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Abstract 
 
The investigation of alternatives to SiO2 for use as gate dielectrics is a major part of the 
quest for smaller transistors. Computer models of unit cell crystal structures were 
created using WIEN2K software, and simulated measurements of these crystals (i.e. 
band structure) were checked against literature sources to determine the models’ 
accuracy. For the most part, WIEN2K produced models that agreed well with 
experimental band structures in terms of band shapes, although the use of local spin 
density approximation (LSDA) generally caused band gaps to be underestimated by 25 
to 33%. These unit cell models will provide a good foundation for future computational 
work in building more complex lattice structures and interface models, and they offer a 
source against which experimental data can be checked. 
 
Introduction 
 
In the constantly evolving microelectronics industry, component size is of the utmost 
importance. If devices (such as transistors) can be made smaller, then more of them can 
fit on to a chip, leading to improved performance and lower static power requirements at 
lower cost. 
 
Figure 1 shows a 
schematic of a 
complementary 
metal-oxide-
semiconductor 
(CMOS) field effect 
transistor1. A 
dielectric material is 
deposited on a 
silicon substrate, patches of 
which are doped so that they become semiconductors. The dielectric serves to insulate 
the gate electrode from the substrate. The semiconductor layers are topped by the 
source and drain electrodes. If the size of any of these parts can be decreased, then the 
whole transistor can be made smaller. 
 
Until now the gate dielectric has generally been made of silicon dioxide, which seemed 
for quite some time to be an ideal material for transistor fabrication. SiO2 forms an 
electrically and thermodynamically stable interface with Si, and its insulating properties 
are good for isolating the gate from the substrate and the semiconductor1. However, the 
industry is fast approaching the minimum thickness for the SiO2 dielectric layer in CMOS 
transistors. Therefore, new materials will be needed to replace SiO2 in the coming years. 
They will need to have a similar quality of interface with Si while having a smaller 
minimum thickness. This lower limit on dielectric size hinges on the insulating properties 
of the material, determined by its dielectric constant (also called relative permittivity), κ. 
Thus, these alternatives to SiO2 are called “high-κ dielectrics.” 
 
Alternative dielectric materials have an additional benefit: they can increase the speed of 
transistor operation. An individual transistor’s speed is directly proportional to the drive 
current running through it, and the drive current is proportional to the capacitance of the 
transistor. A material’s capacitance is determined by its dielectric constant, so high-k 
dielectrics offer greater capacitance and higher speed than those based on SiO2. 

Figure 1: Typical semiconductor transistor configuration 
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Currently a number of different materials are being studied as potential replacements for 
SiO2. They are generally metal oxides (although some nitrides, like Si3N4, have been 
considered), and all have κ values substantially larger than SiO2, ranging from 7 (Si3N4) 
to 80 (TiO2)1. However, no one material stands out at present as having all of the desired 
properties of a gate dielectric. For example, alumina forms a stable interface with Si, 
even at high temperatures, and has a large band gap, but has a relatively small κ of 91. 
Were it to be used as a silica replacement, it would not be long before it itself would 
have to be replaced. In contrast, many of the higher-κ dielectrics have poor interface 
quality when deposited on Si. Thus, hybrid materials like metal silicates or metal 
aluminates may be the best solution, combining the interfacial stability of silica or 
alumina with the superb insulating properties of metal oxides like Ta2O5. It is hoped that 
the unit cell models produced in this project can be used to predict some of the 
properties of less-studied high-κ dielectrics and create larger lattice models of hybrid 
materials so that their properties may also be predicted. 
 
Methods 
 
To simulate a crystal structure, WIEN2K2 solves the many-electron problem for the 
crystal using density functional theory with local spin density approximation3. It seeks to 
minimize the total energy (as calculated according to Weinert et al.4) in the crystal lattice 
by iteratively solving the orbital equations self-consistently. The local spin density 
approximation (LSDA) specifically applies to one contributor to the total energy called 
the exchange-correlation energies, which will be further discussed later. 
 
The method that WIEN uses to calculate the electronic structure in crystals and thereby 
solve the equations mentioned above is known as the linearized augmented plane wave 
(LAPW) method. The LAPW method divides the crystal’s unit cell into atomic spheres 
(which must not overlap) and the interstitial region (the space between the atoms) and 
uses special basis sets for each region3. Besides the WIEN2K user’s guide3, other 
sources in the literature offer a more in-depth explanation of the LAPW method5. 
 
In practice, WIEN2K makes running these calculations much easier than one might 
expect. The program utilizes a graphical user interface (shown on the next page in Fig. 
2) for nearly all program operations, data input, and output. This section will now 
summarize the steps in a typical calculation and explain the procedures used in the 
project’s runs for various crystal structures. 
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Figure 2: The WIEN2K graphical interface, w2web. 
First, the user must input structural data for the crystal unit cell using the StructGen 
program (Fig. 2). The user specifies the number of inequivalent atoms and what 
elements they are, the dimensions of the unit cell, the characteristic angles, the lattice 
space group, initial positions for the atoms, and RMT (which, in a curious bit of 
nomenclature, means “muffin-tin radius”) values for the atoms to tell the program how 
big to make the atomic spheres when the linearized augmented plane wave (LAPW) 
method is used. Relativistic effects are always taken into account for the core states, but 
for valence states, the user chooses whether or not to account for relativity. In the 
calculations of this project, relativistic effects were included on every run. Cell 
dimensions, initial positions, and space group information were obtained from many 
different references and literature sources3,6-12 for the models, and all structural data can 
be found in the appendix. A website created by the Naval Research Laboratory12 and the 
International Tables for Crystallography13 were often consulted for comparison. 
 
After creating the structural input file, the user must run a series of small programs to 
create input files and prepare for the main calculation. This is the initialization phase. 
Here one has the opportunity to check if the RMT radii chosen cause the atoms to 
overlap, and to adjust them if that is the case. Ideally, the RMT values should be chosen 
so that the atomic spheres are almost touching; this will save time in computation later 
on. Input files are made available for viewing to determine if they are what the user 
wants to send in to the main self-consistency field (SCF) calculation. 
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One also can choose during initialization which exchange-correlation potential one wants 
to use. While local spin density approximation (LSDA) is an option, two other options 
improve upon the accuracy of LSDA by adding gradient terms of the electron density, 
resulting in the generalized gradient approximation (GGA). The two GGA 
parameterizations offered by WIEN2K are one by Perdew and Wang (1991)14 and one 
by Perdew, Burke, and Ernzerhof (1996)15. The latter was always used in this project’s 
calculations.  
 
In the last step of initialization, the user chooses whether or not to perform a spin-
polarized calculation. Almost all models created used spin-polarization; only TiC did not. 
The user also can choose to initialize for spin-orbit interactions with a separate 
initialization script, “initso_lapw,” run from the “Utils” menu. A few such calculations were 
attempted, but resulted in major errors, so spin-orbit interactions were not included in 
this batch of models. 
 
It should be noted that although the initialization program “sgroup” generates a structural 
file, it was never used in a successful model. Also, in every case the energy used in the 
“lstart” program to separate core and valence states was –6.0 Ry. The following table 
summarizes the changes in the initialization parameter that was varied between models: 
the number of k-points from which “kgen” generated the k-mesh.  
 

Table 1: Number of k-points used in models. 

Model Number of k-
points 

TiC 1000 
Ni 3000 
Si 1000 
Alpha-quartz 100 
Al2O3 100 
Beta-cristobalite 100 
HfO2 100 
Ta2O5 45 

 
 
The next phase after initialization is the self-consistency field (SCF) cycle, the iterative 
solving of the crystalline energy equations. This is the most computationally demanding 
part of the process, but the user does not have to do much, aside from selecting a few 
options at the start relating to which criterion for convergence should be used. 
 
Once the SCF cycle finishes, the user can use its results to make simulated 
measurements of the crystal. These outputs are generated by running a series of short 
scripts from the “Tasks” menu in the graphical interface. X-ray spectra, electron density 
maps, density of states (DOS) and joint density of states graphs, as well as band 
structure graphs can be generated, but this project focused on the simulated band 
structures. It is from the band structure graph that a material’s band gap and band 
offsets are determined. These two properties determine in turn the barrier height, and 
the tunneling current, I tunnel, can be calculated from the barrier height, h barrier, according 
to the following equation, in which C is an arbitrary constant: 
 I tunnel= C(h barrier)1.5        (1) 
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Results 
 
TiC 
 

 
Figure 3: Simulated electron density map of TiC. 

Here is a simulated false-color electron density map of TiC (plotted on the (110) plane). 
Four atoms are clearly visible, the larger ones being titanium and the smaller ones being 
carbon. The nuclei would be located at the holes in the middle of the concentric circles. 
Closely space bunches of lines indicate high electron density, while more widely spread 
lines mean the opposite.  
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Figure 4: Simulated total density of states (DOS) for TiC 

The total DOS graph has its biggest peak around the 4 eV level, with flatter regions 
extending for about 10 eV to its right and 5 eV to its left. A smaller peak sits at about –3 
eV. 

 
Figure 5: Simulated band structure of TiC 

Most of TiC’s bands are concentrated around 4 eV, with a few dipping below the EF line 
into the –1 to –3 eV region. The band gap is measured from the graph as about 3 eV. 
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Ni (fcc) 
 

 
Figure 6: Simulated total density of states for fcc nickel. 
This graph is quite different from the TiC DOS graph. There are three major peaks in the 
graph at –4, -2.4 and –1.7 eV. The region around the peaks is also fairly high, whereas 
the line is very low elsewhere on the graph (i.e. lower than -4 eV). 
 

 
Figure 7: Simulated band structure of fcc nickel. 
Most of the bands in fcc Ni are between 0 and –4 eV on the graph. One does dip down 
out of that region, bottoming out at around –9 eV, and one with portions above 7 eV has 
its low point around –1 eV. 
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Si 

 
Figure 8: Simulated Si band structure 
Most bands in this graph are in the conduction region, that is, above the Fermi level. The 
band gap, according to this graph, would be about 0.5 eV. 
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SiO2 (alpha-quartz) 
 

 
Figure 98: Simulated total DOS for alpha-quartz 
There are a few narrow peaks directly to the left of the zero mark, and then there are 
many more between 8 and 10 eV, with several more in the region to the right of 10 eV. 
Between these two regions of many peaks, there is a large gap extending from 0 to 6 
eV, at which point there is a small incline until 8 eV. 
 

 
Figure 90: Simulated alpha-quartz band structure 
This graph features many tightly packed bands between 0 and –3 eV, a few less dense 
ones from -9 to –5 eV, and one band gradually curving up from 6 eV. The band gap is 6 
eV. 
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Alpha-Al2O3 
 

 
Figure 10: Simulated alumina total DOS 
Alumina’s total density of states graph has two clumps of jagged narrow peaks: one from 
about –7 eV up to 0 and one from ~10 to 14 eV with a line curving up into it. The region 
between these two clumps is completely bare. 
 

 
Figure 11: Simulated alumina band structure 
The graph shows many bands between 0 and –7 eV and nothing else except for one 
band curving above 6 eV at the top of the graph. The band gap on the graph is 6.3 eV. 
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Beta-cristobalite (SiO2) 

 
Figure 125: Simulated band structure of beta-cristobalite. 

Here one can see that unlike many other simulated band structures, beta-cristobalite’s 
has most of its bands located on both sides of the Fermi level, reaching as far down as   
-6.4 eV. A few more bands can be seen below -12 eV, so the band gap is 5.6 eV.  
 

  
Figure 136: Simulated joint density of states for beta-cristobalite. 

The graph’s highest peak comes at about 1 eV; smaller peaks are found at 2.5 and 6 eV. 
Overall, the graph descends to 0 rapidly from 0 to 7 eV, then has a brief reappearance at 
about 13 eV.



J. Abrahamson 14  

Monoclinic HfO2 

 
Figure 147: Simulated band structure of hafnia. 

HfO2 has three groups of bands: a very tight bunch at -9.7 eV corresponding to core or 
semi-core states, a larger valence band region from 0 to -5.6 eV, and conduction bands 
above 4.2 eV. The band gap is therefore 4.2 eV. 
 
Beta-Ta2O5 

 
Figure 158: Simulated band structure of tantala. 

Unfortunately, this graph shows no band structure at all. The bands extend from -4.6 eV 
all the way to the top of the graph. A few clusters of bands with typical insulator shape 
(i.e. as seen in Fig. 16--wavy, no large peaks) are visible in the -2.5 to 0 eV region and 
around 3 to 3.5 eV, but there are still many other jagged bands on top of those. 
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Band Offsets 
 
Tables 2 and 3 contain the band offset data obtained from the simulated band structures 
as compared to values found in literature sources. The previously reported offsets for 
quartz and cristobalite are the same because values for SiO2 (generally amorphous) 
were used for both, since that is what they are intended to approximate. All values are in 
eV. Tantala’s offsets are not shown on the table because of the lack of a band gap in its 
simulated band structure. 
Since band offsets are entirely a relative concept, that is, they are measured as the 
difference between band locations in two crystals and not the difference from some 
absolute reference point, it is necessary to explain the usage of positive and negative 
signs in the tables. For valence band offsets, a positive value means that the valence 
band maximum (VBM) of the structure in the “Crystal” column is lower than that of the 
crystal against which it is being compared. In Table 3, a positive value means the 
conduction band minimum (CBM) of the structure in the “Crystal” column is higher than 
that of the crystal against which it is being compared. This is done so that offsets on 
silicon are usually positive. 

Table 2: Valence Band Offsets, in eV. 

 Model Valence Band Offsets Previously Reported 
Offsets 

Crystal On Si On 
quartz 

On 
cristobalite 

On Si On SiO2 

Alpha-quartz 0 N/A -12 4.416,17 N/A 
Beta-
cristobalite 

12 12 N/A 4.416,17 N/A 

Al2O3 0 0 -12 3.7519, 4.920 -0.7419 

HfO2 0 0 -12 3.017, 1.018, 
3.420 

-1.417,  
-3.418, -1.020 

 
Table 3: Conduction Band Offsets, in eV. 

 Model Valence Band Offsets Previously Reported 
Offsets 

Crystal On Si On 
quartz 

On 
cristobalite 

On Si On SiO2 

Alpha-quartz 5.5 N/A 12.4 3.417, 3.3419 N/A 
Beta-
cristobalite 

-6.9 -12.4 N/A 3.417, 3.3419 N/A 

Al2O3 5.8 0.3 12.7 2.0819, 2.820 -1.2619 
HfO2 3.7 -1.8 10.6 1.017, 1.218, 

1.520 
-2.417,  
-2.218, -1.920 

 
  
Discussion 
 
The simulated band structures were checked against literature sources to determine 
their accuracy and, concordantly, the accuracy of the crystal model that produced them. 
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TiC 
 
This was a relatively simple model to create, since the parameters and instructions were 
all given in the WIEN2K user guide3. It was created as a practice exercise to facilitate 
familiarity with WIEN2K and as an initial test to ensure the program was running 
correctly. The band structure graph was almost exactly the same as the one in the user 
guide, and the DOS graph was very similar, indicating that the TiC model was valid. 
 
Ni (fcc) 
 
The structural information for this model was also given in the user guide3, so it too was 
fairly easy to make. The model allowed some more practice with WIEN2K, particularly 
spin-polarized calculations. The density of states and band structure graphs generated 
agreed well with those found in the literature21,22. 
 
Si 
 
After many initial runs that produced incorrect band structures, the graph shown in 
“Results” was finally produced. The reason for the invalidity of the early simulations was 
probably their use of the “complex calculation (no inversion)” option; no successful 
simulations made use of that option. The band structure shown in this report agrees well 
with past results23 in terms of band shape, although the band gap (0.5 eV) was 55% too 
small. However, it appears that such underestimation is common when using local 
density approximations (LDA) such as the generalized gradient approximation (GGA) for 
exchange correlation potentials24,25. This is related to the fact that the conduction bands 
are excited states and thus can not be accurately calculated. Schmid et al.23 do indicate 
in their paper that this underestimation can be compensated for by adding a potential 
energy term with radial dependence at each atomic position, for example 

Va(r)=V0*(r0/r)*exp[-(r/r0)2]       (2) 
However, there does not seem to be an easy way to include such a potential while using 
WIEN2K; doing so might require writing an auxiliary program. 
 
SiO2 (alpha-quartz) 
 
The quartz model was designed to be another test of whether WIEN2K could replicate 
past experimental results. However, it will also be useful later in future interface models, 
since a quasi-SiO2 layer generally forms at the interface between alternative dielectrics 
and the Si substrate. Although this layer may be amorphous structurally, amorphous 
SiO2 films, such as gate dielectrics, can often be approximated reasonably well as 
crystals. Thus, quartz offers one such option for approximation. 
 
The quartz graphs produced by the simulation show the large band gap and general 
band structure one would expect from an insulator such as quartz, but the magnitude of 
that gap, 6 eV, is 33% smaller than the measured value found in literature sources, 8.9 
eV24. But, as with silicon, this is to be expected since the model used LDA, and Badro et 
al. confirm this with their theoretical band structure for alpha-quartz26.  
 
Alpha-Al2O3 
 
Alumina produced the most accurate model, in terms of band gap. The band structure 
graph shows general insulator character, in good agreement with a paper by B. Holm et 
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al.27, and a band gap of 6.3 eV, only 6% less than the literature value of 6.728. This 
difference is well within the range of what might be expected from using GGA, although 
it is uncertain at this time what is behind this marked difference in accuracy.  
Since alumina forms a fairly stable interface with silicon, not reacting to form SiO2 as 
much as many other alternative dielectric materials, aluminates are promising 
candidates for replacing SiO2. Any model of new aluminate materials would likely be 
based in part on an alumina model, and this one seems quite up to the task. 
 
Beta-cristobalite (SiO2) 
 
As with quartz, here we have another option for approximating SiO2 layers, both in 
interface models and as gate dielectric films. And as with quartz, the band gap is 
underestimated, by 30% in this case. Schneider et al. indicate that the band gap should 
be about 8 eV29, whereas the simulated band gap is only 5.6 eV. The other unusual 
aspect of the simulated band structure is the positioning of the bands relative to the 
Fermi level. The upper set of bands is similar in shape to the conduction bands as 
depicted by Schneider et al.29, but conduction bands should be above the Fermi level, 
and these extend below -6 eV. Additionally, the simulation graph’s set of bands that lie 
around -12 eV resemble the valence bands in their paper. It may simply be that the 
energy scale of the simulation graph is incorrect, shifted down by several eV. 
 
As for the joint density of states graph, its creation was something of an achievement in 
itself. It took many tries to produce more than an empty plot. Nevertheless, the graph 
does not agree very well with experimental measurements made in here the Advanced 
Materials Research Laboratory. It could be said to have a correct shape overall, only 
reversed; the experimental joint density of states graphs have their highest parts in the 
10 to 15 eV region and climb up to that level from about 0 near 0 eV. 
 
Monoclinic HfO2  
 
With hafnia, a new issue is encountered in verifying the model’s accuracy: its properties, 
particularly band structure, have not been studied as much as the oxides above. There 
are fewer literature sources to be found, and those sources do not always agree. For 
example, the size of the HfO2 band gap is rather uncertain; sources give it as anywhere 
from 5 eV17 to 5.8 eV30. Fiorentini and Gulleri performed theoretical calculations with 
generalized gradient approximations (GGA) as I did, but they got a band gap of 5.7 eV31, 
compared to my value of 4.2 eV. Given the range of band gaps found in the literature, 
the underestimation in the model’s band gap ranges from 16% to 28%. On the shape of 
the bands there is more consensus, so the model band structure can be said to agree 
well with other results there. 
 
Beta-Ta2O5 
 
Since it lacks a band gap, the tantala simulated band structure can not be said to be 
accurate at all. It was somewhat unexpected that the graph turned out the way it did, 
because the source for the model’s structural information11 used WIEN2K as I did and 
even gave their initialization parameters, which I decided to follow. Oddly enough, their 
simulation still produced a band gap of 0.2 eV when GGA was used without spin-orbit 
coupling. This is rather small for an insulator, but Sahu and Kleinman note that the 
experimental value of 4.25 eV32 is from an amorphous thin film phase of tantala, 
whereas their calculation (and thus mine, which paralleled it) is more similar to the bulk 
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phase. Additionally, the shape of my simulation’s bands did seem to resemble those of 
Sahu and Kleinman. A new structure will probably be needed to better simulate the band 
structure properties of thin film tantala.  
 
Band Offsets 
 
It appears that, without further adjustments, WIEN2K can not be relied upon to produce 
meaningful band offset data, as seen by the complete disagreement of the simulated 
values with all references. The valence band offset generally came out as 0 since the 
Fermi level was usually positioned at the valence band maximum, regardless of the 
model. This suggests that the program is automatically positioning the Fermi level there, 
but the references used to check the alumina and quartz band structures26,27 also had 
the same Fermi level positioning. However, the apparent down-shift of the cristobalite 
bands also suggests that energy levels are not being positioned correctly by the 
software. Further work will be necessary to see how this problem can be corrected. 
 
Relative Importance of Parameters 
 
Throughout the course of the project, it took many runs to come up with the models 
presented in this paper. Thus, some judgments can be made about which input 
parameters had the most effect on the accuracy of a simulation. Sometimes, a choice of 
parameters did not just result in an inaccurate simulation; they caused the calculation to 
crash altogether in the self-consistency field (SCF) cycle. 
 
First, the structural data provided by the user in the first phase as described the 
“Methods” section was always more important than the parameters used in initialization. 
Values given to the initialization programs did affect the speed of the SCF cycle 
sometimes, but they did not seem to make a difference when it came to the band 
structures or other simulated measurements. Out of all the structural variables, the ones 
that seemed to make the most difference were the side lengths of the unit cell and its 
characteristic angles, the space group of the crystal, and the positions specified for the 
first atoms. This is logical, as these determine the shape of the crystal itself, whereas 
RMT and R0 values, for example, really only apply to how the software represents that 
shape. For a complete listing of the structural parameters used, see the appendix. 
 
Conclusions 
 
The crystal structure models produced with WIEN2K are generally accurate structurally 
and in terms of their band structures. The band gaps are always underestimated due to 
the use of local density approximation in the calculation. This underestimation usually 
ranges from 20 to 33%. Taking spin-orbit interactions into consideration may improve the 
models’ accuracy, and adding an extra potential energy term for each atomic position 
could also help, if that can be integrated with the software. The goal of getting reliable 
band offset data from WIEN2K remains elusive, most likely because of a problem with 
how the Fermi level is positioned on simulated band structure graphs. These models 
should, however, help in the future construction of more complicated crystal lattice 
structures, like interface models, where many different cells of different substances 
interact with each other. Hopefully, with a few adjustments, the models created in this 
project will give valuable theoretical data that can be cross-checked with experimental 
measurements to aid in understanding of emerging alternative gate dielectric 
candidates.  
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Structural Data 
 
In all cases the default values for NPT and R0 were used. First atomic positions are 
given as fractional values of unit cell side lengths. Alumina atomic positions are in 
rhombohedral coordinates. References are included as superscripts in “Model” column. 
 

WIEN2K Model Structural Data 
Model Space 

Group 
a b c αααα    ββββ    γγγγ    

TiC3 F 8.151193 
bohr 

8.151193 
bohr 

8.151193 
bohr 

90 90 90 

Ni (fcc)3 F 6.7 bohr 6.7 bohr 6.7 bohr 90 90 90 
Si6 Fd-3m 

(#227) 
5.4309499 
Å 

5.4309499 
Å 

5.4309499 
Å 

90 90 90 

Alpha-quartz7 P3221 
(#154) 

9.426630 
bohr 

9.426630 
bohr 

10.330553 
bohr 

90 90 120 

Alpha-Al2O3
3 R-3c 

(#167) 
8.989430 
bohr 

8.989430 
bohr 

24.543200 
bohr 

90 90 120 

Beta-
cristobalite12 

Fd-3m 
(#227) 

7.47 Å 7.47 Å 7.47 Å 90 90 90 

Monoclinic 
HfO2

8,9,10 
P21/c 
(#14) 

5.117 Å 5.175 Å 5.291 Å 90 99.22 90 

Beta-Ta2O5
11 Pccm 

(#49) 
11.748000 
bohr 

6.948000 
bohr 

14.728000 
bohr 

90 90 90 

 
Model Atom 1, x1 Atom 1, 

y1 
Atom 1, 
z1 

Atom 2, x1    Atom 2, 
y1    

Atom 2, z1    

TiC3 0 0 0 0.5 0.5 0.5 
Ni (fcc)3 0 0 0 N/A N/A N/A 
Si6 0.125 0.125 0.125 N/A N/A N/A 
Alpha-quartz7 0.459 0 0.66667 0.394 0.243 0.791 
Alpha-Al2O3

3 0.85192 0.85192 0.85192 0.056248 0.75 0.443752 
Beta-
cristobalite12 

0 0 0 0.125 0.125 0.125 

Monoclinic 
HfO2

8,9,10
 

0.267 0.040 0.208 0.074 0.332 0.347 

Beta-Ta2O5
11 0 0 0 0.3195000 0.0025 0.5 

 
Model Atom 1 RMT Atom 2 RMT 
TiC 2.0 1.9 
Ni (fcc) 2.3 N/A 
Si 2.2220 N/A 
Alpha-quartz 1.45 1.45 
Alpha-Al2O3 1.75 1.75 
Beta-cristobalite 1.5 1.5 
Monoclinic HfO2 1.9 1.9 
Beta-Ta2O5

11 1.74 1.74 
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Supplemental Information for Second Inequivalent Oxygen in HFO2
8,9,10 

Atom 3 RMT Atom 3, x1    Atom 3, y1    Atom 3, z1    

1.9 0.449 0.758 0.480 


