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a b s t r a c t 

We present an aberration corrected scanning transmission electron microscopy (ac-STEM) analysis of per- 

ovskite (LaFeO 3 ) and pyrochlore (Yb 2 Ti 2 O 7 and Pr 2 Zr 2 O 7 ) oxides and demonstrate that both the shape 

and contrast of visible atomic columns in annular dark-field (ADF) images are sensitive to the presence 

of nearby atoms of low atomic number (e.g. oxygen). We show that point defects (e.g. oxygen vacancies), 

which are invisible – or difficult to observe due to limited sensitivity – in x-ray and neutron diffraction 

measurements, are the origin of the complex magnetic ground state of pyrochlore oxides. In addition, we 

present a method by which light atoms can be resolved in the quantitative ADF-STEM images. Using this 

method, we resolved oxygen atoms in perovskite and pyrochlore oxides and propose this method to be 

suitable for other materials containing both light and heavy elements. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Ceramic oxides with perovskite ( AB O 3 ) or pyrochlore ( A 2 B 2 O 7 )

tructure, where A and B are cations with very different sizes, ex- 

ibit interesting physical and electrical phenomena including mag- 

etic [ 1 , 2 ], ferroelectric [3–6] , dielectric [7–9] , pyroelectric [ 4 , 10 ],

iezoelectric [ 4 , 11 ] and superconducting [ 12 , 13 ] properties. The

unctionality of these oxides is often dependent on defects, in par- 

icular oxygen displacements or oxygen vacancies [14–19] . For ex- 

mple, local structural defects (e.g. vacancies) in the oxygen lattice 

an induce small changes in the Pr 3 + ion network, and thus affect 

he magnetic properties of praseodymium zirconate (Pr 2 Zr 2 O 7 ). It 

as been demonstrated in x-ray diffraction and neutron scatter- 

ng measurements that off-centring of Pr 3 + ions from the ideal 

rystallographic position, which can be due to presence of oxy- 

en vacancies, is at the origin of the complex magnetic ground 

tate of single-crystal Pr 2 Zr 2 O 7 [20–23] . However, oxygen vacan- 

ies themselves remain undetected [20–23] . Although x-ray and 

eutron diffraction techniques have been widely used to study the 

resence and position of oxygen in oxide materials [24–28] , these 

echniques only provide information regarding the average struc- 
∗ Corresponding author. 

E-mail address: ali.mostaed@materials.ox.ac.uk (A. Mostaed). 
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ure, as the information is collected from a large volume of a 

pecimen. Transmission electron microscopy (TEM), on the other 

and, offers the opportunity to probe their local structure. For in- 

tance, aberration corrected transmission electron microscopy (ac- 

EM) can be exploited to obtain information about the structure 

f materials with sub-angstrom resolution. Nevertheless, detecting 

xygen, which is a light element, in the presence of heavier ele- 

ents in oxides remains challenging. Urban et al. [29] showed that 

t is feasible to make light atoms such as oxygen visible in TEM 

mages under negative spherical aberration conditions. However, 

xploiting this technique is not straightforward since the imaging 

rea should be ultra-thin (a few nanometers) and a comprehensive 

nowledge of the microscope’s aberrations is required. 

In scanning transmission electron microscopy (STEM), bright- 

eld (BF) and annular bright-field (ABF) imaging techniques have 

een widely used to reveal the position of oxygen in oxide ma- 

erials [30–35] ; however, as intensities in ABF images are not re- 

ated in a straightforward way to atomic number, they are not re- 

iable to study the oxygen occupancy. On the other hand, annular 

ark-field (ADF) imaging provides quantitative information regard- 

ng the atomic structure of materials as the contrast of visible atom 

olumns in ADF images is proportional to the atomic number ( Z ) of 

he atoms in those columns, i.e. ADF is a Z -contrast imaging tech- 

ique [35–38] . The contribution of each single atom ( Z n ; where n

s a constant with a value between 1.5 to 2 [ 39 , 40 ]) in the spec-

https://doi.org/10.1016/j.actamat.2021.116717
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actamat
http://crossmark.crossref.org/dialog/?doi=10.1016/j.actamat.2021.116717&domain=pdf
mailto:ali.mostaed@materials.ox.ac.uk
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men to the ADF image is proportional to the atomic number of 

hat atom as well as the electron probe intensity at that atom, J ( r ),

hich can be simply written as a differential contribution ( dI) as 

ollows: 

I ( r p , z ) = Z n J ( r a − r p , z ) , (1) 

here, r p is the probe position, r a and z are the lateral position 

nd depth of the atom [41] . When the probe is at or very close

o an atom column containing heavy atoms, there is sufficient at- 

ractive Coulombic force from the heavy atoms to trap or focus the 

ajority of the electron beam along the atom column and as a 

onsequence avoid the probe spreading out from the column [42] . 

hus, the contribution of heavy atom columns to the ADF inten- 

ity is significant, as not only do they contain heavy atoms (high 

 

n in Eq. (1 )) but also the majority of the probe intensity distri- 

ution is on-column (high J ( r ) in Eq. (1 )). On the other hand, as

he attractive Coulombic potentials for the atom columns contain- 

ng light atoms are too weak to trap the electron beam, probe 

e-channelling can occur when the probe is at or very close to 

hese columns and, therefore, a fraction of the probe intensity can 

pread on their nearby atom columns, i.e. low J ( r ) [ 41 , 42 ]. Thus,

olumns with light atoms contribute far less than columns with 

eavy atoms to the intensity of ADF images as both their Z n and 

 ( r ) values are significantly smaller for columns with the lighter 

toms. This is the reason why light elements, especially in the 

resence of relatively heavier elements, e.g. oxygen atoms in ox- 

des, are invisible in ADF images. In contrast to the aforementioned 

easons for invisible oxygen atoms in ADF images, Mostaed et al. 

15] showed that the detailed intensity distribution around the vis- 

ble cation columns in ADF-STEM images obtained from the py- 

ochlore Yb 2 Ti 2 O 7 is sensitive to the presence of their nearby invis- 

ble light atoms. In the current work, we explain how light atoms 

uch as oxygen can contribute sufficiently to the intensity of ADF 

mages to be detected. 

Here we use ac-STEM in conjunction with electron energy 

oss spectroscopy (EELS) to study the atomic structure of py- 

ochlore (Yb 2 Ti 2 O 7 and Pr 2 Zr 2 O 7 ) and perovskite (LaFeO 3 ) oxides

nd demonstrate that the intensity as well as shape of visible 

ation columns in ADF-STEM images are sensitive to the presence 

f their nearby invisible oxygen atoms. We propose a novel method 

y which the invisible oxygen columns can be resolved in the ADF- 

TEM images. Using this method we, for the first time, resolve the 

osition of oxygen columns in ADF-STEM images obtained from 

yrochlore (Yb 2 Ti 2 O 7 ) as well as perovskite (LaFeO 3 ) oxides. 

. Experimental methods 

LaFeO 3 ceramics were prepared via a solid-state reaction 

ethod using solid precursors La 2 O 3 (Sigma Aldrich 99.99 wt.%) 

nd Fe 2 O 3 (Sigma Aldrich 99 wt.%). Stoichiometric amounts of the 

olid precursors were weighed and mixed by ball milling in iso- 

ropanol with yttria-stablised zirconia (YSZ) media for 12h. The 

ixed powders were dried at 80 °C overnight and subsequently 

ieved and calcined in air at 1100 °C for 6 hours (5 °C/min ramp

n heating and cooling) in an alumina crucible. Calcined powders 

ere then sieved and ball milled in isopropanol with YSZ media 

or 12h, and subsequently dried at 80 °C for 12h. Pellets were then 

repared from the dried calcined powders using a uniaxial press, 

nd subsequently sintered in air for 6 hours at 1200 °C (5 °C ramp

ate on heating and cooling in each case) in an alumina crucible. 

Pr 2 Zr 2 O 7 samples were prepared in polycrystalline form by the 

onventional solid-state method. Powders of Pr 6 O 11 (99.9 wt.%) 

nd ZrO 2 (99 wt.%) were weighed in stoichiometric amounts, 

ixed together and heat treated in air for several days (in four 

teps) at 1400-1450 °C, with intermediate grindings, see Ref. 

43] for more information. The resulting sample (sample A) was 
2 
rown in colour. A second praseodymium zirconate sample (sam- 

le B) was prepared under similar conditions, with an additional 

nnealing step where the sample was heat treated in a reducing 

tmosphere (Ar + 3% H 2 ) at 1200 °C for 2 days. The resulting pow-

er was bright green coloured. Sample A is expected to be of the 

ominal composition Pr 2 Zr 2 O 7, whereas the reduced sample, B , is 

xpected to be of composition Pr 2 Zr 2 O 7–δ . 

The samples and Al powder (~5-10 vol.% sample and ~90-95 

ol.% Al powder) were blended and then rolled into thin sheets. 

he TEM specimens were prepared from the thin sheets using me- 

hanical grinding and polishing followed by ion milling to electron 

ransparency using Ar + initially at 6 keV and finally at 0.5 keV. A 

oubly-corrected JEOL ARM200F microscope, operating at 200 keV, 

as employed to study the atomic structure of the samples. ADF- 

TEM images were obtained from thin ( t / λ < 0.5, where t is the

ample thickness and λ is the inelastic mean free path of the elec- 

rons in the samples), flat, defect-free and uniform regions of inter- 

st of the samples using an ADF detector where the inner angle of 

he ADF detector was ~4.6 α ( α, the convergence semi-angle of the 

lectron probe, was ~15 or ~30 mrad). Up to sixty ADF images, all 

ith a dwell time of 10 μs/pixel, were collected sequentially from 

 region of interest and subsequentially the images were aligned 

sing both normalized cross-correlation (using in-house code) and 

on-rigid image registration (using Smart Align software [44] ) and 

hen summed to obtain high quality ADF-STEM images with a good 

 > 30) signal to noise ratio (SNR). The DetectColumns [15] pro- 

ram was used to calculate the position and intensity of atom 

olumns in the atomic resolution ADF-STEM images. Multi-slice 

rozen phonon ( > 30 frozen phonons) image simulations were per- 

ormed with Prismatic [ 45 , 46 ] and Dr. Probe [47] software to com-

are with experimental data (see Section I in Supplemental Mate- 

ial for more information). 

. Results 

.1. Annular dark-field STEM 

A representative ADF-STEM image from sample A (Pr 2 Zr 2 O 7 ) 

btained along the [211] direction is shown in Fig. 1 (a). There 

re three types of cation columns in this projection as shown in 

ig. 1 (b); those containing only A -site cations (i.e. Pr), those con- 

aining only B site cations (i.e. Zr), and mixed ( M ) columns con- 

aining 50% A and 50% B . The M columns can be divided into 

wo different types, M1 and M2 , according to the number and po- 

ition of their nearby oxygen columns. There are twice as many 

xygen atoms around M1 columns in comparison to M2 columns. 

he oxygen atoms around M2 columns are closer to the centre of 

he cation columns. As a result, in the ADF-STEM image the M2 

olumns have a higher peak intensity whereas M1 columns have 

 higher radial intensity at larger radii ( > 70 pm) as displayed in 

ig. 1 (c). These results, consistent with mean radial intensity pro- 

les obtained from another pyrochlore Yb 2 Ti 2 O 7 [15] ( Fig. 1 (d)), in-

icate that invisible light atoms like oxygen have an influence on 

he contrast of their nearby visible cation columns with a relatively 

igh atomic number in ADF images. 

As illustrated in Fig. 2 , we also investigated the intensity distri- 

ution around visible atom columns in ADF images obtained from 

ample B, which is expected to be oxygen deficient (Pr 2 Zr 2 O 7–δ). 

nterestingly, here we observe that the radial intensity of M2 

olumns is always more than that of M1 , in other words, the ra- 

ial intensity of M1 never exceeds that of M2 . This could be due to

he presence of oxygen vacancies, as Mostaed et al. [15] have al- 

eady reported that oxygen vacancies alter the radial intensity dis- 

ribution around M columns in ytterbium titanate. However, in the 

ase of oxygen-deficient ytterbium titanate (Yb 2 Ti 2 O 7–γ ), the in- 

ensity of M1 columns is always greater than that of M2 ( Fig. 2 (c))
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Fig. 1. (a) ADF-STEM image taken with an ADF detector inner angle of 2.4 α from 

sample A (Pr 2 Zr 2 O 7 ) viewed along [211] (scale bar is 1 nm). The four visible atom 

columns in this image, i.e. Pr, Zr, M1 and M2 columns, are shown in blue, green, 

pink and orange at the right of the image. (b) [211] projection of the crystal struc- 

ture of pyrochlore A 2 B 2 O 7 showing the four different types of atom columns. Here, 

A, B , O( 48f ) and O( 8b ) atoms are shown in blue, green, black and grey, respectively. 

(c) Mean radial intensity profiles for the four atom columns, i.e. Pr, Zr, M1 and M2 , 

in (a) calculated using DetectColumns [15] program. (d) Mean radial intensity pro- 

files for Yb, Ti, M1 and M2 atom columns in the ADF image of pyrochlore Yb 2 Ti 2 O 7 
(Sample 1 in Ref. [15] ) adapted from Ref. [15] . 
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hereas the intensity of M2 columns is always greater than that 

f M1 in Pr 2 Zr 2 O 7–δ ( Fig. 2 (b)). This could be explained by oxy-

en vacancies in Pr 2 Zr 2 O 7–δ being in different Wykoff positions in 

omparison to those in Yb 2 Ti 2 O 7–γ . We will consider this further 

n the Discussion. 

We also investigate the effect of oxygen atoms on the shape 

f their nearby cation columns in LaFeO 3 with a perovskite struc- 

ure. Fig. 3 (b) shows an ADF-STEM image viewed along [110] di- 

ection obtained from LaFeO 3 . As schematically shown in Fig. 3 (a), 

here are two types of cation columns in this projection; those 

ontaining only La (displayed in blue) and those containing only 

e (displayed in pink and yellow). The Fe columns can be divided 

nto two different columns, Fe1 and Fe2 , according to the position 

f their nearby oxygen columns. As shown in Fig. 3 (a), the oxy- 

en atoms around Fe1 columns are close to the vertical ( y ) axis of

he image while those around Fe2 columns are close to the hor- 

zontal ( x ) axis. As the number of oxygen atoms and their dis- 

ance from the centre of cation columns are the same for both 

he Fe1 and Fe2 columns, the intensity of these atom columns in 
ig. 2. (a) ADF-STEM image taken with an ADF detector inner angle of 2.4 α from sam

olumns in this image, i.e. Pr, Zr, M1 and M2 columns, are shown in blue, green, pink and 

or the four atom columns, i.e. Pr, Zr, M1 and M2 , in (a) calculated using DetectColumns [

n the ADF image of pyrochlore Yb 2 Ti 2 O 7- γ (Sample 2 in Ref. [15] ) adapted from Ref. [15]

3 
he ADF-STEM images should be similar. The intensities of atom 

olumns shown in Fig. 3 (b) are plotted as histograms in Fig. 3 (c)

nd, as expected, there is no difference between the intensity of 

he Fe1 and Fe2 columns. Nevertheless, the width of the Fe1 and 

e2 columns are not the same. The calculated standard devia- 

ions obtained from two-dimensional (2D) Gaussian fitting on Fe 

olumns (i.e. width of Fe columns) in ADF images obtained from 

aFeO 3 samples are illustrated in Fig. 3 (d) and (e). We observed 

hat the Fe2 columns are broader than the Fe1 columns along the x 

irection ( Fig. 3 (d)) while the Fe1 columns are broader along the y 

irection ( Fig. 3 (e)). These results are consistent with the position 

f oxygen atoms along x and y around these columns. In order to 

rove that the observed difference in the shape of the Fe1 and Fe2 

olumns is due to the difference in the position of their nearby 

xygen atoms, we performed ADF-STEM image simulations using 

he Prismatic [ 45 , 46 ] software. The simulation results ( Fig. 3 (f)),

onsistent with the experimental results ( Fig. 3 (d) and (e)), indi- 

ate the Fe2 columns are broader along the x direction whereas 

he Fe1 columns are broader along the y direction; i.e. the oxygen 

toms change the shape of their nearby cation columns. 

.2. Electron energy loss spectroscopy 

The change in colour of praseodymium zirconate from brown 

Pr 2 Zr 2 O 7 ) to green (Pr 2 Zr 2 O 7–δ) after reduction in Ar + 3%H 2 

tmosphere is due to partial reduction of Pr 4 + to Pr 3 + cations 

 20 , 48 ]. As electron energy loss near-edge structure (ELNES) spec- 

ra can be used to obtain information on the Pr valance state in 

raseodymium oxides [ 49 , 50 ], we examine the oxidation state of 

r in our praseodymium zirconate samples using Pr- M 5,4 ELNES 

pectra. Pr shows two white lines M 5 and M 4 , due to electron tran- 

itions from 3 d 5/2 and 3 d 3/2 subshells to the outer unoccupied 4 f 

tates, respectively. In praseodymium oxides, the number and po- 

ition of peaks in the Pr- M 5,4 ELNES spectrum depends on the va- 

ence state of the Pr atoms. For instance, the Pr 3 + - M 4 white line

hows a shoulder on its low energy side that is absent in Pr 4 + - M 4 

50] . In addition, a decrease in the Pr valence state leads to (a) a

hift in the Pr- M 5,4 peaks to lower energies and (b) a decrease in

he intensity ratio I M 5 
/ I M 4 

which is called the branching ratio [50] . 

The experimental Pr- M 5,4 ELNES spectra obtained from samples 

 and B are shown in Fig. 4 . Peak energies, extracted by fitting the

ata to three Lorentzian curves, as well as intensity ratios are listed 

n Table 1 . As shown in Fig. 4 and Table 1 , the energy losses as well

s the branching ratio for Pr- M 5,4 decrease from the brown sample 

o the green one. In other words, the Pr valence state reduced from 

r 2 Zr 2 O 7 to Pr 2 Zr 2 O 7–δ , i.e. Pr–O bonds in praseodymium zirconate 

re affected by reduction in Ar + 3%H 2 atmosphere. 
ple B (Pr 2 Zr 2 O 7–δ ) viewed along [211] (scale bar is 1 nm). The four visible atom 

orange at the top right of the image, respectively. (b) Mean radial intensity profiles 

15] program. (c) Mean radial intensity profiles for Yb, Ti, M1 and M2 atom columns 

 . 
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Fig. 3. (a) [110] projection of the crystal structure of LaFeO 3 . Here, La and O atoms are displayed in blue and black, respectively. The Fe atoms, whose nature depends on 

the position of their nearby oxygen atoms, are shown in pink (the Fe1 columns) and yellow (the Fe2 columns). (b) ADF-STEM image taken with an ADF detector inner angle 

of 4.6 α from the perovskite LaFeO 3 viewed along [110] (scale bar is 1 nm). The 2D Gaussian fitting image on the three visible atom columns in this image is overlayed in 

which the La, Fe1 and Fe2 columns are shown in blue, pink and yellow, respectively. (c) Histograms of the extracted mean integrated intensities from (b) using Voronoi cells 

centred on each atomic column. (d) and (e) display the histograms of the standard deviations of the Fe columns along the horizontal ( x ) and vertical (y) axes obtained from 

the 2D Gaussian fitting on those columns shown in (b), respectively. (f) Standard deviations of the simulated Fe columns along the x and y axes. 

Fig. 4. Experimental EEL Pr- M 5,4 spectra of sample A and sample B ( t / λ = 0.35). 

Table 1 

Pr ELNES energies (eV) and branching ratios for the praseodymium 

zirconate samples. 

Sample A Sample B 

Pr E M 5 933.74 ± 0.01 933.56 ± 0.01 

E M 4 (α) 950.11 ± 0.03 949.83 ± 0.03 

E M 4 (β) 953.37 ± 0.02 953.22 ± 0.02 

I M 5 / I M 4 1.30 ± 0.02 1.23 ± 0.02 

4

p

g

c
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F  

s

Fig. 5. Atom configuration around (a) O( 48f ) and (b) O( 8b ) in a pyrochlore A 2 B 2 O 7 
structure. 
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. Discussion 

The ADF results obtained from the oxygen-deficient pyrochlores 

raseodymium zirconate and ytterbium titanate indicate that oxy- 

en vacancies change the intensity distribution around M1 and M2 

olumns in both materials, but in different ways. According to the 

onfiguration of oxygen atoms around the M columns shown in 

ig. 1 (b), we expect a decrease in the occupancy of oxygen at 48f

ites to reduce the ADF intensity of both the M1 and M2 columns. 
4 
owever, as the distance between O- 48f atoms and the centre of 

he M2 columns (~50 pm) is much smaller than their distance from 

he centre of the M1 columns (~100 pm), the reduction in the ra- 

ial intensity of the M2 columns caused by O- 48f vacancies should 

ainly occur at small radii. Thus, the decrease in intensity for M2 

olumns at small radii for Yb 2 Ti 2 O 7–γ , in comparison with stoi- 

hiometric Yb 2 Ti 2 O 7 , can be attributed to O vacancies at 48f sites. 

n a pyrochlore structure ( A 2 B 2 O 7 ), O- 48f are located in tetrahe-

ral voids created by two A -site and two B -site atoms ( Fig. 5 (a))

hereas O- 8b are surrounded by only A -site cations ( Fig. 5 (b)). This

eans that B -site cation reduction can only be caused by oxygen 

acancies at 48f sites. The EELS data presented in Ref. [15] showed 

hat Ti exhibits a lower oxidation state in Yb 2 Ti 2 O 7–γ (Sample 2 

n Ref. [15] ) compared to Yb 2 Ti 2 O 7 (Sample 1 in Ref. [15] ) which

eans that the oxygen vacancies are at 48f sites in Yb 2 Ti 2 O 7–γ .

his is consistent with our radial intensity measurements. 

Following the same reasoning, we expect a reduction in the 

DF intensity only of M1 columns for a decreased oxygen oc- 

upancy at 8b sites. Thus, the lower radial intensity of the M1 

olumns, even at large radii, compared to M2 columns in the ADF 

mage obtained from Pr 2 Zr 2 O 7–δ ( Fig. 2 ) can be explained by the

resence of oxygen vacancies at 8b sites in this material. O- 8b are 

ocated in tetrahedral voids created by four A -site atoms in a py- 
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Fig. 6. (a) Left: Schematic of the oxygen atom positions (black) around the Fe atoms (magenta) for the Fe1 columns; Right: average ADF-STEM images obtained from all 

the Fe1 columns shown in Fig. 3 (b). (b) Left: Schematic of the oxygen atom positions (black) around the Fe atoms (yellow) for the Fe2 columns; Right: average ADF-STEM 

images obtained from all the Fe2 columns shown in Fig. 3 (b). (c) Image of subtracted intensity for the average image of the Fe2 columns from that of the Fe1 columns, i.e. 

subtraction of (b) from (a). (d) Image of the positive values in (c) where the bright regions are consistent with the position of the oxygen atoms around the Fe1 columns 

(with a distance of ~60 pm). (e) Image of the negative values in (c) where the bright regions are consistent with the position of the oxygen atoms around the Fe2 columns 

(with a distance of ~60 pm). 
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ochlore structure ( Fig. 5 (b)) and therefore O- 8b vacancies only af- 

ect the oxidation state of A -site atoms. Our EELS results showed 

hat Pr exhibits a lower oxidation state in Pr 2 Zr 2 O 7–δ compared to 

r 2 Zr 2 O 7 , which means that the oxygen vacancies are at 8b po- 

itions in Pr 2 Zr 2 O 7–δ . This is consistent with our radial intensity 

easurements indicating that the oxygen vacancies in Pr 2 Zr 2 O 7–δ

re at 8b positions. Thus, the off-centring of Pr 3 + ions from their 

deal crystallographic positions which has been demonstrated as 

he origin of the complex magnetic ground state of Pr 2 Zr 2 O 7 [20–

3] ) is due to Coulomb repulsion between the O- 8b vacancies and 

he Pr cations. Our STEM technique allows us to observe the local 

efects in Pr 2 Zr 2 O 7–δ which were undetected in x-ray diffraction 

nd neutron scattering measurements reported earlier [20–23] . 

The above results show that, while oxygen columns are invisible 

n ADF images, they make measurable contributions to the inten- 

ity of nearby cation columns. Careful comparisons of cation col- 

mn intensity distribution for different samples can reveal changes 

n position, as well as occupancy, of oxygen atoms. The contribu- 

ion of invisible light atoms to the contrast of ADF images can be 

irect or indirect, and we will return to this point later. 

We can capture the essence of the behaviour in a very simple 

odel by taking the two-dimensional ADF intensity distribution of 

 mixed atom column I V ( x, y ) to be the sum of scattering from a

olumn of heavy cations I C ( x, y ) and adjacent light atoms I L ( x, y ) , 

lus a second order term I ( C,L, � d ) ( x, y ) due to the enhanced scat- 

ering that results from increased electron channelling when atom 

olumns are very close to each other [51–53] . The latter depends 

ot only on the type of atom in both columns but also their rela-

ive displacement ( � d ). So, the ADF intensity distribution of a visible 

ation column in an ADF image can be written as: 

 V = I C + I L + I ( C,L, � d ) . (2) 

For example, the intensity of the Fe1 and Fe2 columns in LaFeO 3 

an be written as: 

 1 = I F e 1 + I O 1 + I ( F e 1 , O 1 , � d 1 ) , (3) 

 2 = I F e 2 + I O 2 + I ( F e 2 , O 2 , � d 2 ) . (4) 
5 
In the [001] projection of Fig. 3 the number of iron and oxygen 

toms, and the distance between them, is identical for both Fe1 

nd Fe2 columns in a specimen of fixed thickness. Taking bonding 

ffects to be unimportant we may assume radially-symmetric scat- 

ering for I F e which means the only difference in I 1 and I 2 is the 

elative displacement of the Fe and O atom columns in the second 

nd third terms of each equation. If we subtract the intensity dis- 

ribution of Fe2 columns from that of Fe1 , the remaining intensity 

s 

 1 − I 2 = I O 1 − I O 2 + I (
Fe ,O, 

→ 

d 1 

) − I (
Fe ,O, 

→ 

d 2 

). (5) 

That is, scattering from Fe columns cancels, leaving only an in- 

ensity distribution that is dominated by the oxygen columns. Ac- 

ordingly, for Fig. 3 we calculated the average intensity distribu- 

ion of all Fe1 columns (i.e. Ī 1 ), all Fe2 columns (i.e. Ī 2 ) and their

ifference (i.e. Ī 1 − Ī 2 ) which are displayed in Fig. 6 (a-c), respec- 

ively. Very careful examination of Fig. 3 (a) and (b) reveals that 

oth the Fe1 and Fe2 columns have an oval shape, with their long 

xes matching the position of nearby oxygen atoms as shown on 

he left of Fig. 6 (a) and (b), i.e. vertical and horizontal respec- 

ively. In Fig. 6 (c), according to Eq. (5) , we expect positive values

o correspond to O 1 and negative values to O 2 . We may separate 

he two by taking only positive values ( Fig. 6 (d)) or negative val-

es ( Fig. 6 (e)). Using this method, the oxygen columns in Yb 2 Ti 2 O 7 

ith the pyrochlore structure were also resolved (see Section II in 

upplemental Material). 

The contrast of atom columns in ADF images is generated when 

 fraction of the incident electron beam is scattered to high angles 

y atoms in the specimen. As denoted in Eq. (1 ), the contribution 

f an oxygen column containing m oxygen atoms to the intensity of 

n ADF image would be proportional to m Z n ( Z O = 8) and is signif-

cantly lower than that of a column containing heavy cations with 

he same number of atoms. In the case of LaFeO 3 with a thickness 

f ~40 nm ( Fig. 3 ), regardless the effects of dynamic scattering such 

s the probe channelling and de-channelling, the contribution of 

n oxygen column to the intensity of the ADF image would be less 

han 2% and 7% of the contribution of a La and Fe column, respec- 

ively (where m = m = 100, m = 50 and n = 1.7). In reality, 
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Fig. 7. (a) Schematic of the atomic positions along an iron column and its nearby oxygen columns. (b) Simulated 2D beam intensity propagation profiles using Dr. Probe 

software [47] when the probe was at the P1, P2, P3 and P4 positions displayed in (a). Beam intensity depth profiles along the iron column in the presence of oxygen columns 

(blue lines) and in the absence of oxygen columns (orange dashed lines) when the probe is located at (c) P2 , (d) P3 and (e) P4 positions. Here, A Fe and A Fe ′ show the 

integration of the beam intensity over 40 nm along iron columns in the presence of oxygen columns and in the absence of oxygen columns, respectively. 
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he contribution of oxygen atoms to the intensity of ADF image is 

uch lower than this, because the probe intensity ( J ( r ) in Eq. (1 ))

t the position of oxygen atom columns is much lower than that at 

eavy cation atom columns. In fact, when the probe is at the oxy- 

en column positions, the probe is affected both by de-channelling 

way from oxygen columns, and channelling along heavy cation 

olumns [ 41 , 42 ]. This effect is shown in the simulation of Fig. 7 for

ifferent incident probe positions. When the probe is at the oxygen 

olumn positions (probe positions: P1 and P3 in Fig. 7 (b)) or close 

o them (e.g. P4 ), the probe intensity spreads considerably on, and 

scillates around, their nearby iron column. This will be the case 

ven if there is no oxygen column around the Fe column (see Sec- 

ion IV in Supplemental Material) due to the attractive Coulombic 

otential of the heavy iron atoms. However, as shown in Fig. 7 (c-e) 

he beam intensity at the iron column is significantly higher in the 

resence of oxygen columns. For instance, as illustrated in Fig. 7 (d), 

hen the probe is at the P3 position, the total beam intensity at 

he iron column in the presence of oxygen columns ( A Fe ) is ~3.34

hich is significantly higher (~27%) than the value in the absence 

f oxygen columns ( A Fe ′ ≈ 2.63). Therefore, when the probe is at 

xygen columns in the vicinity of heavy cation columns, the light 

xygen atoms enhance spreading of the electron beam onto their 

earby iron columns where heavy iron atoms, according to Eq. (1 ), 

an significantly contribute to the contrast of ADF images (see also 

ection V in Supplemental Material). 

The contribution of oxygen atoms to a typical ADF image is 

hus so small that oxygen columns are effectively invisible. Only 

y subtraction of images, in which the heavy atom contribution 

ancels, can the contribution of oxygen columns be observed as 

hown in our experimental and simulation results ( Figs. 1–3 and 

). The result of this procedure is critically dependent upon the 

oise level, whose intensity is uncorrelated in the two images be- 

ng subtracted and thus remains in the difference image. In our 

xperimental ADF-STEM data, a sum of many individual images, 

he mean signal to noise ratio is between 30:1 and 60:1, allowing 

he oxygen atom signal to be easily detected. We can also produce 

oisier data by summing fewer images, and find that although oxy- 

en columns can also be traced in ADF images with lower SNRs 
Y

6 
see Fig. S3 in Section III of Supplemental Material), a minimum 

NR of roughly 10:1 is needed. 

In summary, using the methods described here, it is possible to 

btain (quantitative) information about light atoms (e.g. O) in ma- 

erials containing both light and relatively heavy elements (e.g. ox- 

des) using ADF-STEM provided that we use certain viewing direc- 

ions (zone axes) for imaging in which the oxygen atoms are very 

lose to atom columns containing heavy atoms. We expect the con- 

rast of the resolved oxygen columns in the ADF images to contain 

uantitative information regarding the occupancy of oxygen sites. 

he methods can be readily used to investigate oxygen displace- 

ent/occupancy in other functional ceramic oxides with perovskite 

e.g. BaTiO 3 [ 54 , 55 ], LaMnO 3 [56] , Na 0.5 Bi 0.5 TiO 3 [6] , BiFeO 3 [57] ,

tc.) or pyrochlore (e.g. Dy 2 Ti 2 O 7 [58] , Tb 2 Hf 2 O 7 [59] , etc.) struc-

ures where oxygen plays a key role in their physical and elec- 

rical properties. Furthermore, these methods can also be applied 

o characterize other invisible light atoms in ADF images obtained 

rom materials containing light and heavy elements, such as Li in 

ithium-ion battery materials [ 27 , 60 , 61 ]. 

. Conclusions 

We have investigated the atomic structure of three oxides with 

ither a pyrochlore (praseodymium zirconate and ytterbium ti- 

anate) or a perovskite (lanthanum ferrite) structure using aber- 

ation corrected STEM. The intensity of visible atom columns in 

DF images is sensitive to the number and position of their 

earby invisible light atoms (i.e. oxygen). In addition, by exam- 

ning the radial intensity profile of the cation columns, oxygen 

acancies are observed at 8b and 48f Wykoff sites in oxygen- 

eficient praseodymium zirconate (Pr 2 Zr 2 O 7–δ) and ytterbium ti- 

anate (Yb 2 Ti 2 O 7–γ ), respectively. According to the atom config- 

ration in pyrochlore A 2 B 2 O 7 , oxygen vacancies at 8b sites in 

r 2 Zr 2 O 7–δ or 48f sites in Yb 2 Ti 2 O 7–γ would be compensated by a

eduction in the oxidation state of Pr or either Yb or Ti cations, 

espectively. EELS data are consistent with those radial inten- 

ity measurements and showed that Pr in Pr 2 Zr 2 O 7–δ and Ti in 

b 2 Ti 2 O 7–γ have lower oxidation states in comparison to the stoi- 
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hiometric material. We also devised a simple technique by which 

nvisible light atoms like O can be resolved in ADF images. Using 

his technique we have resolved the invisible oxygen columns in 

DF-STEM images obtained from perovskite and pyrochlore struc- 

ures. We expect this approach to be applicable for any other ma- 

erial comprised of atoms with widely differing atomic number. 
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