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Abstract 

Interstitial oxygen critical to the emergence of superconductivity in Fe1+yTeOx 

thin-films has been detected. Its location and concentration are measured by atomic-

resolution EELS with x = 0.09. The DFT calculations show that oxygen incorporation 

leads to local disorder in the magnetic moments of Fe, hole doping by oxygen forming 

ionic bonds with Fe and a large magnetic- and position-dependent increase or reduction 

in the Te-Fe-Te bond angles. An examination of bonding based on charge density further 

reveals covalent charge between Fe and Te, and its reduction with O doping.  
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Superconductivity is observed in the Fe1+yTeOx thin-films with Tc close to 12K 

after oxygen incorporation [1-6]. Oxygen substitutes Te through the introduction of 

oxygen during film growth [1,4,6] or occupies an interstitial site by oxygen annealing or 

by exposing to air after film growth [2-6]. The controlled experiment by Zheng et al. 

shows that interstitial oxygen, rather than oxygen substitution, is responsible for the 

emergence of superconductivity[6]. However, interstitial oxygen is difficult to detect and 

consequently its impact on the electronic and magnetic structure of Fe1+yTeOx thin-films 

is largely unknown. Since oxygen doping is directly behind the emergence of 

superconductivity in the Fe1+yTeOx thin-films, understanding the exact roles of interstitial 

oxygen can have a significant impact on our understanding of superconductivity in this 

materials system. 

Fe1+yTe belongs to the 11 family of known Fe chalcogenide crystal structures with 

the high-T symmetry of P4/nmm[7]. Previous theoretical study suggested several 

potential interstitial sites for the interstitial oxygen[3,8,9]. However, no direct evidence of 

interstitial oxygen has been reported so far. The amount of oxygen in the superconducting 

thin-films is also unknown. X-ray absorption spectroscopy measurements indicated that 

the Fe valence increased from 2+ to mainly 3+ with oxygen incorporation[2,3]. This 

suggests a substantial amount of oxygen in the superconducting Fe1+yTeOx thin-films.  

Here, we report a combined experimental and theoretical study to quantify 

interstitial oxygen and determine its electronic structure. The Fe1+yTe thin-films were 

grown on the LaAlO3 (001) substrate by molecular beam epitaxy (MBE) following details 

reported before [6]. The films were characterized by scanning transmission electron 

microscopy (STEM) combined with electron energy loss spectroscopy (EELS) and X-ray 
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diffraction. Density functional theory (DFT) calculations are used to model the atomic 

structures with oxygen incorporation, and investigate the impact of oxygen on the 

electronic structures for different magnetic configurations.  

Superconductivity in the Fe1+yTe thin-films emerges with oxygen doping. 

However, some films remain non-superconducting even with the oxygen treatment;  these 

films have a much higher excess Fe content due to a change in the Fe/Te flux ratio in the 

MBE growth. Two representative superconducting and non-superconducting films of 20 

nm and 100 nm thick, respectively, were selected for study. A comparison of the typical 

R(T) curves of superconducting and non-superconducting films is made in Fig. 1(a). The 

superconducting films have an onset and zero resistance transition temperatures at ~13K 

and 11K, respectively[6]. The reduction in resistivity as temperature decreases is 

broadened, which implies a softened magnetic transition[10]. In contrast, the anomaly at 

~65 K in the R(T) curve of the non-superconducting film is similar to that of bulk crystals, 

which has been attributed to a sharp magnetic and structural transition in this 

material[7,11,12]. The two films were characterized by X-ray diffraction. Based on the 

measured lattice constants and using the reported reference[13], we estimated ~4% 

excess Fe in the superconducting film(c ~ 6.32 Å) and ~18% excess Fe in the non-

superconducting film (c ~ 6.26 Å). Thus, there is a strong correlation between the 

magnetic properties of Fe1+yTe with the amount of excess Fe [14].  

Figure 1(b) shows an atomic-resolution high-angle annual dark-field (HAADF) 

STEM image recorded along the a-axis of the superconducting film. The film is 

atomically flat on the LaAlO3 substrate. At the interface, additional atomic layers are 

sometimes observed between the FeTe film and the substrate, which most likely are 
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consisted of Fe. To examine whether the film is strained, we performed nano-area 

electron diffraction with a probe of 40 nm in diameter centered at the interface. The 

electron diffraction results show that the (200) reflections from the substrate and film are 

well separated, as seen in Fig. 1(c), indicating no obvious film strain in agreement with 

the X-ray reciprocal space mapping result[6]. To detect interstitial oxygen, EELS spectra 

were recorded along the line indicated in the inset of Fig. 2(b) at an interval distance of 

0.74 Å. The experiment was performed on the JEOL2200FS at the University of Illinois, 

equipped with a CEOS probe corrector and an in-column Ω-energy filter[15]. Figure 2(a) 

shows an EELS spectrum from the Fe1+yTeOx thin-film. The O-K edge together with the 

Te-M4,5 and Fe-L2,3 edges with the onset energy at ~530, 570, and 708 eV, respectively, 

are clearly recorded. The O-K edge integrated intensity after background subtraction 

using the power law model is plotted as a function of the probe position in Fig. 2(b). A 

clear modulation of oxygen distribution is observed from this analysis. For reference, we 

simultaneously recorded the HAADF intensity during the EELS acquisition, which is also 

plotted. The HAADF intensity peaks come from the Te atomic columns due to its large Z. 

Based on this, the Fe positions can be identified. The comparison between the two curves 

shows that oxygen signal is peaked next to the Fe atomic plane.  

To estimate the amount of interstitial oxygen, the O-K edge was quantified 

together with Te-M4,5 edge. The background of each signal was determined ~40 eV 

before the edge threshold using the power-low model. Each signal was integrated with a 

width of 35 eV from the edge threshold. Result shows x = 9±2% for oxygen in the 

superconducting thin-film. Together with the estimate of 4% excess Fe, the overall 
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composition was determined to be Fe1+0.04TeO0.09±0.02. Thus the amount of interstitial 

oxygen is substantially larger than the amount of excess Fe in the superconducting film. 

The recorded O-K edge shows fine structures with a prepeak at ~531 eV and a 

main peak at ~538 eV. The O-K fine structure (see Fig. S1) is similar to the one we 

previously recorded in oxygen-annealed Fe1.08Te0.55Se0.45, which can be interpreted as a 

mixture of the O-K edges in FeO and �-Fe2O3 [16]. 

To further determine the position of interstitial oxygen, as well as to study the 

effects of oxygen doping on the FeTe atomic and magnetic structures, DFT calculations 

were performed. Both WIEN2k[17] and VASP[18-20] packages were used to perform 

DFT calculations, and they led to consistent results. In what follows, only the VASP 

results are presented. The calculations were performed within the gradient approximation 

(GGA) and the projector augmented wave (PAW) pseudopotentials as implemented in 

the VASP package. The plane wave cutoff energy was 500 eV. The experimental lattice 

constants, a = 3.821 Å and c = 6.285 Å, were employed for the calculation[21]. A 

separate calculation using c = 6.32 Å, as determined by XRD, showed little changes in 

the results. A 2×2×1 supercell was used for modeling as shown in Fig. 3(a) and the k-

point mesh was a 8×8×10 Monkhorst Pack grid. All atoms were free to move until the 

force tolerance of 0.02 eV/Å was reached. Oxygen was placed at the interstitial site above 

the center of the Fe square lattice based on our EELS evidence, at the opposite side of Te 

(see Fig. 3(a)), corresponding to the composition of FeTeO0.125. The z height of oxygen 

was initially set to make the Fe-O bond length at 2 Å, corresponding to the bond distance 

expected for iron oxides. The relaxed structure is shown in Fig. 3. The oxygen after 

relaxation is at the top of a pyramid-like structure with 4 Fe atoms at the base. We also 
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considered the case that oxygen is centered within the Fe square lattice[8], but the oxygen 

atom at this location was unstable in agreement with previous report[3,9]. The calculation 

here did not include excess Fe, The impact of excess Fe is discussed separately late based 

on the DFT calculation results.  

The ground state of FeTe is reported to be bicollinear antiferromagnetic (AFM) 

structure [14,22-24]. For our modeling of FeTeO0.125, nonmagnetic, collinear AFM and 

bicollinear AFM structures[24] were all considered. The spin configurations of 

bicollinear and collinear AFM are shown in Fig 3(c) and (d), respectively. After atomic 

relaxation, the total energy of nonmagnetic structure is found to be about 0.15 eV/Fe 

higher than the other two AFM configurations. For the two AFM structures considered, 

the biollinear configuration is lower in energy by 20 meV/Fe.  

For FeTe with the bicollinear and collinear AFM structures, Fe magnetic moment 

is calculated as 2.3 μB and 2.0 μB, respectively. With oxygen in the bicollinear AFM 

structure, we obtained for Fe ions next to oxygen, MFe1 = MFe3 = 2.0 μB, MFe5 = 1.9 μB and 

MFe6 = 2.4 μB (the sites are labelled as Fe1 to Fe8 in Fig. 3). The other four Fe atoms have 

magnetic moments varying from 2.0 μB to 2.2 μB. Notably, the magnetic disorder is 

accompanied with changes in the Fe-O bond length with dFe5-O = 1.95 Å, dFe6-O = 2.08 Å 

and dFe1-O = dFe3-O = 1.98 Å. In comparison, in the collinear AFM structure MFe =2.1 μB is 

obtained for all 4 oxygen-bonded Fe ions, and 2.0 μB for other 4 Fe ions inside the 

supercell. Furthermore, the Fe-O bond lengths are found to be the same (2.00 Å) in the 

collinear AFM structure. Thus, large magnetic disorder is found only in the oxygen 

incorporated bicollinear AFM structure.  
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The bond angle of Te-Fe-Te,  (see Fig. 3(b)), is also impacted by oxygen doping 

dependent on the magnetic structure. Previous work has shown that Tc increases as  

increases with Se doping in FeTe1-xSex[25]. For FeTe in the bicollinear and collinear 

AFM structure,  is calculated to be 96.2°/94.7° and 97.1°, respectively. Note that two 

bond angles in the bicollinear AFM structure are the result of structural distortion due to 

the lattice-magnetic interaction, which was also previously reported[26,27]. With 

interstitial oxygen, large changes in  are introduced. Changes in  in the bicollinear 

AFM case range from 0.2° to 6.2°. For a list of  values, see Table S1 in supplemental 

materials.  

Bond distances and angles in general are determined by chemical bonding. To 

further examine how oxygen impacts bonding and the related electronic structure, we plot 

the difference charge density maps of FeTe and FeTeO0.125 for different spin 

configurations in Fig. 4. The difference charge density map is calculated as 

crystal atomsρ ρ ρΔ = − where crystalρ  is the calculated charge density and atomsρ is the 

superimposed atomic charge density. For FeTe, the difference map shows Fe ions with 

negative Δρ  with d-orbital features, whereas Te ions are polarized with positive ρΔ  

away from the Fe plane. Significantly, there is an electron-accumulated region between 

Fe and Te, showing a strong covalent feature of the Fe-Te bonding with MaxρΔ =  0.010 

e/bohr3. In FeTeO0.125, the oxygen show large positive ρΔ  as a negative ion, forming an 

ionic bond with Fe. Notably, the electron-accumulated region of the Fe-Te bond has 

MaxρΔ =  0.009 e/bohr3, indicating a weakening of the Fe-Te bond by interstitial oxygen. 

In addition, the polarization of Te underneath the oxygen also changes, showing a 
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reduced polarization compared to the other Te ions. After oxygen incorporation, d-orbital 

feature of Fe is also slightly rotated, resulting from modification of the electronic 

structure in d-orbital. Since it has been suggested that the strong electronic polarizability 

of anion plays a crucial role in superconductivity in Fe-based superconductors[28], the 

bond modifications revealed here is noteworthy. 

 The effects of excess Fe are further studied by DFT calculations. A 2×2×1 

supercell with one excess Fe was employed for modeling, corresponding to Fe1+0.125Te. 

The initial excess Fe site was set according to the previous study[29]. Its height is 

calculated at 1.78 Å (1.65 Å, 1.66 Å for the bicollinear and collinear magnetic 

configurations, respectively) from the Fe layer, in agreement with previous reports[29,30]. 

Figure 5 shows the calculated (100) plane difference charge density maps of FeTe and 

FeTe with the excess Fe. The excess Fe is positively charged as evidenced by its large 

negative . Positive  is seen between the excess and host Fe atoms, in a covalent-

like feature with Δρ Max  at the largest when the spins of the two Fe atoms are the same. 

The Fe-Te bonding weakens somewhat as measured by Δρ Max. In addition, ionic bonding 

between the excess Fe and the Te ions modifies the charge density of Te and its 

polarizability. Near the excess Fe, the Fe-Fe bond distances are also modified by a small 

amount, for example, dFe1-Fe6 decreases from 2.70 Å to 2.64 Å with the excess Fe. Full 

details are summarized in Table S2 and S3 in supplementary material. The excess Fe is 

spin-polarized [29]; there is an energy gain of ~0.4 eV/cell favoring the spin-polarized 

excess Fe. The magnetic moment of the excess Fe is 2.3, 2.4 and 2.3 μB for the 

nonmagnetic, collinear AFM, bicollinear AFM FeTe, respectively. Overall, the excess Fe 

ρΔ ρΔ
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contributes to electron doping, a strong magnetic moment, and localized modification of 

bonding and related bond lengths.  

In summary, we have demonstrated oxygen preferentially occupies the interstitial 

site, bonded to the Fe layer in a pyramid-like configuration. DFT calculations show that 

there are four major roles of interstitial oxygen in the emergence of superconductivity: 1) 

hole doping by oxygen that forms ionic bonds with Fe, 2) disruption of long-range AFM 

order by oxygen induced magnetic disorder in the bicollinear AFM structure, 3) increase 

of Te-Fe-Te bond angles in some cases and reduction in other cases and 4) weakening of 

Fe-Te bond. The large magnetic disorder with Fe in the bicollinear AFM state is 

accompanied by variations in the Fe-O bond lengths, while the interaction of oxygen with 

Fe in the collinear AFM state leads to smaller variations. In contrast, excess Fe 

contributes to electron doping, a strong magnetic moment and smaller variations in the 

Fe-Fe bond lengths. 
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Figure 1. (a) Temperature dependence of resistivity for the superconducting and 

nonsuperconducting films. The inset shows an onset and zero resistance transition 

temperature of ~13K and 11K, respectively, for the superconducting film. (b) Atomic-

resolution HAADF-STEM image of a FeTe thin-film with atomic columns labeled. (c) 

Electron diffraction pattern recorded from 40 nm diameter area centered at the film 

interface.  

  



14 
 

 

 

Figure 2. Line-scan EELS analysis of interstitial oxygen. (a) A typical EELS spectrum 

with O-K, Te-M4,5 and Fe-L2,3 edges labeled. (b) The integrated intensity of O-K is 

plotted by solid squares as a function of scan path shown on the inserted HAADF-STEM 

image. Error bars were estimated by assuming Poisson noise distribution for the signal 

and considering the standard deviation of the background intensity of the O-K. The 

corresponding smoothed curve is shown in red. The simultaneously recorded HAADF 

intensity along the scan path is shown below.  
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Figure 3. Structural models obtained from DFT calculations. A 2×2×1 supercell used for 

modeling is shown in (a) with Te-Fe-Te angle, , defined in (b). Bicollinear and collinear 

AFM configurations are shown in (c) and (d), respectively, with calculated Fe-O bond 

lengths and magnetic moments of Fe ions bonded with oxygen. 
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Figure 4:  Difference charge density map of (a) FeTe bicollinear AFM (b) FeTe collinear 

AFM (c) FeTeO bicollinear AFM (d) FeTeO collinear AFM. Each inset shows difference 

charge density map of Fe with different scale, from -0.03 e/bohr3 to +0.03 e/bohr3 

(contour interval: 0.005 e/bohr3), to illustrate Fe d orbital features clearly. 
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Figure 5: The effects of excess Fe on bonding as observed in the difference charge 

density maps of (100) plane for (a) pure FeTe, Fe1.125Te with (b) nonmagnetic, (c) 

bicollinear and (d) collinear AFM magnetic structure. Contour line is drawn from -0.08 

e/bohr3 to +0.01 e/bohr3 at the interval of 0.005 e/bohr3. 
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