering and ML. Clustering has been applied to our 4D-STEM
diffraction maps by utilizing algorithms available in the Hyperspy
suit,” whose efficiency has already been well established for treatment
of diffaction data™* A gamma function has been applied to
enhance the influence of low intensity peaks for ML algorithm
processing, and a threshold value was utilized to exclude peaks with
excessively low intensity. The K-means method identified 8 clusters,
which resulted in 6 chisters spatially localized in the NS leg tips, and
the other ones displayed mixed contribution of the NS core and the
leg bases. Only LEG#1, highlighted in red in Figure 1F, could be fully
clustered from the core to the tip by ML (the mean ED} pattern from
this region is shown in Figure 1G); this leg seems to be different from
the other 5 legs, being shorter (~3!D we 50 nm) and slightly wider
(1215 ws 7= 10 nm). We have also selected regions close to the NS
core (indicated as base regions, see Figure 55) to ensure the
characterization of the whole leg. The mean diffraction patterns of tip

26661

and base regions have been caleulated (see Figure | main text and
Figures S4an-d5§) and analyzred in the same way. This procedure has
drastically reduced the number of diffraction patterns that can be
interpreted to just 10 patterns in total.

For each leg, the final step of interpretation of crystal orientation
involved the manual of the geometrical of spots
arising from one of the five BCO composing the decahedral leg; this
allowed ws to perform a rough crystal indexation with the common
provedure (see Figure 56 for an example) to ensure the relability of
the crystal identification. When manual identification was rather
difficult, we have also applied NMF (from Hyperspy™) to a data
block generated by pixels in each individual region grouped by
clustering {no intensity modification procedure, as scaling and gamma
function, has been ulilized here). The NME was not able to isolate or
recognize each of the 5 crystals f the decahedral leg;
nevertheless, it was useful in a few cases (LEG#1) to render easier
the subsequent manual interpretation of diffraction spots (see Figures
LH, S6, and 57),

Crystal Orientation Determination. The use of conventional
template matching is the most steaightforward method to measure
crystal orientation; however, the oomgﬁlml?of our sample implied the
need of a mare robust approach.™ *® The polyerystalline nature of
the legs (diameter <15 nm) implied that the observed diffraction
pattern results from the contribution of several superimposed crystals
(S, each with its own zone axis); this leads to an ineffective automated
determination of crystal orientation using the standard procedures.
Therefore, an additional manual identification protocol has been
required, which can be performed by the traditional indexation of ED
patterns.

We must identify diffraction spots from one of the 5 crystal
domains forming the decahedral leg, so they can be selected by using
a series of masks (shown in Figure 59). After masking, a gamma
function is utilized to enhance the influence of diffraction peaks with
low intensities; then, spots above a threshold value are selected to
generate a binarized diffraction pattern. We have otilized the Pyzem

software™ to perform template-matching ACOM and retrieve the
[010]gce and [001]geq directions. The template library has been
simulated for a Au BCO erystal with the primitive cell dimensions
measured from the diffraction pattern and calibrated from a Si
calibration sample in the same experimental conditions (a = 0.265
nm, b = 0271 nm, ¢ = 0.358 nm, space group = Immm, #71). It is
important to notice that the indexation can be performed with high
precision due to the capacity to differentiate between the three main
ames of the cell (abe). The c-axis ([001]00) i significantly distinet
from the g-axis ([100]500) and (b-axis [010]300), and we can
differentiate the b-axis by observing the direction of the leg in the
virtual images formed by the diffraction patterns. In general, ACOM is
very reliable in less symmetrical crystals, for example, the
arthorhombic or hexagonal crystals, which simplifies the identification
of a specific direction by reducing the multiplicity of each direction.

Pattern-matching ACOM  results indicate that most leg azes
([010]5n) are confined to the xy plane, and the only major
difference in orientation is the azimuthal angle of each one. This loss
of some 31} information is probably the consequence of the
binarization of intensities, as usually applied in pattern matching
algorithms,

The diffraction spol intensity provides precise 30 information, as
observable in the intensity profiles. For example, looking at extracted
profiles from LEG#2 along the leg axis (Figure 54, left to right follows
the core to tip direction ), we can notice that diffracted beams on the
left (core) side of the transmitted beam display higher intensity than
beams on the right (tip) side. Then, the Ewald sphere construction
and the Laue circde in diffraction physics’ easily explains this
intensity difference, what unambiguously indicates a leg oriented with
its tip moving (down) along the electron beam traveling direction,
Notice that the sample coordinate system indicated in Figure 2
implies in a e-beam traveling along the = direction (downward), a
common camdmate reference system  utilized in ACOM soft-
wares.” ™ We would like to mention that LEGHI displays an
elevation angle of 207 so that it has not been possible to exploit Laue
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circle construction to determine if the leg is pointing downward or
upward (phenomenon described as 180° duality of SAED). Then, a
second diffraction map (Figure 518) taken at a different incident
angle to the NS plane has been necessary to determine
unambiguously that this beg points downward.

First, we obtain crystal orientation from pattern-matching as a
starting point, where the angular resolution is at best limited to ~1—
2° (see Figure 59); this is a common value for methods based on
cross-correlation between experimental Bgltcms and a library of
kinetically simulated ED patterns.”* %% Subsequently, a second
higher precision ACOM was applied, in which the quantitative
analysis of diffraction beam intensity is exploited (for this step, we
used raw intensities after background subtraction, without any further
intensity modification); the erystal orientation is measured through a
residual metric (Rietveld-like comparison of experimental and
simulated beam intensity, as illustrated in Figure 56) that allows
angular resolution to be improved by at least 1 order of magnitude.
We estimate that crystal orientation angles have been delermined with
a precision of ~0.1% (see Figure 510). The quality of the optimization
is assessed by the residue value,”™ our results indicate the value in
an acceptable range (20-40%),"" considering the complexity of the
NS structure and the unavoidable overlap between diffraction peaks
from different crystal domains in the legs.

Owerall, measurement of crystal orientation of the N5 legs is a
challenging case for both the peak position based and the intensity-
based methodologies. The small crystal thickness (at magimum ~10
nm) implies large excilations errors, and peaks can be excited even
with a large disorientation (<5") from ideal diffraction condition, this
is evidenced by the high symmetry of the measured PED patterns (see
Figures S8 and 59). This probably implies that template matching
cannot identify changes in odentation in this rather large angular
range. This is corroborated by our results, where template matching
provided many NS leg orientation restricted to the xy plane (0°
elevation angle), but using diffracted intensity analysis intensities, we
have revealed xy plane disorientation of the legs up to 57 (see Table
1). Furthermore, quantitative analysis of intensities must be
performed with care as many of the observed PED peaks are resulting
from the superposition of reflections from different crystals, affecting
propottions  between diffracted peaks in unpredictable ways.
Consequentially, residues are higher than expected for a single
crystalline case, and the angular resolution (~0.1") is higher than
previously reported efforts (<0.05°).2%%

NS Core Structure. Noble metal NPs can form different types of
so-called multiple-twinned particles (MTPs) including a S-fold axis;
the decahedral structure is one of them, and its orthorhombic atomic

t has been e Iy discussed to analyre leg structure
(]'igure 1D). The second type of MTPs is the icosahedron, frequently
observed in Au or Ag NP samples.'*" =" An ICO is formed by the
assembly of 20 tetrahedra sharing the tip at the center {Figure 3C).
Tao fill the space, the cubic FCC wnit cell is compressed along the
[111] direction to generate a rhombohedral unit cell (RHO, space
group = R32, #1355, « = 0.289 nm)."’ From the point symmetry, ICO
particles present 6 5-fold aves (located at corner), 10x 3-fold azes
(center of triangular faces), and 15x 2-fold axes (center of edges)."”
There are many reports of atomic resolution images of 1CO NPs
along 2- and 3-fold axes (hereafter noted as 1CO2 and 1C03
respectively), and image contrast may be rather complex, but they can
be easily understood considering some tetrahedra orented correctly
along the crystal zone axis (Figure $15). %% The diffraction pattern
originated by a system of 20 crystalline domains has revealed to be
too complex Lo be solved by our manual analysis or by trying to unmix
information by ML methodologies. Thus, we have not been able to
calculate precisely the ICO orientation directly from the diffraction
pattern as previously realized for the decahedral legs (see Table 1).
However, when an 100 is oriented along an axis at the intermediate
direction between a 2-fold and a 3-fold axis (an angular distance of
10.5° from both axes, Figure 516), the diffraction spots should display
an elongated hexagonal configuration as observed in our experiments,
in agreement with the analysis by Reyes-Gasga et al" (see more
details in the Supporting Information). Furthermore, an icosahedron

oriented as ICO32D would display some tetrahedral units (marked 1,
1" and 2, 2" in Figure 3F), which will present atomic planes almost
parallel to the electron beam and that will generate strong diffraction
spols (B and C). From that, we can determine an [CO slight outside
the intermediary orientation by looking at the projected atomic
positions of these pairs of tetrahedra (Figure 3F) Notice that in this
shightly more misoriented (T“uﬂ)ﬁuml]:u.

beams associated with 2,2 tetrahedra will show lower |nhemnty than
the ones from the 1,15 our model predicts that spot C in Figure 3F
should be weaker than spot B; this is in full agreement with

imental data (simulated diffraction patterns is shown in Figure
517).% If the incident direction is along the line connecting the 2-fold
and 3-fold axis, the intensity of spots B and C should be alike (both
crystal pairs become nearly identically oriented along the e-beam
direction, Figures 513 and 521).

Verification of Robustness and Accuracy of the Structural
Results. To analyze the reproducibility of the applied procedure, we
have acquired an additional data set by tilting the TEM sample holder
by 10° and, subsequently, performing identical data processing and
analysis. Unfortunately, the second 4D-STEM data set shows
significant effects of amorphous carbon deposition after acquisition
of data at 0°; this, the quality of recorded diffraction data was lower
(see Figure S18). Usually, this level of contamination would represent
a serious difficulty for atomic resolution imaging; however, ED) is a
much more robust methodology to reveal atomic arrangement
information. under these sample conditions. The anticorrelation
image from the data set taken at 10” (Figure 518) reveals easily that
all twins associated with the decahedral structuire of the legs have been
conserved, confirming the low-dose profile of the present study (no
radiation damage effects have been detected). More importantly, all of
the crystallographic conclusions obtained from the second experiment
(see details in the Supporting Information, Figures S18—821) fully
agreed within experimental error with the orginal study, confirming
the leg spatial distribution and the icosahedral structure of the NS
core and its estimated orientation.

Simulation of the Optical Response. The electromagnetic
extinction calculated through the discrete dipale approximation®®
qualitatively agrees with the optical characterization of the sample
(see Figures 524 and 525). Below 60N} nm, the optical responses in
both experimental and simubated extinction spectra are very similar
and are d« ted by the pl ic resp of the gold spherical
cone (~5}.'.l} nm) and interband transitions (bsd{grmnd) Two broad
resonances are observed in the experimental data at 670 and 830 am.
In the simulated spectrum, we were also able to observe two
resonances, namely, mode#l {~630 nm) and mode#2 (~750 nm).
The observed resonances are blue-shifted and considerably narrower
than the experimental observations. These discrepancies can be
attributed to different factors: (i) the real sample is composed of a
distribution of NI shapes, whereas only one structure is considered in
the simulation,” * (ii) the simulated structure must yet be improved
to reproduce a nanostructure with such a diversity of intricate
features, (jii) possible local refractive index effects due to molecular
adsorbates from the synthesis were not included, (iv) a possible
difference in composition for the legs, conlaining non-negligible Ag,
was also not considered. Nevertheless, the observation of two modes
in the simulated spectrum is an important realization and is in good
qualitative agreement with the more complex experimental spectrum,
The polarization vectors for each dipole are presented in Figure 526
and suggest that mode# 1 iz composed of dipole oscillations localized
mainly on 2 legs (LEGH2 and LEG#6) for the incident polarization,
whereas in mode#2, the contribution of four legs can be observed
(LEG#2, LEG#3, LEG#S, and LEGH#6). The results suggest a high
degree of plasmon resonance and near-field tunability by controlling
the number and aspect ratio of legs in AuAg NSs.
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Apéndice F

Material Suplementar ao Apéndice E

A seguir estd anexado o material suplementar ao artigo que descreve o trabalho descrito
no Capitulo 5 da tese. @) arquivo pode ser encontrado
em: https://pubs.acs.org/doi/10.1021/acsnano.4c05201.
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Precession electron diffraction (PED)

The interpretation of electron diffraction (ED) 1s rather complicated due to the strong electron-matter
interaction (a phenomenon described as dynamical diffraction) that leads to nonlinear effects on the diffracted
beam intensities such that the data can only be correctly modelled through slow and complex numernical
simulations (/-3).

Vicent & Midgley (4) have proposed a method of precession electron diffraction in which the ED
pattern 1s acquired while the electron beam precesses around the microscope optical axis (forming a hollow
cone, Fig. $1). This beam mampulation reduces dynamical diffraction effects, such that beam diffraction
patterns can be quantitively understood using a simpler x-ray crystallography modelling, which 1s the so-
called kinematical theory (4-8§). Scanning precession electron diffraction (SPED) 1s also widely used in
materials science for texture analysis by means of the so-called automated crystal orientation mapping
(ACOM) (5.9,10). We have obtained a higher precision measurement of crystal orientation by a quantitative
analysis of diffracted beam intensities (1], 12), which will be discussed in more detail in the crystal orientation
determination section.

The use of PED implies that events of double scattering will be significantly reduced such that, in the
case of crystal superposition, we can analvze the final diffraction pattern as the incoherent addition of each
crystal scattering (each crystal can be treated as i1solated). This has been exploited for crystal tomography and
the reconstruction of precipitates it superalloys based on PED diffraction mapping by Eggeman et al. (/3).

Determining the NS core atomic structure

The core mean diffraction pattern has been obtained by averaging all patterns from the nanostar (INS)
centre (circular region of 10 nm in radius, Fig. 3 main text and Fig. S13). This pattern shows an elongated
hexagonal distribution of spots, roughly close to a 2-fold symmetry.

The spot distribution reminds a face centred cubic crystal (FCC) crystal containing 2 non-parallel twins
(Fig. 514) as described in the transmission electron microscopy (TEM) textbook by De Graef (/9).
Nevertheless, this explanation can be easily ruled out by taking virtual dark field (VDF) unages of diffractions
spots in our experiment (Fig. 3 main text), which are quite different from the expected VDFs image contrast
for FCC twinned crystal (Fig. S14). Looking carefully at VDFs from the NS core (Fig. 3 main text), we can
recognize that most VDFs reveal crystal regions with a triangular shape at different azimuthal orientation and
alwavs showing a sharp tip at the core centre. These characteristics can only be explained by an icosahedral
structure (ICO, see geometrical schema at Fig. 3), with thombohedral (RHO) atomic arrangement.

The roughly 2-fold nature of the core mean ED) pattern (Fig. 3 and Fig. $13) suggests an icosahedral
particle observed along 2-fold axis (ICO2 observation). However the pattern also shows very clear attributes
of an ICO3 (Fig. 515): a) an angle of 60 degrees between spots marked D) and E ((110) gy, planes, Fig. 513);
and b) the occurrence of the spot marked F ((110)gg0 or (121) gz planes, or {220} planes in the undeformed
FCC lattice, Fig. 513) aligned with the same direction as spot D). The interplane distance associated with spot
F is much smaller (~1.4 A) than the ones originating 4-D spots (~2.2 A, see Fig. $13), so these planes require
a much more precise crystal ortentation to be measured (expected diffraction patterns from ICOZ2 and ICO3
are displayed i Fig. 515). The simulated VDF for spot F shows a bright contrast at the particle centre i full
agreement with the experimental VDF image expected for an icosahedral particle observed along 3-fold axis
(ICO3 observation) (Fig. 3 main text).

Unfortunately, we have not been able to calculate precisely the ICO orientation directly from the
diffraction pattern as previously realized for the decahedral legs (see Table 1). The experimental ED shows
characteristics of the 2-fold and 3-fold diffraction pattern. The intermediate direction between a 2-fold and 3-
fold axis (ICO32, noted 32 in Fig. $16) at angular distance of 10.5 degrees from both axes. To preserve a good
orientation of atomic planes originating the diffraction spot marked F, the ICO must be rotated along a
direction close to normal to these planes (see lower part of the Fig. $16) in such a way that the 2-fold nature
of the diffraction pattern 1s preserved. We have conjectured a possible observation direction to fulfil all
experimental constramns (arrowed in Fig. S16), which will be called ICO32D; letter I 1s included to describe
a deviation for the intermediate position (ICO32) between ICO2 and ICO3 orentations. It is important to note
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that an icosahedron along the ICO32D onentation yields a complete consistent explanation for all
experimental data (VDF images in Fig. 3) and predicted diffraction spots, see Fig. 513 and 517).

Taking ICO32D orientation as the reference, we can geometrically model the orientation of different
tetrahedra forming the ICO core, estimate their diffraction pattern and their spatial location through VDF
images. Some domains (marked 1,17 and 22" in Fig. 3F) will present atomic planes almost parallel to the
electron beam and should generate strong diffraction spots. Fig. 3F shows the projected atomic positions of
these tetrahedra; note that tetrahedra 1 and 17 display a family of (110) zzo planes very well oriented along the
electron beam direction generating a strong diffraction spot (disk marked B in experiment). In contrast,
domains 2 and 2" display a similar family of planes that are, however slightly misoriented (misorientation of
about 3 degrees with the electron beam), which would generate much weaker spots (disk C). The predicted
spot position, intensity and their relative angle is in excellent agreement with measurements (see Fig. 513).
Concerning the mntense spot & (not shown), 1ts VDF image does not follow a contrast pattern that can be
associated with an ICO core; we attribute its occurrence to a region of metal overgrown on the ICO seed
during the NS leg growth and it will be neglected in our analysis.

We must emphasize that we have been able to predict the spot positions, angular distance, and intensity
differences from the ICO23D model (see Fig. 3, Fig. 813 and §17). Briefly, a precise understanding of the

NS core atomic arrangement has been derived by the combination of electron diffraction and virtual images.
All major diffraction spots (A-F) from the NS core have been explained through well founded arguments.

Verification of the robustness and accuracy of the structural results

The crystallographic analysis of ED patterns may seem rather difficult, and thus it may raise questions
and doubts on the robustness of the procedures. To provide an answer to the potential questions on precision,
accuracy, and reproducibility, we have used the tilting capacity of TEM sample holders to acquire a second
set of data after rotation of 10 degrees. Subsequently, we have applied the same data analysis procedures.
Unfortunately, the quality of recorded diffraction data resulted much lower due to a significant deposiiion of
carbon contamination (see Fig. 518), which reduced the precision of derived structural parameters. It is
important to emphasize that the NS images taken at 0 and 10 degrees do not show major difference, but ED
data from legs or the NS core show major changes (Fig. 519 & $21). Fig. §18¢ displays the anticorrelation
image after 10 degrees tilt, where twins from the leg decahedral structure are clearly visible (bright lines along
legs) implying that the decahedral atomic arrangement has been conserved, and thus confirming the low dose
profile of this study.

To test the quality of our crystal orientation assessment, we have compared first and second assessment
of leg spatial position considering the applied 10 degrees rotation. We have analysed LEG#4 and LEG#6
which should show the maximum orientational changes as these two legs are located at high angle (closer to
perpendicular) from the sample holder rotation axes (approximatively along vertical direction). The [010]zco
direction has been determined for these legs: a) LEG 4 =[-0.965, -0.221.-0.143]; b) LEG 6 = [0.644, -0.7352,
0.222]. The rotation axis (dashed line in Fig. $19) has been determined by optimizing the azimuthal angle to
the axis, such that experimental measurements result from an applied rotation angle of 10 degrees. The angle
between legs (o4.) has determined by using the scalar product between the vector indicating the axis of the
decahedral structures by using the crystallographic analysis of the experimental PED patterns. The results
show full agreement within experimental errors: a) (0 degrees expeniment a4s= (1203 £ 0.1) deg; b) 10
degrees experiment a46= (1194 £ 0.4) deg. Furthermore, data quality (ex. presence of saturated diffraction
spots) has hindered the analysis of diffraction intensities, so we have perform a simpler orientation analysis
for the other legs (reduced angular precision in the few degrees range). The results are shown in Figure 520
and Table 51 and confirm unambiguously the planar leg configuration. However, the angular resolution for
legs 1. 2, 3 and 5 1s at best limited to the resolution provided by PYXEM (~ 17, which 1s optimistic considering
that sample characteristics (mainly the sample thickness, ~ 5 nm of crystallite s1ze) restrict the methods (only
peak position 1s taken into account). This 1s evidenced in LEG#1, where we have only been able to identify
only a major axis ([-2 -1 1]zcg). a deviation of 5 degree from the expected axis ([-8 -5 4]5c0) calculated from
the measured axis of the original data. Consequentially, we decide to utilize a 5 degrees value as a conservative
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estimation of the angular resolution. Although the reduced precision, it is still to corroborate the planar leg
configuration obtained with the original data (before carbon contamination occurrence).

Table S1: Spherical coordinates of the NS leg axis (versors) dertved from the intensity (Leg#d & Leg#6) and
with template-matching (1, 2, 3 & 5) have distinct angular resolution. The table follows the same conventions
than Table 1 in the main text.

Leg Azimuthal [deg] Elevation [deg]
1 96 28+5
2 66.1 9+5
3 140.6 18%5
4 192.9 82203
5 2532 NES
6 3132 128+02

Concerning the NS core, we evaluated the mean ED pattern from the central region (Fig. S21) from
the 10 degrees rotated NS. Surprisingly, the general appearance of the pattern 1s very similar to the unrotated
sample one, showing again an elongated hexagonal distribution of spots roughly close to a 2-fold symmetry,
but the mirror plane seems rotated azimuthally. This 1s due to a change of the ICO32D icosahedral to another
2-fold axis surrounding the central point of an icosahedral triangular facet (see Fig. S21b). This result 15 not
surprising because the icosahedral point group shows high density of high svmmetry axes. The mirror dividing
the hexagonal configuration of the diffraction pattern follows the plane determined by spot marked T. Spot
marked Uis associated to (101)gyp planes that should observed when an icosahedron is oriented along ICO3
axis. As spots T and [/ are aligned along the mirror plane, we must conclude that the ICO orientation is located
approximatively along the line connecting 2-fold and 3-fold axes. This is confirmed by the fact that diffraction
spots & and R show almost identical intensity (equivalent spots in the original ICO32D onientation were
marked B and C, but they showed quite different intensity). The geometrical reconstruction of an icosahedron
confirms this analysis (compare Fig. 3 and Fig. 821 & §22). Tetrahedra originating both diffraction spots
should show atomic planes along the electron incident direction and will generate intense electron diffraction
spots of similar intensities. Additionally, the measured and expected contrast of VDF generated from S and R
spots show a remarkable agreement.

Summarizing, all the crystallographic conclusions from the second expeniment fully agreed with the
original study, confirming leg spatial distribution and the icosahedral structure of the NS core and its estimated
ortentation (ICO32D).

Analvsis of 6-branched or 7-branched NSs showing 5-fold symmetrv.

The results showed unambiguously that the core of the 6-branched NS 1s an icosahedral nanoparticle;
however, previous reports indicate that the core 1s more akin to decahedral. This 1s mostly based in the fact
that the legs of many NS follow a 5-fold layout: 5 legs nucleate with a 72 degree between neighbouring legs
which are correlated to the decahedra 5 twin positions. An alternative explanation can be derived from the
present work that demonstirated unambiguously an icosahedral particle as the NS core. An ICO particle
observed along a 3-fold axis presents 10 tetrahedra with an edge parallel to the 5-fold axis. These 10 tetrahedra
can be grouped and described as two stacked decahedra; the two decahedra are rotated by 36 degrees (2w10)
in relation to one the other (Fig. 3C and Fig. 523). Thus, assuming that the legs 1n a 5-fold lavout are, all the
five, located on the vertices of one of these decahedra, the additional leg at bisecting angles (36 degrees) must
grow in a different plane and from apexes located on the second decahedron. Fig. 523 shows a TEM 1mage of
a particle (arrowed 1 Fig. 1A) displaving 5 legs azimuthally distributed close to 5-fold symmetry and a 6th
leg (located close to the central angle between two legs defining the 5-fold symmetry). This leg configuration
represents also a lavout expected for an icosahedral NS core (see Fig. 523).
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Absorption measurement and simulation

Absorption spectra were collected on a Thermo Scientific Evolution 300 UV-Visible spectrophotometer
using a quartz cuvette with a 1 cm path. Simulated extinction spectrum for the measured nanostar 3D
morphology has been calculated using DDA approach (13).
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Figure S1. Scheme showing operational principles of 4D-STEM diffraction mapping (top) and comparison

between fixed beam nano- or microdiffraction with precession electron diffraction (bottom).



143

Figure S2. a-c) TEM micrographs showing a general view of 6-branched noble metal nanostar showing high
aspect-ratio legs.
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Figure S3. The atomic arrangement of decahedral particles may be described as the assembly of five
tetrahedra along a comtmon 5-fold axis. Face centered cubic (FCC) structure 1s the bulk atomic arrangement
for noble metals. but filling space requirement induce an expansion of the DC distance to reach 72 degrees
between triangles ABD and ABC. This expansion generates a body centered orthorhombic unit cell as

described by Yang (16). The bottom part of the figures shows the geometrical relation between the FCC and
BCO unit ells.
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Figure S4a (continues next page). Top: Grouped pixels showing similar diffraction patterns clustered by the
ML tool K-means (/7) superimposed on the NS VDF. Below, we show, on the left side, the mean diffraction
pattern calculated from region on LEG#1-6 respectively (arrows indicates leg axis on patterns and also the
core to leg tip direction). On the right, we show the diffracted intensity profiles extracted along the arrows
(left-to-right indicates core-tip direction). Scale bars are 10 1/nm.
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Figure S4b. Second page of Figure S4.
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Figure S5. Mean diffraction patterns and diffracted intensity profiles (extracted along the arrows, left

indicates core-tip direction). From manually selected pixel regions (leg bases) close to the NS core centre from
-6. Scale bars are 10 1/nm.

on LEG#3
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Rough Crystal Orientation Estimation (Manual)
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Figure S6. Top: Schematic representation of the manual identification of zone axis from a PED pattern.
Bottom: procedure adopted to make a fine measurement of crystal orientation in relation to the incident

electron beam, using the intensities from the diffraction spots obtained from the geometrical pattern identified
by visual observation (top).




Figure S7. a) Mean diffraction pattern of LEG#1, where it is not possible to observe the peaks related to the
decahedral axis [010]5.,. Non-negative matrix factorization (NMF) has been applied to the data block formed
by the LEG #1 diffraction patterns; only two components have been utilized to ensure the convergence of the
method. b - c) The resulting ED patterns are very different, as well as their spatial arrangement. Notice a
regular spot distribution is clearly easily recognized in component NMF#1(see details in Fig. S8).
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Figure S8. Analysis of ED pattern obtained as component NMF#1. ab) A rectangular spot distribution is
manually identified in this diffraction pattern. which can be indexed and a [311] 5., orientation along electron
beam. ¢) Schematic drawing showing the identified direction in a BCO crystal; this figure also points out the
expected direction of the decahedral leg ([010]gc0). d) Deduced orientation of the leg crystal showing that
the decahedral leg should point down at an elevation angle of ~17.3 degrees with the plane perpendicular to
the electron beam direction. The arrow in (a) indicates a very intense diffraction spot that cannot be explained
bv a decahedral leg rotation of the identified BCO crystal around the leg axis to reproduce all decahedral
sections of the leg. Therefore, this leg seems to be defective with a ervstal in registry with the decahedral leg
crystals; maybe the growth of this additional cryvstal may explain why this leg 1s slightly shorter than the other
NS spikes.
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Figure S9. a) Manual identification of one of the zone axes contributing to LEG#1 after partial demixing
using NMF tool. The grid represents the expected position of the peaks for a determined zone axis. b) Manual
selection of the peaks for the formation of the mask in ¢). d) Resulting template-matching identification using

Pyxem software (/7), the crosses represent the position of the peaks for the template that best matches our
data.
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Figure S10. a) Sensitivity of the residue in relation to the elevation angle; the lines show the 1% change in
residue in relation the minima. b) Comparison of the measures PED beams (circles) to the optimized values

(squares).
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Figure S11. Analysis of diffraction patterns from individual pixels extracted along a line perpendicular to the
tip of Leg#2 (see inset at the left of the figure). Top: individual diffraction patterns, note the clear changes of
spots distribution from left to nght; dashed lines i DP2, DP5 and DP9 provide a guide to identify the
alignment direction of high intensity spots. Center: profiles of VADF and anti-correlation image intensity
across Leg#? at the same position than the DPs. Bottom: the orientation of this leg was measured from the
region colored vellow at the lower left sector of the pentagonal schema (identified zone axis [-21, 2, -20]zc0).
If we rotate this crystal by 144 degrees clockwise (two 72 degrees rotation), the new zone axis 1s [1.2.24]5c0;
further 72 degrees rotation leaves the crystal at the [32.2.7]5co zone axis. The bottom of the figure show
electron diffraction patterns simnulated using kinematical theory (ReciPro software (18)), and along low index
zone axes close to the experimentally derived ones ([-1.0, -1]zco, [0,0.1]zco and [4.0,1]acc). Their angular
deviation from the directions identified from experiments at the top of the figure 1s indicated. The solid yvellow
line in simulated pattern indicates the [0,1,0,]5co direction, which should be the decahedral structure axis, and
dashed white lines indicate the line of hugh intensity spots in agreement with experimental measurements from
individual pixels DPs. These simulations help to understand diffraction spots from the individual pixels, for
example, the rectangular (square) geometrical distribution of spots in the simulated [-1.0, -1]zco ([0.0.1]5c0)
patterns 1is clearly observed in DP3 (DP3). Finally, high intensity spots in DP7-DP9 are aligned close to a
vertical line whose angle with the [020]zco direction 1s ~35 degrees, as can be measured from the simulated
patter along [4,0,1]500 pattern. The very good agreement between experimental data and simulations provides
a solid basis for the interpretation of the legs as decahedral wires.
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Figure S12. Comparison between the individual pixel diffraction pattern marked DP4 in (a) and the average
diffraction pattern generated by ML tools in (K-Means for the tip of leg#2). The interpretation of this kind of
patterns is rather complex because it 1s generated from the superposition of 5 different crystals from the
decahedral leg. Dashed white lines indicate the direction of high intensity spots in (DP2, DP5 and DP9); the
rectangular square distribution of spots as well as their orientation can be easily correlated with simulation in

Fig. S11
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Mean DP
(261 pixels)
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Clustering
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Figure 513_ A schematic draw of the mean diffraction pattern from NS central region derived from diffraction
spots from the mean diffraction pattern from the core (4D-STEM pixels at a radial distance = 10 nm).
Measured values of angles between diffraction peaks and the correspondent real space distances are shown.
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Figure S14_ A schematic illustration showing the expected SAED pattern generated from face-centred-cubic
(FCC) lattice oriented along [110] axis including three crystals (1-3) connected by two mirror twins (TW1
and TW2). A simple analysis of the diffraction pattern allows the identification of twin positions and the
correlation between crystal number (bottom part of the figure) and diffracted spot (see Figures 9.3 and 9.4
from pages 524 and 525 from book by Graef (19)). For example, a VDF generated by spot A should show
crystal #2 and #3, while a VDF from spot C must only show crystal #3. Then, we can use a series of VDF
images displayed in Fig. 3 exclude the twinned FCC crystal occurrence.
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Side view

Figure S15. Schematic drawing of the structural aspects associated to ICO particles oriented along 2-fold and
3-fold axes including projection images (top- and side-views) and diffraction patterns. a) Along the 2-fold
axis, the ICO ED appears to be a twinned crystal, because groups 2 tetrahedra at each side of the ICO are
oriented on zone axis. Along the 3-fold axis (shown in (b)), the diffraction pattern shows an apparent 6-fold
symmetry where two different families of spots (or arising from different crystal) are perfectly aligned to each
other. The inner ED spots are associated to 6 twins that become parallel to the electron beam; the larger circle
of diffraction spots (or shorter real space distances) is associated to two tetrahedra located at the centre of the
ICO image whose (111)rro facets are perpendicular to the incident direction.
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Figure 816 A schematic drawing indicating high symmetry axes of the icosahedra by observing a regular
triangular facet. Axes with 5-fold symmetry are located at facet corners, 3-fold axes at the triangle centre, and
2-fold axes are located at the centre of edges. Just by rotating the particle around the vector noted Axis#1, we
can move between the three types of axes. The intermediate direction between a 2-fold and 3-fold axis (noted
32, 10.5 degrees from both axes). To preserve a good orientation of planes generating the diffraction spot
marked F, the ICO must be rotated along their normal (or the reciprocal vector [101]zrp. see lower part of the
figure). This axis 1s located at 60 degrees from Axis#1, and a rotation around this axis will strongly diminish
the influence of the 2-fold axis in the final ICO diffraction pattern, in contrast with experiments. We have
explored the crystallographic characteristic of an ICO particle rotated around an axis (Axis#2) at an
wtermediate position between Axis#1 and [101]zmo. This orentation (arrowed in the drawing) will be called
ICO32D, to note a deviation for the intermediate position between [CO2 and ICO3.
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Figure S17. a) The expected orientation of the core in between the ICO23D direction which implies that the
tetrahedron marked #1 1s oriented along the [21 24 1 ]Jrro direction in real space ([3 4 -3]rro 1n reciprocal
space. Simultanecusly, tetrahedron #2 1s oriented along the [3 14 11]ryo direction 1n real space ([-5 10 6]zzo
in reciprocal space). Kinematical simulation of the thombohedral lattice oriented along [3 4 -3]zr0 and [-5 10
6]rHo zone axis obtained with ReciPro software (/&) Notice that peaks along the [101]ggg directions are
dominant in both zone axis, with an angle of ~75% with the y direction (defined as the normal to twin plane
perfectly oriented when ICO is oriented along ICO32 direction). The intensities of the [3 4 -3zmo are higher
than the ones for the [-5 10 6]ryo, as predicted for the model orientation (see Fig. 516) and in agreement with
the experiment (see Figure 3 and S13).
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Figure S18. VADF of the nanostar: a) 0 degrees and b) 10 degrees dataset. Notice that the image in (b) shows
an increased background intensity due to a-C contamination. c) Anti-correlation image of the nanostar from
the 10 degrees data set, where the polycrystalline nature of the legs is clearly evident (bright lines along legs
indicate twin positions). implying that the decahedral atomic arrangement of the thin high-aspect ratio legs
has been preserved after data acquisition.
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Figure S19: Legs 4 (upper) and 6 (lower) after a sample rotation of +10 degrees using the TEM goniometer
(nominal value). The +10 degrees dataset has been analysed with the same procedure previously described. A
clustering procedure has been capable of differentiating and isolating each leg (the left image shows the
clustered regions for legs 4 and 6). The mean diffraction patterns of each leg changes significatively after

rotation.
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Figure 520: Nanostar 3D reconstruction for the tilted data (10 degrees). Legs#4 and 6 orientations have been
measured with the PED intensity analysis, Legs#2, #3_ #5 have utilized only the template-matching analysis
and leg 1 has vtilized only manual indexation. The angular resolution of Legs#1, 2, 3, 5 1s signuficantly affected
in relation to Leg# 4 & 6, but the legs are still restricted to a tilted plane, as expected for a planar leg
distribution.

162



plane

10°

Sample Holder Axis

plane

Figure S21. a) Measured PED pattern for the core of the NS for the 10 degrees dataset. b) Orientation of the
NS core in relation to the ICO symmetry sites for the 0 degrees (left) and 10 degrees (right) datasets. The
circle represents the estimated orientation (arrowed), ellipses the 2-fold symmetry sites, triangles the 3-fold

sites and pentagon the 5-fold sites.
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Figure S22. A) deduced orientation of the NS icosahedral core after the +10 degrees rotation; in this
configuration two pairs of tetrahedra show atomic planes oriented along the electron beam direction. These
planes should generate diffraction spots (S and R) of identical intensity, in full agreement with experimental

data. b) Comparison of experimental and expected VDF images for diffracted beam S and R, that again show

an excellent agreement.

164



Figure S23. Image of a NS showing an ensemble of legs displaying a 5-fold symmetry distribution (marked
with red disks). A 6® leg (marked with a yellow disk) is located close to the bisecting angle between legs (left
lower region); this 6% leg must be growing from an icosahedral apex located along the second stacked
decahedron of the icosahedral NS core (see schematic drawing included at the top).
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Figure S824. a) UV-V1s-NIR spectra of the 6-legs noble metal NS sample. The resulting UV-Vis-NIR spectra
18 characterized by prominent LSPR modes at 670 nm and 830 nm in this wavelength range.
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Figure S25. Top: DDA simulated extinction spectra for the measured nanostar 3D morphology. Bottom DDA
simulated nanoparticle shape presented by three orientations, axis representation and leg numbering as used
in Figure 1.
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Figure S26. Polarization vectors representation in terms of the real part of the electric field at the dipole
positions for mode#1 (A) and mode#2 (B). Colors represent the electric field enhancement.
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ABSTRACT: Nanostructured materials and nanoparticles (NPs)
probably represent the most promising system to develop
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9
technological applications and devices. The atomic arrangement o

of nanosystems can be quite different from the corresponding bulk ol(; 3

material; the access to reliable and quantitative structural ) _g:

characterization tools for this size regime is still an open issue.

Transmission electron microscopy (TEM) results are many times T

qualitative and hardly fulfill the requirement for quantitative or

statistics. This is particularly critical for many nanocatalysts - ) )

displaying polycrystalline agglomerated NPs with significant size
dispersion. Herein, we report a method for structural refinement
and quantitative analysis of nanomaterial atomic arrangement
based on an electron pair distribution function (ePDF) derived
from precession electron diffraction (PED) patterns. We have shown that a high-quality and reliable structural refinement, whose
residue values (~15%) are similar to synchrotron-based nanosystem studies, can be obtained from catalyst complex nanostructure
samples using a low-profile LaBg-gun TEM. The mass of the sample used in our experiment is extremely small, below the picogram
range, and the measurements required a total electron dose of ~10 e™/A?; this indicates that the ePDF displays a huge potentiality to
analyze quantitatively beam-sensitive materials. Although a complex sample and sophisticated simulation, including size dispersion,
the number of free fitting parameters was kept to a rather low value (only 3), guaranteeing that the low-residue values are realistic,
accurate, and not an effect of overfitting. Our results show that a PED-based ePDF may provide a wealth of quantitative structural
information for complex nanostructured materials as used in technological applications as supported catalysts. We anticipate that a
PED-based PDF will become a reliable approach to analyze quantitatively the statistical properties of complex nanostructured
samples, which are rather difficult to identify by 2D projection atomic resolution TEM images.

KEYWORDS: pair distribution function (PDF), nanoparticles, structural refinement, transmission electron microscopy (TEM),
precession electron diffraction (PED), statistics, quantitative characterization

I. INTRODUCTION

Nanoparticles (NPs) are used to increase the performance of
devices and industrial processes in many different areas, for
example, as catalysts, optical and electronic sensors, biomedical
materials, and so forth.'™*

In particular, nanostructured heterogeneous catalysts
enhance the efficiency of many industrial processes and
lower the quantity of necessary expensive metals in them.
Desired properties for catalysis can be achieved by
manipulating NP structural properties such as size, crystallinity,
and shape. Additional control can be obtained by alloying and/
or controlling the elemental distribution inside NPs (solid
solution, concentration gradients, and segregated structures
such as Janus-type or core—shell particles).1

Precise control of NPs chemical and structural properties is
usually achieved with wet-chemical synthesis, a high-
throughput and affordable method, but which may demand

@ 2021 American Chemical Society

W ACS Publications 12541

complex multistep procedures.’ Also, physical synthesis using
gas-phase condensation may be applied, which is certainly very
appealing for catalysis as the particles are not accompanied by
subproducts such as surfactants and reagents.“ Furthermore,
NPs and surface/substrate interaction can be utilized to
enhance catalytic eﬁicienqr.("7

The development of optimized nanomaterial synthesis
demands precise characterization approaches to understand
differences between nanostructures and their macroscopic
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counterparts. The atomic arrangement inside NPs may be
quite different from the bulk one because surface energy
becomes an important factor in the total energy balance.” For
example, multiple-twinned particles (MTPs) are frequently
observed in noble metals such as Au and Ag; these particles are
formed by the assembly of many tetrahedra, which may form
decah)edral (Dh) and icosahedral (Ih) NPs, displaying fivefold
axes.’

Bulk crystals display a long-range atomic order; then, X-ray
diffraction (XRD) analysis has for a long time fulfilled many of
the requirements of precision, simplicity, and convenience. "
However, crystalline nanomaterials are in between amorphous
systems (only short-range order) and bulk crystals (long-range
order). Nanocrystal diffraction patterns are prone to
information loss due to peak broadening, low signal, high
background, and thermal movement of the atoms.'! This leads,
as postulated by Billinge and Levin, to the so-called
“nanostructure problem™ a lack of sufficient constrains
(diffraction peaks) to the required free variables (atomic
positions).”” The implementation of structural refinement
methods allowing a quantitative comparison of nanostructure
crystal arrangement with different models is a yet unsolved
issue. This issue is even more challenging for catalysts
displaying a complex spatial arrangement of tiny metal NPs
randomly distributed on larger support materials (alumina,
glassy carbon, titanium oxide, efc.)

A notable improvement to the “nanostructure problem” has
been achieved by applying optimization and refinement to real-
space pair distribution function (PDF), a function that
describes the probability of finding a pair of atoms separated
by the distance r.'*'* PDF measurements are frequently
derived from synchrotron-based X-ray powder diffraction
(XRPD) patterns or neutron diffraction.”” The quantitative
comparison with the simulated PDF from a structural model
can be applied to evaluate the residual square difference used
as the metric for optimization.'*'®

From another point of view, transmission electron
microscopy (TEM) is certainly one of the most utilized
techniques to characterize NPs due to its intrinsic higher
spatial resolution, providing information of particle morphol-
ogy, atomic arrangement, and elemental distribution with
angstrom resolution (see example in Figure 1)."” One of the
main sensitive aspects of TEM work is that conclusions are
frequently derived from few pinpointed examples in the
sample; then, it must not be considered with solid statistical
validity from the point of view of a general sample evaluation.
Most electron-based studies of nanosystems exploit the much
stronger electron-matter cross section allowing the analysis of
small volumes of matter. Then, the use of electron diffraction
(ED) represents an appealing case to derive an electron-based
PDF (ePDF) of tiny NP samples. In many regards, the ePDF
may be considered an accessible technique due to the high
number of TEM in research laboratories and also the
availe}}g)i]igy of several open-source data treatment pack-
ages.

ED physics is significantly different from the XRD one; while
kinematical diffraction (or single scattering assumption) can be
straightforwardly applied to XRD, multiple scattering events
occur in ED even in weakly scattering material or small metal
NPs.”**" When multiple scattering is important, the so-called
“dynamical regime” arises and a small variation in crystal size
or orientation may cause dramatic changes in diffraction peak
positions and intensity. Theoretical methods to simulate

B Measured
s Volume Weighted

6 8 10 12 14 16 18
Diameter [nm]

10 1/nm

Figure 1. TEM characterization of metal alloy AuAg nanoparticles
generated in a gas-aggregation source. (a) Low-magnification TEM
image showing NP distribution on the substrate. (b) Size distribution
weighted by diameter or volume. (c) HRTEM of a nanoparticle
displaying a complex polycrystalline atomic arrangement. (d) Typical
SAED ring-pattern acquired using a precessing incident beam, which
will be used for PDF calculation.

dynamical diffraction are complex and time—consumin;ﬂ,
which inhibit their practical use in ED structure refinement.”

Electron microscopy methods have shown impressive
progress during the 21st century; among them, precession
electron diffraction (PED) has become an essential tool for
electron crystallography by recovering somehow a simpler
relation between experimental ED intensity and kinematical
diffraction theory.”®"” PED diffraction can be described as a
“quasi-kinematical” regime, which is neither kinematical nor
dynamical, but preserves several characteristics of the former.**
This technique can be simplified as a two-step electron beam
manipulation: (i) the electron beam is tilted around the
microscope optical axis to form a hollow cone before
interacting with the sample; (i) after passing through the
sample, the beam is tilted back to the optical axis, to form a
static diffraction pattern. PED methods have become popular
in the materials science community as a scanning diffraction
approach to map phases and crystal orientation in polycrystal-
line samples.27 However, the traditional parallel beam selected
area ED (SAED) measurements have gained huge interest
when acquired using a wide precessing parallel beam.
Deviations from kinematical intensities are small enough that
structural refinement procedures have been viable from PED—
SAED data,"*** which has had a huge impact on crystallo-
graphic solution of structures.”’

Recently, Hoque et al.*' have shown the high potential of
associating PED and ePDF for the quantitative characterization
of Au NPs synthesized by the wet-chemical method, where the
sample is very close to ideal ones, showing narrow size
distribution and non-agglomerated particles on the substrate.
This study involved data analysis procedures adapted from
XRPD, which do not account for several factors exclusive to
ED. Actual nanostructured materials utilized in many
technological processes, as an example in catalysis, may be

https://doi.org/10.1021/acsanm.1c02978
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Scheme 1. Illustration of How Structural Information of Complex Nanoparticle Samples (Showing Size Distribution and
Apparent Agglomeration) Can Be Derived From PED-Based ePDF Analysis”
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“First, a PED pattern acquired using a low-profile TEM is processed to obtain the sample electron powder diffraction pattern [and the normalized
version $(Q)]. Then, a Fourier transform is utilized to obtain real-space information through the ePDF. A structural refinement analysis is
performed by minimizing a residual factor, providing quantitative structural information of the NP atomic arrangement, crystallite size, and the

particle size distribution.

very complex, showing agglomeration, substrate-induced
structural deformation, size dispersion, and so forth. #3736
These characteristics frequently hinder the straightforward
application of traditional TEM imaging techniques, which
require well-oriented crystals without superposition. These
issues are independent of synthesis type (chemical or physical)
as catalyst preparations are complex multistep procedures such
that NPs can be synthesized to form ideal samples for TEM
characterization, but the catalyst itself (usually NPs plus
substrate) will be much more complex."*>** Furthermore, the
design of the catalyst must also account for degradation during
the reaction due to the increase in NP size dispersity and
agglomeration; this demands sample comparison pre- and
post-catalytic reaction, in which the NP sample may have
evolved into a much more complex nanostructure.”*>® In this
work, we will address the quantitative structural character-
ization of complex few-nanometer-wide polycrystalline metal
NPs generated by a gas cluster source and deposited on a
substrate. This sample mimics reasonably well the rather
complex nature of the as-prepared- or post-reaction-supported
heterogeneous catalysts, which are frequently extremely
challenging to be analyzed in depth using traditional imaging
approaches. This kind of sample shows agglomeration and
apparent coalescence such that the traditional atomic
resolution images cannot render precise structural information
(Figure 1), and sample mass is insufficient to measure a high-
quality XRPD pattern. Our results show that ePDF structural
refinement based on PED and kinematical simulations may
allow a structural assessment of very high quality, where
residue values are equivalent to ones reported from
synchrotron PDF measurements (see Scheme 1 for an
illustration of the analysis process). In addition, ED data
may be acquired with very small electron dose minimizing
electron-beam-induced sample modification.

Il. PDF CALCULATION

The calculation of a PDF curve requires as initial input a
powder diffraction pattern I,,,(Q) (where Q = 47 sin 0/ is the
magnitude of the scattering vector, ) is the scattering angle,
and 4 is the wavelength of the incident wave). Subsequently, a
proper background subtraction is used to obtain the coherent
diffraction contribution I(Q)."*"'® The total structure scattering
function, $(Q) (eq 1), can be derived normalizing I(Q) by the

scattering power of the sample

1Q) — ¢(Q)’
Q) (6]
where (f(Q)) is the atomic scatterinlg factor (f(Q)) of the

material weighted by its composition. "

The reduced PDF, G(r), can be directly derived from $(Q)
through a Fourier transform (eq 2) between the minimal
(Quun) and maximum (Q,,,,,) measured values of Q (examples
of $(Q) and G(r) curves are shown in Figure 2).

Qe
G =2
¥4

S(Q) =1+

Q[s(Q) — 1lsin(Qr)dQ
Qo (2)

The G(r) function contains most of the available structural
information in a PDF (excluding the coordination number)
and it is the most commonly used real-space PDF derived from
the diffraction data [for simplicity, hereafter, we will note the
G(r) function as PDF]. The G(r) curve contains structural
information in several length scales for NP samples (see Figure
2b): (a) local order, usually associated with the primitive cell
(commonly <10 A); (b) domain size; and (c) average particle
size (or diameter).'

The evaluation of I(Q) requires a background subtraction
step for the measured diffraction intensity, I,,(Q), (I(Q) =
I..(Q) — B(Q)), where B(Q) represents contributions from
the sample substrate or matrix, instrumentation, and

https://doi.org/10.1021/acsanm.1c02978
ACS Appl. Nano Mater. 2021, 4, 12541-12551
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Figure 2. a) Total structure scattering function [S(Q)] obtained by a
proper normalization of a powder PED—SAED pattern. The dashed
line shows the asymptotic behavior of $(Q) toward 1. (b) Real-space
PDF curve G(r) generated by Fourier transformation. Note that this
latter curve allows a direct access to short-, medium-, and long-range
order regions.

incoherent scattering (see Figure $2)."*'® The background
subtraction is far more complex than needed for a Rietveld
analysis because it must fulfill the constrains of diffraction
physics in order to calculate a PDF curve.”” First, the total
integrated scattered signal of I(Q) must agree with the
integrated scattering power from the material f3(Q)."**
Second, the asymptotic behavior at high Q should be
incoherent such that high Q scattered intensity must fulfil
I(Q}/fl(Q) - 1.10,18,.18

These constrains represent concrete bounds for any type of
scattering radiation, but we must consider that the physics of
neutrons, X-ray, and electron scattering are very different,
which implies different challenges for background subtraction.
In XRD, background subtraction is usually performed in steps;
first, the scattering due to substrate/instrumentation is
measured and removed from the sample diffraction signal.
Subsequently, the incoherent scattering signal, described as a
slowly variating function, can be subtracted to obtain
I(Q)."****° The first step is usually the main concern,
requiring a precise scaling of the substrate scattering in
relation to the sample one. As discussed by Banerjee,’’ the
result of this subtraction is highly dependent on a time-
consuming manual user intervention, where decision is taken
qualitatively on the basis of expected outcomes. The author
emphasizes that it is critical to develop automated background
subtraction because this represents an important hurdle in
PDF studies of weakly scattering materials.

In ED measurements, the main contribution to the
background is related with incoherent scattering; consequen-
tially, signal extraction procedures differ significantly from X-
ray studies.”' Several softwares are available for ePDF
derivation from ED, and although numerical procedures may
be different, most of them include slowly variating function to
model the diffraction pattern background (or not displaying
structured scattering profile from a substrate), which is
optimized to ensure fulfillment of the physical scattering
constrains mentioned above."*™** A simultaneous subtraction
of both contributions (incoherent and substrate/matrix) is
rather complex as their strong scattering intensity superposes

in low Q (there is no common equivalents in XRPD).'"**

Overall, ED background subtraction suffers similar automa-
tization problems than X-ray and how to minimize such
adverse effects still is an open question. In this work, we have
tackled this problem and we suggest an algorithm to perform a
more user-independent background removal considering an
experimental substrate scattering contribution.

Ill. MATERIALS AND METHODS

lll. NP Synthesis. Metal NPs have been produced in a
homemade gas aggregation cluster source.”” A cylindrical magnetron
is used to sputter atoms from a metal wire target, which are carried by
a flux of Ar gas and subsequently cooled by adiabatic expansion. In
particular, this source has been specially designed to generate metal
alloy NPs aiming technological studies involving catalysts and
magnetic systems. The cluster size can be controlled with the aid of
ion optics and it can be measured in situ by time-of-flight mass
spectroscopy. Clusters from the molecular beam are directly deposited
on the electron microscopy grid (a-C: amorphous carbon film on a
lacey carbon support, nominal thickness 30 A, TED Pella) with low
kinetic energy (<0.5 eV/atom), in the so-called “soft-landing”
regime.”**** The sample analyzed here was composed of binary
AuAg,_. alloy NPs (x ~ 0.7) in order to look for the possible
formation of a core—shell structure (chemical gradienl:).'IS This
chemical ordering was not detected during our work, may be it is a
minor effect or it is below the sensitivity of our measurement; for
future modeling, we will only consider a random chemical order due
to the high miscibility of these chemical elements.

lILII. Electron Microscopy. We have used an FEI TECNAI G2
STwin LaB6-gun TEM operated at 200 keV coupled with ASTAR
(Nanomegas) beam precession (Lab. de Caract. Estr.-LCE, Dept.
Materiais, UFSCar, Sio Carlos, Brazil). ED patterns were acquired
using a Gatan Orius CCD detector (14 bits, 2048 X 2048 pixels).
HRTEM images were taken using a JEM 2100F FEG operated at 200
keV (Brazilian Nat. Nanotech. Lab.- LNNANO, Campinas, Brazil). A
very careful alignment of the beam precession is essential to derive a
high-quality PDF (see the Supporting Information for details). The
ED measurements have been performed in a selected area region of
about 0.5 gm in diameter, containing approximately 2000 NPs. The a-
C film scattering pattern from the sample substrate was measured
using a pristine a-C grid.

lILII. Data Analysis Procedure. The calculation of the PDF
curve from ED ring patterns requires additional steps associated with
diffraction generation and measurement in TEM. First, it is necessary
to correct optical system aberrations (mostly twofold astigmatism, see
Figure $1).%~* ‘Second, background subtraction must account
precisely for the contribution from the substrate supporting the
sample (Figures S2). In particular, the optimization of background
subtraction used in this work has been a key step to attain lower
residues during the PDF analysis, so it will be described briefly. The
incoherent background in ED patterns represents a much higher
portion of the measured total intensity than in XRD,"' and this
scattering may be modeled by a smooth function. High caution is
required for analyzing few-nanometer-wide particles whose diameter
is similar to the support/matrix thickness (e‘g., amorphous carbon
50—100 A thick) as it generates a substantial signal contributing to
the ED background.w

Usually, the support or matrix scattering contribution is first
subtracted tentatively, and second, the constrains that PDF require
are applied to $(Q)."* 72" In contrast, we have decided to
incorporate the two steps in a single iterative optimization procedure
yielding the coherent scattering intensity which fulfils the constrains
of diffraction physics (see the Supporting Information for more details
and a pseudo-code describing our algorithm). The background model
considers simultaneously both a-C experimental profile and a smooth
function decreasing with Q, as described in eq 3

b. b b
B(Q) = a, B (Q) + b + az + aaz + é: (3)
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where b, (i = 1, 2, 3, 4) are the parameters of the incoherent scattering
model, B, ¢(Q) is an experimental a-C diffraction pattern (see Figure
83a) and a,.c is its scale factor. The final background shows a strong
Q dependence, which may generate clear differences in diffraction
peak height and position (see Supporting Information and Figure S3).

lILIV. Calculating the Residue and Simulations from Model
Structures. The structural refinement follows a regular procedure,
requiring the quantitative comparison of the measured PDF, G,(r),
with the simulated one from a structural model, G, (r). A residual

square difference R (eq 4) is used as the metric for cn[:Jtimization.l""H

RZ — Z (Grne_s - Gsim)z
¥ Gul’ (4)

To build a reliable ePDF structural refinement, generating
reproducible and reliable residues, the simulations of ePDF curves
must be efficient and precise. A simple approach to estimate NP PDF
functions is to derive G(r) using a bulk crystal curve (based on the
known unit cell) which is attenuated by the real space form factor of
the NPs.*>*! Our simulations have been based on the kinematical
Debye scattering equation (DSE), which allows the calculation of
powder diffraction patterns (yielding peak height, width, and
position) without any assumption of the atomic position structural
order (as the existence of a unit cell),** which may be very useful in
future studies aiming at potential structure deformation.

We have developed software in Python language, which performs
all the ED processing steps and structural refinement based on the
ePDF curve (a schematic workflow algorithm of all processing steps is
presented in Figure S4). The numerical Fourier transform of I(Q),
used to calculate G(r), and structural refinement procedure (DSE
simulation and residue optimization) are similar to those found in
common diffraction analysis ]:lrograms.s‘x_Sﬁ It is essential to
emphasize that we have aimed to perform structural refinement
involving the minimal number of free parameters: spherical NP
diameter and isotropic Debye—Waller factor (M = 87Uy, where U,
is the mean quadratic displacement of the atoms).'” This is important
to ensure physically realistic and accurate models, and reliable
residues, because the plethora of parameters usually utilized in PDF
analysis can provide models that are resulting from overfit of G(r)
features.

The range of interatomic distances considered for residue
evaluations starts just before the first G(r) peak (associated to the
nearest neighbor). The upper limit, r,,,, was set at the value where
noise starts to dominate the PDF curve (information limit); our
analysis yielded r,,, &~ 40 A for our ED setup experiment. We have
performed different tests on suitable models and we have observed
that our PDF measurements do not allow us to reliably determine
small changes in shape; this agrees with previous reports that PDFs
lack sensitivity to reveal the presence of facets or small changes in
shape, both in electron-based and X-ray-based PDFs.'*** Con-
sequentially, we have only considered spherical-shaped particles
displaying a random chemical order (expected due to the high
miscibility of these chemical elements). On the basis of these simpler
models, we have been able to perform a very efficient comparison of
particles with distinct crystallographic features (domain structure and
organization, e.g, monocrystalline, twinned, efc.).

IV. RESULTS

The low-magnification TEM image of the NP sample shows
that there are many cluster agglomerates (Figure 1a); in fact,
our experiments required a high density of particles to
guarantee a good signal-to-noise ratio for the ED measure-
ments using the available detector (CCD). The measured NP
mean diameter is =60 A, but as a diffraction signal is
proportional to the number of atoms, it is better to look at the
NP distribution weighted by volume (Figure 1b). More
importantly, this complex arrangement of apparently coalesced
NPs is a good imitation of a situation found in catalysts or
plasmonic devices; this kind of nanosystem seems rather

challenging concerning the assessment of crystallographic and
detailed structural information. In fact, atomic resolution
images indicate complex polycrystalline particles (Figure 1c)
such that it is not possible to derive any additional quantitative
information of the atomic arrangement from this kind of
micrographs.

As the sample contains multidomain particles (Figure 1c),
twinned and MTPs represent a reasonable trial model.
Therefore, Dh, Th, twinned face-centered cubic (fcc) (ST,
twin at an NP center), and monocrystalline fcc structures will
be the basis of our structural analysis (examples of powder ED
pattern and PDF for these particles are shown in Figure $5).
Table 1 summarizes the structural refinement results, and the

Table 1. Optimization Results for SAED/PED
Measurements”

parameter fee ST Dh Th
R (%) 31/27 30/26 23/20 64/58
@ (A) 21/18 27/24 32/28 24/24
U, (A¥)  0.033/0.027  0.033/0.029  0.031/0.030  0.049/0.043

“The a-C substrate contribution has been considered during
background subtraction for all displayed results (@ optimized NP
diameter).
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Figure 3. Comparison between measured (continuous line) and
optimized ePDF (dashed line) for the four different model
nanostructures: (a) fcc, (b) single twinned, (c) Dh, and (d) Ih.

comparison of optimized curves is shown in Figure 3. Dh NPs
(=30 A in diameter) generate the smallest residue; we must
note that previous studies based on XRD have indicated that
the PDF represents a very strong tool to identify MTPs."> Our
PED-PDF study has attained a residue value of 220%, which
is very close to synchrotron-based measurements (12—17%),
suggesting a very good ability of the ePDF for quantitative NP
structural analysis."” This is very encouraging considering that
ED measurements have been obtained with low-profile TEM
and an apparently agglomerated NP sample. Finally, an
important result is that PED yields a smaller residue (~4%)
than conventional SAED for all studied cases. This
corroborates the findings of Hoque et al®' for the ePDF
using a much more performant instrumental setup. Our residue
reduction is rather modest, while Hoque et al.>' have reported
around 20% reduction, probably due to differences in sample
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homogeneity, as they show narrow size distribution, well-
formed particles, and no apparent agglomeration/super-
position. Physically, the observed residue reduction is due to
the fact that powder PED diffraction intensities are much
better described by kinematical theory, as observed for
diffraction from monocrystalline samples.”” Our study
corroborates that PED should play a fundamental role for
further development of electron-based PDF methods and other
electron crystallography methods because it represents a
practical and efficient tool to deal with the intrinsic difficulty
of dynamical ED effects.

A clear example of the unique capability of PDF methods is
the direct access in a single real-space curve to the whole
structural information in different spatial ranges (i.e, local-,
medium-, and long-range order).'® To exploit this whole
structural characterization power, the simulations must be able
to describe accurately any arrangement of atoms (periodic or
aperiodic structures, also including defects, strain, efc.). Luckily,
the DSE calculations are able to fulfil this essential step, which
allows us to analyze the sensitivity of the proposed ePDF
refinement analysis to subtle structural modifications. Our
results have indicated that a 30 A Dh NP provides the best
description of experimental data (R = 20%); this kind of
particle is composed of five identical tetrahedrals whose fcc
atomic arrangement suffers a slight homogeneous distortion
into a body-centered orthorhombic (bco) to form a compact
atomic arrangement.('-'

The structural optimization using a spherical fcc model
yields the best fit (R = 27%) for an NP =20 A in diameter.
This is approximately the size of an individual tetrahedral
domain of the Dh, which is expected as diffraction measure-
ments will mainly provide information on the crystallite
structure and domain size, or, more specifically, the structural
coherence of a material."® Figure 4a shows that the optimized
fcc model describes correctly the local order (r < 10 A) but
fails to account for the medium- and long-range order (r > 15
A). Alternatively, if we use spherical bco NPs for optimization,

a slightly larger NP (24 A) is indicated; the quality of the fit is
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Figure 4. Comparison between measured (continuous line) and
optimized (dashed line) ePDF curves for: (a) fcc monocrystal; (b)
bco monocrystal; (c) fcc twinned; and (d) Dh. The inset images
illustrate the relation of the optimized monocrystalline and twinned
structure as the composing parts of the Dh. The region between 11.5
and 25 A was scaled by a factor 4X to render easier the visualization of
differences; below each G(r) plot, the difference curves are shown.

similar (R = 27%), reproducing fairly well the local order with
a light improvement for PDF peaks for distances around 15 A
(Figure 4b). In spite of this last apparent gain, the bco model
does not provide significant residue reduction, suggesting that
the stronger PDF oscillations due to the local order tend to
dominate the final residue value. The fcc and bco structures
belong to different point groups but with a very close local
order; unfortunately, the measured PDF has not been able to
properly discriminate them through the residue calculation.

Dh NPs display five twin planes; then, we have also analyzed
how twinning influences the structural optimization. When
performing a structural optimization using a twinned fcc
particle (ST), the residue shows a subtle reduction to 26%.
This provides some gain in the short-range region but worsens
the description of the medium-range (r ~ 15 A) when
compared with pure bco NPs (see the difference curve in
Figure 4c). We must keep in mind that a twin defect
establishes a precise structural local order around the twinning
plane (actually a mirror plane for the staking of fcc (111)
atomic layers) which is different from fcc or bco pristine
crystals; this information seems to have been captured by the
experimental ePDF curve, explaining the residue improvement.
In the light of the precedent discussion, we must conclude that
Dh NPs yield a much lower residue (20%, Figure 4d) because
they provide the correct balance of local order (associated with
point group and twins) and medium-range order information,
both of them have been very precisely expressed in the
experimental ePDF.

The results show that PED clearly contributes to get smaller
residues during the quantitative comparison of experimental
ePDF with kinematical diffraction approximation modeling,
However, at this point, it is essential to emphasize that the
major factor influencing residue reduction has been the correct
inclusion of a-C substrate scattering during background
subtraction (35 to 23% for SAED and 28 to 20% for PED).
Then, the lower residues obtained are results of both:
improvement of input experimental data (through PED) and
the careful isolation of the NP coherent scattering pattern by
the proposed automated optimization of substrate contribution
to background.

V. DISCUSSION

Our results show that the quantitative ePDF methods applied
to the agglomerated NP sample, as shown in Figure 1, allow
the estimation of a dominant Dh atomic arrangement
(diameter ~ 30 A). The obtained depth of structural
information characterization derived from the ePDF cannot
be derived or deduced from atomic resolution images. We
must remind that several models of NP formation in gas
aggregation sources suggest a high probability of Dh structures
due to oriented attachment of smaller cluster in-flight; our
ePDF results seem to confirm these models.”** As for NP size
distribution, electron-based PDF size seems smaller than TEM
data (volume weighted mean diameter ~ 120 A for the wide
size distribution, Figure 1b); also, experimental data show an
information limit at =40 A (detectability limit for PDF
oscillations). The analyzed NPs come from a molecular beam
which can carry clusters in the 10—50 A diameter range as
indicated by time-of-flight mass spectrometry measurements; "
then, 30 A NPs represent a good estimation of the average
cluster size formed by the source. Although a high degree of
coalescence can be observed in Figure 1, good agreement
between mass spectroscopy and ePDF size assessment
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represents a clear indication of a successful “soft-landing”
process (without major structural modification of the original
clusters).**~* Again, this essential information has become
available in a quantitative way due to the use of ePDF
methods.

A major concern when studying small NPs is the effect of
electron beam irradiation that can induce structural mod-
ifications in the sample during observation. Using the beam
current measurement from the microscope screen, we estimate
that the total electron dose during ED data acquisition was
around 10 e™/A% This is a very low dose for metallic NPs, so
we are confident that such values do not induce structural
changes; this suggestion is also consistent with the detection of
successful “soft-landing” without further structure modifica-
tion.

Hitherto, we have implemented the PDF structural refine-
ment considering as a model a single spherical particle
structure (or ideal monodisperse NP sample). Any NP
generating enough diffracted signal to overcome background
or noise will contribute to the measured diffracted pattern and
the derived ePDF curve.’”*" In this case, the model can be
easily extended to describe more complex situations (multiple
structures or size distribution). We can then model the
diffraction pattern of a polydisperse sample as the linear
combination of the ED patterns ,(Q) from NPs with a well-
defined diameter

Q) = Z wI(Q) ©

where w; are the weight coefficients of the linear combination.

In practice, it is quite difficult to get an efficient and reliable
convergence if many sizes (or variables to be optimized) are
included in the refinement calculation. To overcome this
difficulty, we have assumed a lognormal distribution (the
frequent distribution generated in our cluster source)** and the
width and center of the distribution were considered as
optimization parameters. The choice of optimizing a well-
defined size distribution function also is extremely helpful to
keep the number of degrees of freedom included in the model
to a minimum (total 3, we have used a single Debye—Waller
factor for all sizes). The refinement considered Dh NPs with
diameters between 1 and 10 nm (diameter step 2 A), leading
to 45 different NP sizes used for optimization.

The optimized polydisperse parameters (mean diameter of
28 A and U,, = 0.030 A?) are similar to those derived in the
monodisperse model optimization. The resulting residue has
shown a significant improvement (see curves in Figure 5),
attaining a value of R = 15%, which is equivalent to the ones
obtained in X-ray studies,"” and we have obtained such high-
quality optimization using a model just considering three
adjustable parameters. As expected, the inclusion of a size
distribution (and larger NPs) allows a great improvement in
the description of PDF oscillation for r > 20 A (see Figures 5c
and S6¢,d). As larger particles must show stronger dynamical
diffraction effects, their inclusion can be problematic when
models are based on kinematic theory. It is important to note
that the high r range of the ePDF curve derived from normal
SAED diffraction is not properly described even using a model
considering size distribution. In contrast, the PED-based PDF
seems to be very well-described for the whole high r range
(this high performance is clearly revealed through difference
curves in Figure S6), which gives strong support for PED
application in ePDF methods.
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Figure 5. (a) Comparison between measured (continuous line) and
optimized ePDF derived from the size distribution in (b) (dashed
line). In the interval 11.5-25 A, the upper curves were scaled by a
factor 4 to emphasize differences; the difference curve is shown below.
(b) Optimized size distribution for the Dh nanoparticles. (c)
Difference in high r range between the experimental data (continuous
line) and the ePDF optimized with a monodisperse model (upper
panel) and a polydisperse one (lower panel).

Some previous experimental studies have explored the use of
PED to improve structural refinement analysis of ED patterns
or ¢PDF curves.”®" Despite the positive results, the physical
origins of observed progress by incorporating PED are still
under debate and should be analyzed in more detail because
the dynamical characteristic of ED is always present.’” In
simple terms, dynamical diffraction may influence the ED
powder pattern in three ways: (i) modification of the relative
intensities of diffraction peaks; (ii) distortions of their profile
(width and position); and (iii) presence of forbidden
reflections (peaks hkl where the structure factor is zero, Fyy
= 0). Hall and collaborators’® have studied in detail the
powder ED of few-nanometer-wide Ag NPs using full
dynamical multislice simulations and they have clearly detected
the occurrence of the two first effects. In fact, our experimental
data show slight shifts without much modification of width of
diffractions peaks when comparing PED and SAED (Figure
s7).

As discussed by Hoque et al,*' the correct mathematical
description of a ring ED pattern is a summatory of diffraction
intensities from the patterns of individual nanocrystals (all in
different orientations). The “quasi-kinematical” nature of PED
intensities implies that the pattern from each individual
nanocrystal will be closer to kinematical theory. Consequen-
tially, it is straightforward to deduce that the final summatory
(or diffraction ring intensity) will also become closer to
kinematical simulated values. This explains the lower residues
obtained from PED experiments during ePDF refinement.

For an unexperienced TEM wuser, it is important to
emphasize that a PED pattern is actually the average of an
ensemble of static beam diffraction patterns taken at each
incident beam direction in the precession cone (Figure $7).
Then, if one beam direction in the cone is found under the
strong dynamical condition (this means along a high symmetry
zone axis of the crystal), the influence of this particular
diffraction pattern is reduced by averaging. Just a crystal tilt of
0.1-0.2° drastically changes the ED patterns in conventional
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TEM diffraction work, while the beam precession angle (or
cone opening half-angle) should be around 1—2° or higher for
ePDF work. High angles guarantee the low statistical weight of
any highly dynamical condition. At these precession angles,
forbidden reflection, generated by dynamical diffraction, shows
an intensity reduction from 1-2 orders of magnitude, when
compared with standard ED measurements.*

We have been able to implement a structural refinement
using a PED-based ePDF approach. The question rises if this
performance can be further enhanced, for example, using larger
detectors (to attain larger scattering vector values) or reducing
inelastic scattering contribution to the ED pattern (energy
filtering). The value of the maximum scattering vector (Q,,,,)
is directly associated with resolution (as expected for any
Fourier transform-based calculation). In our experimental
setup (2048 X 2048 CCD camera), we have managed to
obtain Q. &~ 12 A”!, which is considered reasonable for
ePDF analysis (usual values are 12 A™' < Q.. <24 A7").%% At
present, many cameras attain 4096 X 4096 pixel size, so this
clearly indicates that doubling Q,,,, represents an attainable
instrumental target assuming that the whole ring pattern is
measured simultaneously without changing TEM optical
configuration (which may induce additional electron optics
aberrations and distortion to diffractions rings). We have
already tested the evaluation of the ePDF from energy-filtered
PED diffraction, and it reduces significantly incoherent
scattering background; unfortunately, the available bidimen-
sional detector had insufficient pixel number and limited
excessively the Q. that could be attained. At present, the
progress of TEM instrumentation is realized at high speed, so
the coupling of PED, energy filtering, and improved detectors
(sampling and quantum efficiency) will become available soon.
This will allow us to use the ePDF to tackle more challenging
structural issues (c.g. chemical gradients, strain, etc.).

Our results were derived using an acceptable but rather low
Quax(®12 A™"); a comparison with simulated PDF derived
using different Q,,,, values is shown in Figure S8. These
calculations show that, although a clear loss of resolution
occurs, our PED-based measurements generate most of the
PDF peaks. Then, we are confident that we have been able to
extract the majority of the available structural information, as
evidenced by the obtained excellent residue values. In addition,
little difference is observed in the simulated PDF curve from a
30 A Dh, when Q,,,, is increased from 20 to 30 A~}; in fact, no
coherent intensity peak is observable after 25 A™' due to
thermal vibrations at room temperature (assuming the Au bulk
Debye—Waller value).

Many researchers may wonder about the precision of the
present approach to measure the interatomic spacing, for
example, to tackle size-dependent effects such as compression/
expansion or strain distributions.”* In our refinement
procedure, the local order was assumed to be bco; then,
both considering the PED calibration and lattice parameter
optimization, we have estimated that the precision of our
results is around =0.1-02% (considering that detection
means a residue change of ~1%). We think that there are
many instrumental fronts to be explored for a better detection
and acquisition of PED patterns (and attaining higher Q,,,),
providing further improvement to the ePDF refinement
precision and accuracy in a short future.

For decades, noble metal Dh NPs have been the object of
study concerning the occurrence of homogeneous or
inhomogeneous strain in the space-filling fivefold

NPs.>"**7% Most of the studies are based on TEM images
(dark field or atomic resolution ones), where information is
axis-averaged along the beam direction (2D projection) and
derived from particles oriented close to the five fold
axis.””**7% The assessment of strain in 3D may yield new
light on the validity of different models; the ePDF methods
tested here may contribute to this issue. Work is in progress to
increase the precision of the method and try to provide deeper
structural information.

As examples of potential applications, we can mention
several wet-chemical synthesis involving seeded growth or alloy
NPs where inclusion of a different metal precursor may
generate significant morphology differences in the generated
NPs.”” Another interesting issue is the quantitative analysis if
abrupt core shells or chemical gradients occur in multimetal
NPs generated by gas aggregation sources. " Although TEM
images may provide qualitative guidance to develop models, no
effective quantitative confrontation has been possible.

VI. CONCLUSIONS

We have shown that the PED-based ePDF allows for a high-
quality and reliable structural refinement procedure for
apparently agglomerated NP samples and nanostructured
materials, which is confirmed by residue values (~15%)
similar to synchrotron-based nanosystem studies.'* Quantita-
tive atomic ordering information was derived for several spatial
range scales and from a sample which is far from the idealized
ones usually utilized for TEM structural characterization.
Although the studied system was composed of polycrystalline
agglomerated NPs with apparent size dispersion, we have been
able to derive the dominant NP atomic arrangement (Dh, 30 A
in diameter) from a sample mimicking reasonably well the
rather complex nature of supported heterogeneous catalysts.

We anticipate that PED—PDF will become a reliable
approach to analyze quantitatively and identify the mean 3D
atomic structure of nanocatalyst samples, which are rather
difficult to perform in the 2D projection atomic resolution
images. For example, it is frequent to characterize nanocatalyst
samples by dissociating NPs and the actual catalyst analysis. In
this way, the isolated NP information is extrapolated to
interpret the catalyst, instead of the direct characterization
needed. The ePDF method shows a high potential to provide a
much deeper understanding of the as-prepared or post-reaction
catalyst samples that are usually too complex to be analyzed in
depth using traditional imaging approaches.

Our study has confirmed the “soft-landing” deposition of
NPs from the molecular beam on the substrate; this
information could not have been obtained without the PDF
structural refinement and this suggests that the PED-based
ePDF may provide a wealth of quantitative structural
information for complex nanostructured materials, as used in
technological applications.

In order to achieve the reported low-residue ePDF analysis,
we have developed a different approach to a few numerical
data processing steps to calculate the ePDF (mainly
astigmatism correction and background subtraction optimiza-
tion). Despite the rather complex NP sample and more
sophisticated simulation (inclusion of size dispersion), the
number of free fitting parameters was kept to a low value (only
3) when compared to usual quantification efforts. This
guarantees that the good residue values are not an effect of
over fitting, and it has deep implications to ensure that models
utilized are realistic and accurate. These results represent a
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remarkable achievement considering that we have used a low-
profile LaB,-gun TEM to measure a sample mass in the pico-
to atto-gr range. As for the electron beam dose, the reported
experiments on metal NPs required a total dose of ~10 e™ /A%,
which indicates that the ePDF displays a huge potentiality to
analyze quantitatively beam-sensitive materials.

Additional work is in progress to apply the ePDF
methodology to quantitatively provide answers to other
complex NP characterization issues.
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Apéndice H

Material Suplementar ao Apéndice G

A seguir esta anexado o material suplementar ao artigo que descreve a metodologia a
metodologia de PDF. @) arquivo pode ser encontrado em:
https://pubs.acs.org/doi/10.1021/acsanm.1c02978.
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Kinematical simulation of nanoparticle electron diffraction patterns, Pair distribution function interpretation

details.

PED: optical alienment

Most manuals of precession diffraction operation are written for scanning PED (SPED)
techniques, optimizing pre-sample beam rocking movement (scan) and post-sample cancelling the
beam movement (de-scan), such that they occur in the same position at the sample plane.'* The high-
quality intensity measurement using an axial CCD camera has revealed that significant misalignment
of the de-scan setup may remain undetected. To overcome such limitations, we have divided the PED
alignment procedure in two steps: i) perform a standard SPED alignment using a sample which
generating nice diffraction patterns and high contrast images (e.g., semiconductor InP nanowires);*
i1) insert the NP sample and perform fine tuning of de-scan on the ED ring pattern directly observed
on the CCD camera. This procedure has allowed us to obtain high quality pattern under PED

conditions which are very well suited for quantitative ePDF analysis.

Correction of 2-fold astigmatism of the ED ring pattern

The bi-dimensional powder ED pattern should be formed by concentric circular rings; but, if
2-fold astigmatism is present, diffraction rings are actually elliptical, and the azimuthal integration
generates broader peaks with reduced intensity. Recently, several effective post-measurement
distortion correction procedures have successfully demonstrated to correct remaining astigmatism
aberration by mapping the ring intensity maximum position as a function of azimuthal angle 8 (see
Figure 1d). > It is necessary to take into account that when a peak is mounted on an intense and
quickly varying background, the peak maximum, may not correspond to the actual peak center.
Instead, our approach consists in extracting radial intensity profiles for azimuthal angles and,
subsequently, we determine the peak center by fitting a Gaussian (or Lorentzian) profile added to a

polynomial function (Figure Sla). The plot of the peak position as a function of azimuthal angle



shows a clear sinusoidal function, characteristic of 2-fold astigmatism (eq S1, see Figure Slc).
Finally, the distortion is corrected and the ring (radius py) is azimuthally integrated (Figure S1b and

¢) to increase signal-noise-ratio, particularly displaying a high counting in the high @ region.

d(8) = Asin(20 +8) + p, (s1)

A troublesome point of correcting 2-fold astigmatism is the precise determination of the
diffraction pattern center. But we noted that when the center is shifted from the ideal position, the
distribution of points do not follow properly the expected sinusoidal function for 2-fold astigmatism.
Then, we have used the quality of sinusoidal fit for different center positions as a quantifiable

parameter to implement an automatic centering procedure with single pixel sensitivity.

Detailed description of Background subtraction

The calculation of a reliable PDF function is strongly dependent on the background
subtraction procedure. We must emphasize that the major factor influencing residue reduction in this
work has been the correct inclusion of a-C substrate scattering during background subtraction. Due
to high relevance of this step, we have dedicated more attention to optimize it than frequently

considered in conventional diffraction studies.

Electrons interact more strongly with matter, then the incoherent background represents a
much higher portion of the measured total intensity than in XRD.® ED incoherent scattering is usually
modelled by smooth functions (usually polynomial functions on Q 1, that show high value at low Q
and approach 0 as @ grows); this kind of simple functions are preferred in order to guarantee operation
for non-specialized users.” In many cases, such approach may be a good approximation to the total

background; none withstanding, high caution is require for analyzing few-nm-wide particles whose
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diameter is similar to the support film thickness, because it neglects any contributions from the TEM
sample substrate. The usual TEM support is amorphous carbon film with thickness in the range of 50
- 100 A, that generates a substantial signal background to ED patterns or HRTEM images from NP

samples.'®!!

The PDF calculation requires a background subtraction which yield a diffraction pattern
(1(Q), coherent scattering) that is highly constrained and the processing is far more complex than
needed for a conventional diffraction study.'? The first constrain regards the normalization of 1(Q),
the total scattered signal from a material is fully described by f2(Q) and it is independent of atomic
arrangement. The arrangement of the atoms generate preferential scattering directions (diffraction
peaks), but conserves the total scattered intensity.'®'*'* The second constrain implies that the
asymptotic behavior of I (Q) should be incoherent at high @. Small deviations from perfect crystalline
arrangement inhibit the occurrence of constructive interference, the high Q scattered intensity must
be close to £2(Q)." Both conditions can be summarized by the following equations (eq S2 and S3

respectively):*!

Qmax Qmax
[ 1@ae= [ (r@pae (52)
Qmin Qmin
[1@-¢@nae=o (53)
Qtail

Usually, the blank support or matrix scattering is firstly measured; secondly this contribution
is subtracted tentatively. Finally, the constrained background subtraction to derive I(Q) is applied. A
trial-and-error interaction is performed until a qualitative acceptance criterion is set by the user. In
contrast, we have decided to incorporate the last two steps in a single optimization by in a single

iterative optimization procedure, yielding the coherent scattering intensity fulfilling constrains of
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diffraction physics. The background model considers simultaneously both a-C experimental profile

and an smooth function decreasing with @ (eq S4.):

b, by by

Q+F+@ (S4)

B(Q) = aa—CBa—C(Q) + b, +

where b; (i = 1,2,3,4) are the parameters of the incoherent scattering model, B,_-(Q) an
experimental a-C diffraction pattern (see Figure S3) and a,_ its scale factor. The experimental a-C
scattering pattern was acquired under identical electron optical conditions that the sample diffraction

pattern; subsequently, it was centered and azimuthally integrated.

Regions without diffraction peaks are used as input data points for the procedure. It is
important to emphasize that a conventional fit is not sufficient to respect the physical constrains of
the scattering function (eq S2 and eq S3), as it may generate a function where I,4; (Q) = 0. To ensure

proper behavior in the tail regions, we subtracted the tail data points of I,.4,,(Q) by a constant, such

that after fit Ig;ifl (@) > 0; this parameter was also consider in the multi-parameter optimization and
multi-step background subtraction procedure. After subtracting the total background, the remaining
intensity (Ir;;(Q) = Irqw(Q) — B(Q)) was rescaled such that the final diffraction pattern results in

1(Q) = ¢ I (Q) + d (where ¢ and d are parameter optimized to ensure the scattering constrains).

To test if background optimization is successful, we observe carefully some quality tests. For
example, the a-C scale factor should be close but < 1 because, for data acquired with identical electron
optical conditions, some electrons will be scattered by the metal NPs, and carbon contribution should
diminish. Another verification considers if Ir;;(Q) is not excessively rescaled by parameters ¢ and
d. A high rescaling may modify the proportion between low and high @ diffraction peaks, yielding
an incorrect PDF (these constant yielded results 1.07 and -2.2 for ¢ and d respectively, final curve
shown in Figure S3). Furthermore, the scale factor a,_. can tell the degree of influence of the a-C
contribution in the total background (0.5 for fits shown in Figure S3). If this value is close to 0, the

a-C substrate has little influence on the background and can be ignored. Another possible consistency
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test is the comparison of the ratio of total integrated  intensities
(fQQm_“x Law(Q)dQ/ [ g "% B,_c(Q)dQ) which should be around unity considering the small mass of

nanoparticles dispersed on the continuous carbon substrate (this ratio is = 0.9 in Figure S3a). The
final background profile after this procedure shows a strong Q dependence (see dashed line Figure
S3a). This is a clear demonstration that a wrong inclusion or even neglecting the substrate
contribution may cause serious deviations of the diffraction pattern and the ePDF assessment (Figure

S3c), where clear differences in peak height and positions can be observed.

Pseudo-code for the Background Subtraction Procedure

Begin ()

\\ Input

Q \\ measured scattering vector
Iraw  \\ measured NP diffraction
Bac \\ measured a-C diffraction

Fsquare \\ mean square value of the scattering power

\\ define points for background fit between n intervals, must include the final values of Q (tail)
Qfit=Q [n]
Ifit = Iraw [n]

Bfit = Bac [n]

\\ define total background function Back

ac \\ Bac scale factor

bl,b2,b3,b4 \\incoherent scattering function parameters

X \\ scattering vector values where background will be calculated
DEF Back (Input (x, Bac); Variable (ac, b1, b2, b3, b4)):

RETURN ac*Bac + bl + (b2/x) + (b3/(x*x)) + (b4/(x*x*x))

\\ define function (Resub) that will calculate background subtraction residue
a>0 \\ value that will be subtracted from Ifit and Bfit in the final values of Qfit (tail)
w, w_tail \\ weights for each n chosen intervals

DEF Resub (Input (Qfit, Ifit, Bfit, a, w, w_tail); Variable (ac, bl, b2, b3, b4)):



Ifit_out = Ifit [Qout] W\ Outside the final Q interval (tail)
Ifit tail = Ifit [Qtail] - a \\ Inside the final Q interval (tail)
\\ minimum square difference (MinSquare) for each interval of points
res_out = MinSquare (Ifit_out — Back (Qout, Bfit, ac, bl, b2, b3, b4))
res_tail = MinSquare (Ifit_tail — Back (Qtail, Bfit, ac, b1, b2, b3, b4))

RETURN w*res w+ w_tail*res tail

\\ define function (Backsub) that will be minimize for background subtraction

¢ \\multiplicative factor to ensure scattering physics constrains

d ‘\additive factor to ensure scattering physics constrains

DEF Backsub (Input (Q, Traw, Fsquare, Bac, Qfit, Ifit, Bfit, w, w_tail); Variable (a, c, d, ac, b1, b2, b3, b4)):

ac, b1, b2, b3, b4 = Minimization (Resub) \\ background parameters determination

Isub = Iraw — Back (Q, Bac, ac, bl, b2, b3, b4) \\initial subtracted intensity

Isca = c*Isub +d \\ rescaled intensity

norm = Integral (Fsquare) / Integral (Isca) \\ normalization to ensures that Condition 1 is respected
\\ Chose Condition 2 for minimization

\\ In tail region

I tail = norm*Isca[Qtail]

F_tail = Fsquare [Qtail]

RETURN Integral((I_tail - F_tail)* (I_tail - F_tail))

\\ Parameters are obtained

¢, d, ac, bl, b2, b3, b4 = Minimization (Backsub)

\\ Final Background

B = Back (Q, Bac, ac, b1, b2, b3, b4)

\\ Tnitial Subtracted Intensity

Isub = Iraw — B

\\Scaled Subtracted Intensity

Isca = c*Isub +d

\\ Final Intensity

norm = Integral (Fsquare) / Integral (Isca)

1= norm*(c*Isca + d)

End()
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Figure S1. a) Fitting of a diffraction peak obtained from radial profile extracted from an ED ring
pattern. b) Plot of the peak position as a function of azimuthal angle showing a clear sinusoidal
function characteristic of 2-fold astigmatism (raw data-squares, eq 10 fit-dashed line, corrected value-
triangles). ¢) Effect of the 2-fold astigmatism correction on the azimuthally integrated diffraction

peaks.
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Figure S2. a) [llustration of a common parallel electron beam diffraction experiment on a NP sample.

The thickness of the amorphous carbon substrate is usually comparable with the particle diameter. b)
Measured powder ED pattern (I,.4,,(@)) and the two components composing the background (a-C

film scattering curve and, incoherent scattering described by a slow varying function).
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Figure S3. a) Comparison of the experimental measurement of the ED pattern from the NPs and the

a-C film scattering curve; note the final form of the background calculated with our procedure (and
actually subtracted from raw data) shows a strong variation with the scattering vector Q. b) and c)
show the large differences that are observed when the sample substrate is neglected for coherent
scattering /(Q) and the PDF respectively (the bottom plot using black lines represent the difference

curve).
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Figure S4. Schematic workflow algorithm of all processing steps from raw electron diffraction data

to structural refinement through ePDF.
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Figure SS. Electron powder diffraction patterns obtained from the DSE formulation and the derived
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Figure S6. Comparison of the effect of including a size polydisperse model for the analysis of SAED-

and PED-based PDF, in the region corresponding to high r values (20 — 50 A). Experiments are

shown with continuous lines, while optimized

simulation are represented with dashed lines.

Simulations are performed with monodisperse model (a-b) and size distribution model (c-d). The (a)

and (c) are relative to SAED measurements, (b) and (d) to PED. The region between 30 - 50 A is

multiplied by a factor 2 to highlight the differences in the region. Below each comparison is plotted

the respective difference curves.
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Figure 87. a) Generic orientation of NP with incident electron beam direction determined by the
angles (8, ¢») in the spherical coordinate system; a powder diffraction considers the average for many
NPs oriented randomly along all directions of the whole solid angle of 4n. b) In PED powder
diffraction the beam also scan the orientation (8’, ¢") in the hollow cone generated by the precessing
beam around the direction. ¢) Comparison between the standard powder electron diffraction (SAED)
and powder PED in the whole @ range. d) Comparison the powder electron diffraction in SAED and
PED for the high @ range. This experimental data shows the diffraction peaks with small changes in
intensity and they are slightly shifted without significant modifications of width.
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Figure S8. Simulated real space PDF functions for several Q45 values (spherical Dh NP, 30 A in
diameter). Comparison of the derived PDF for 3 different @,,,4,. For our experimental parameters
Qmax = 12 A71, a loss of resolution (broader peaks) arises; however, the overall tendency of the
curve is maintained and most of the peaks are still identifiable. Little difference is observable in the
derived PDF curve when Q,,,, in increased from 20 A~! to 30 A~1; due to thermal vibration, no
coherent intensity peak is observable after 25 A~! (assuming Au bulk room temperature Debye-
Waller).




