
Ultramicroscopy 177 (2017) 26–29 

Contents lists available at ScienceDirect 

Ultramicroscopy 

journal homepage: www.elsevier.com/locate/ultramic 

Real-space mapping of electronic orbitals 

Stefan Löffler a , b , c , ∗, Matthieu Bugnet a , Nicolas Gauquelin 

a , Sorin Lazar d , Elias Assmann 

c , 
Karsten Held 

c , Gianluigi A. Botton 

a , Peter Schattschneider b , c 

a Department for Materials Science and Engineering, McMaster University, 1280 Main Street West, L8S 4M1 Hamilton, Ontario, Canada 
b University Service Centre for Transmission Electron Microscopy, TU Vienna, Wiedner Hauptstraße 8-10/E057B, 1040 Wien, Austria 
c Institute for Solid State Physics, TU Vienna, Wiedner Hauptstraße 8-10/E138, 1040 Wien, Austria 
d FEI Electron Optics, Achtseweg Noord 5, 5651 GG Eindhoven, The Netherlands 

a r t i c l e i n f o 

Article history: 

Received 27 July 2016 

Revised 30 December 2016 

Accepted 29 January 2017 

Available online 31 January 2017 

Keywords: 

EELS 

STEM 

Orbitals 

Electronic states 

Mapping 

a b s t r a c t 

Electronic states are responsible for most material properties, including chemical bonds, electrical and 

thermal conductivity, as well as optical and magnetic properties. Experimentally, however, they remain 

mostly elusive. Here, we report the real-space mapping of selected transitions between p and d states on 

the Ångström scale in bulk rutile (TiO 2 ) using electron energy-loss spectrometry (EELS), revealing infor- 

mation on individual bonds between atoms. On the one hand, this enables the experimental verification 

of theoretical predictions about electronic states. On the other hand, it paves the way for directly inves- 

tigating electronic states under conditions that are at the limit of the current capabilities of numerical 

simulations such as, e.g., the electronic states at defects, interfaces, and quantum dots. 

© 2017 Elsevier B.V. All rights reserved. 

1. Introduction 

Electronic states shape the world around us as their character- 

istics give rise to nearly all macroscopical properties of materials. 

Be it optical properties such as colour and refractive index, chemi- 

cal properties such as bonding and valency, mechanical properties 

such as adhesion, strength and ductility, electromagnetic proper- 

ties such as conductance and magnetisation, or the properties of 

trap states: ultimately, all these properties can be traced back to 

the electronic states in the material under investigation. Therefore, 

it is not surprising that electronic states are of paramount im- 

portance across many fields, including physics, materials science, 

chemistry and the life sciences. It does come as a surprise, how- 

ever, that while some of their aspects can be inferred indirectly 

from macroscopical material properties or some diffraction tech- 

niques, the direct observation of individual electronic states in real 

space so far has succeeded only under very special circumstances 

(e.g. on an insulating surface using a scanning tunnelling micro- 

scope (STM) with a specially functionalised tip [1] ) due to both 

experimental and theoretical challenges. In this work, we endeav- 

our to remedy this situation by using a combination of transmis- 
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sion electron microscopy (TEM), electron energy-loss spectrometry 

(EELS), and state-of-the-art simulations. 

TEM is a well-known technique for studying materials on the 

nanoscale while EELS adds element-specific information. Both are 

widely-used on a regular basis in many fields and are readily com- 

mercially available. Owing to these two techniques, tremendous 

progress has been made over the last decade in mapping atom po- 

sitions with ≈ 10 pm accuracy [2–4] , determining charge densities 

[5–7] , and performing atom-by-atom chemical mapping [8–12] . 

Furthermore, the fine-structures of the spectra allow the determi- 

nation of the local chemical and structural environment as well as 

the hybridisation state of the scattering atoms [11–18] in the bulk, 

which can be substantially different from the surface states probed 

by STM. This suggests to use the EELS signal to probe the local 

environment in real-space and map, e.g., crystal fields, conduction 

states, bonds, and orbitals. Recently, it has been shown on theo- 

retical grounds [19,20] that such real-space mapping of transitions 

between orbitals on the Ångström scale should indeed be possi- 

ble, even though the experimental realisation was expected to be 

extremely challenging. 

The method of choice to demonstrate the possibility of this 

real-space mapping used throughout this work is high-resolution 

scanning TEM (STEM) together with EELS. In STEM, an electron 

beam is typically produced by a high-brightness field-emission 

gun, accelerated to a kinetic energy of the order of 100 keV, and 

subsequently focused to an Ångström-sized spot on the sample 

(see Fig. 1 c and [21] ). Inside the specimen, the probe electrons 
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Fig. 1. Maximally-localized Wannier functions in rutile corresponding to unoccupied orbitals of Ti-e g character ( x 2 − y 2 -like Wannier function (a), z 2 -like Wannier function 

(b)). (c) Sketch of the measurement setup. The incident beam is focused onto and scanned over the sample. It can exchange energy and momentum with the specimen, 

leading to a mixture of states in the scattered beam. Using a spectrometer comprised of a sector magnet and a subsequent imaging system, maps can be formed of all 

electrons that have transferred a certain amount of energy E corresponding to transitions to different unoccupied orbitals inside the sample. The blue and red planes 

symbolize the real-space distribution of the transition probabilities to different final states. (For interpretation of the references to colour in this figure legend, the reader is 

referred to the web version of this article.) 

scatter off the nuclei and sample electrons via the Coulomb inter- 

action. 

Scattering by the nuclei is predominantly elastic, i.e., only mo- 

mentum but no energy is transferred from the lattice (which is 

assumed to be infinitely heavy) to the probe electron. This gives 

rise to atomic column contrast in high-resolution TEM, as well as 

to channeling and dechanneling effects in samples that are thicker 

than a few tens of nanometres [22,23] . Dechanneling, which can 

be visualised as a hopping of the electron beam between adja- 

cent columns, destroys the direct spatial correlation between the 

measured scattering intensity and its point of origin. Consequently, 

very thin specimens, as well as simulations taking elastic scattering 

into account, are needed to reduce artefacts and arrive at a reliable 

interpretation of the data. 

Here, the interaction of primary interest is the scattering of the 

probe electrons on the sample electrons. Both energy and mo- 

mentum can be transferred between the beam and the sample. 

Of particular importance for the real-space mapping of electronic 

transitions is the so-called core-loss regime of energy transfers of 

� 100 eV. They trigger an excitation of a sample electron from an 

initial, occupied core state to a final, unoccupied conduction-band 

state. The initial states are typically localised in close proximity 

to the nucleus and are characterised by a large binding energy. 

Therefore, crystal-field effects are mostly negligible for core states, 

which typically exhibit atomic character. The final states, on the 

other hand, lie close to the Fermi energy, and are strongly influ- 

enced by the local environment (see Fig. 1 a, b). 

Due to the strong localisation of the probe beam, it is possi- 

ble to map the position and energy-dependent transition matrix 

elements between the initial and the final states using STEM-EELS 

(see Fig. 1 c). If the initial state is known — either from first prin- 

ciples or experiments [24] — it is furthermore possible to obtain 

both the angular and the radial dependence of the final states 

[19,25,26] and, thus, bonding information on individual atomic 

columns [15,27] . To that end, specific transitions can be selected 

by using a sufficiently narrow energy range. 

2. Results 

2.1. Experiments 

As a model system, we have chosen rutile (TiO 2 ). It has a rel- 

atively simple, tetragonal unit cell and, together with the other ti- 

tanium oxides, has great practical importance, e.g., in renewable 

energy and energy storage applications, photocatalysis, or as coat- 

ing material (for a review, see [28] and other articles published in 

the same issue). Its tetragonal structure leads to a strong crystal- 

field splitting. In particular, the different Ti-O bond lengths give 

rise to a strong asymmetry and splitting [29] of the e g and t 2g 

states. Most noticeably, the asymmetric shape of the orbitals is ro- 

tated by 90 ° for adjacent Ti atoms due to the crystal symmetry 

(see Fig. 2 ). We concentrate here solely on mapping the e g states 

since the t 2g peak has a much lower intensity. Throughout its nar- 

row energy range [30] , there is always a sizeable e g contribution 

(see the fitted Gaussian peaks in Fig. 2 a), making it impossible to 

identify an unequivocal t 2g signal with todays instruments due to 

signal-to-noise ratio (SNR) limitations. Also note that in our simu- 

lations, the t 2g Wannier states are much more localized around the 

nucleus, which strongly reduces the asymmetry caused by crystal- 

field effects for t 2g states. 

A rutile single crystalline sample (MTI corporation) was me- 

chanically thinned down to electron transparency by using the 

wedge polishing technique with a Multiprep polishing apparatus 

(Allied High Tech Products Inc.). Further ion milling with a Gentle 

Mill (Technoorg Linda Ltd.) was performed for ion beam energies 

in the range of 50 0–90 0 eV to remove the damaged regions from 

the mechanical polishing and provide large, thin, and clean sur- 

faces. 

The experiments were performed at 80 kV acceleration voltage 

on a FEI Titan 80–300 TEM equipped with spherical aberration cor- 

rectors and a Gatan GIF Quantum Energy Filter. During the exper- 

iments, the single-crystalline sample was oriented in [0 0 1] di- 

rection and the thickness was determined to be 20 nm using EELS 

[31,32] . A spectrum image (SI) data cube (see Fig. 2 a) was recorded 

over several unit cells, together with the elastic dark-field (DF) sig- 

nal (see Fig. 2 c). The SI data and the DF signal were acquired si- 

multaneously with a convergence semi-angle of 19 mrad, a GIF col- 

lection semi-angle of 20.7 mrad, and a pixel dwell time of 5 ms 

to maximize the signal while minimizing drift and beam damage 

artefacts. Optimising the acquisition conditions is essential for ac- 

quiring data with sufficient spatial and energy resolution, as well 

as sufficient SNR for the subsequent data analysis. 

The residual lateral drift [33] was corrected using the DF data 

and the resulting data cube was averaged over 12 unit cells to im- 

prove the SNR. Finally, the map corresponding to L 2 transitions 

with energy transfers in the range 466.6 ± 1 eV was extracted. 

This corresponds to transitions from initial states with 2p 1/2 char- 

acter to final states with an energy in the range of 6 ± 1 eV above 



Download English Version:

https://daneshyari.com/en/article/5466802

Download Persian Version:

https://daneshyari.com/article/5466802

Daneshyari.com

https://daneshyari.com/en/article/5466802
https://daneshyari.com/article/5466802
https://daneshyari.com

