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Appendix A: Introduction to DFT Calculations in VASP 

First-principles methods are very complementary to X-ray scattering measurements of crystalline 

materials, as both provide details about the atomic-scale structure of a periodic unit of matter. In 

particular, density functional theory (DFT) with a plane-wave basis set is widely used to simulate 

crystal bulk structures and surfaces. Low-energy structures can be relaxed from starting guesses, 

yielding calculated bond lengths and symmetries or coordination environments for XSW-derived 

atomic positions. Additional information such as the electronic or chemical properties of the 

surface can be calculated for the prediction of surface chemical processes. 

The goal of this Appendix is to demonstrate how to set up, run, and analyze DFT calculations 

using the popular Vienna Ab-Initio Simulation Package (VASP)[1-6]. In particular, I will focus 

on how to model the structure of surfaces and interfaces such as those which we study in the 

Bedzyk group. For more information, please refer to the comprehensive VASP guide which is 

freely available online. References to the VASP manual will be included as hyperlinks (notated by 

underlined blue text) in the electronic form of this document. 

Getting started 

In order to run VASP calculations, some knowledge of UNIX shell commands is necessary. A few 

fundamental commands are listed below. These commands are useful on any UNIX system, 

including the SPEC-running instruments in the Northwestern X-ray lab and at the Advanced 

Photon Source. 
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Displays current working directory 

Lists the files available in working directory 

Change directory to the  directory 

Change directory to parent directory 

Look at manual for  

Use the  or  text editor to view the 
contents of  
Create  

Connect to  using a secure shell 

Connect to  for file transfer 

View active processes on the computer 

 

Additionally, some useful commands and characters for text editing in vi or vim are given below. 

arrow keys Navigate around the file 

Go forward one page 

Go back one page 

Go to the end of the document 

Insert text 

Delete a line 

Yank (copy) a line 

 

 

yanked or deleted 
Go to line  
Open another  in the same pane, e.g. to 
yank lines from  
Quit the text editor 

Quit and save changes 
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Quit and do not save changes 

Indicates a commented line to VASP 

 

VASP calculations are run on a server which can be accessed via SSH and SFTP. On Mac and 

Linux operating systems, this can be done through a terminal window. For Windows, tools such 

as BitVise SSH Client can be downloaded for communicating via SSH and SFTP. It may also be 

convenient to use a Linux operating system running in virtualization software such as Oracle VM 

VirtualBox for manipulating files in a UNIX environment. 

The input files: , , , and  

It is assumed that a working version of VASP is compiled on the server which will be used. Prof. 

Ellis can direct you to a server and help set you up with an account and scripts for running VASP. 

The next step is to set up a working directory. Each structure you calculate should have its own 

directory with an identifiable name, as the output files ( , , , etc.) will 

not be named uniquely for each structure. The working directory must contain the following four 

input files:  defines the starting options for a calculation;  contains the data for the 

pseudopotentials that will be used in the calculation;  defines the size and shape of the 

periodic cell and includes the coordinates of the atoms in the cell; and  defines the size 

of the k-point mesh that will be used in the calculation. In order to avoid subtle formatting issues, 

it is recommended to modify existing input files instead of composing them from scratch. 

Several options define the size, scope, and details of a VASP calculation. Those that are not 

included in an  file are automatically set to default values. The contents of a typical  
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file for an atomic relaxation in spin-polarized mode are shown below, followed by an  file 

for a density of states (DOS) calculation with fixed atomic positions. 
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The choice of many of these options depends on the size of the supercell or the server to be used 

probably tweak for your calculations. Relevant pages from the VASP Guide are included as 

hyperlinks. 
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 This determines the degree of parallelization to be used on multi-core computers for band 

structure calculations.  means that each band is calculated by all cores simultaneously. 

Distributing multiple bands over multiple cores, i.e. , makes more efficient use of the 

 on multi-core machines, 

 is a good choice. Site-projected atomic DOS calculations require that  in 

many versions of VASP.  

 This tells VASP how to initialize the charge density for a calculation. By default, if 

there is no charge density file present, then VASP will calculate it as a superposition of the 

pseudopotential atomic charge densities or from orbitals projected from the  file. 

 uses the existing  file as a starting point for the calculation. 

 fixes the input charge density for DOS and band structure calculations. 

 This determines whether the wavefunctions from the  file are read in 

( ) or not ( ). If a structure becomes stuck in an unstable state during 

ionic relaxation, then it may help to freshly initialize the wavefunctions using . 

,  These define the stopping conditions for the electronic and ionic relaxations. 

If the total free energy change becomes less than , than the electronic iterations of an ionic 

relaxation step will stop. Regardless of the  value, the number of electronic iterations will 

be no fewer than  and no more than .  similarly defines the free energy step 

between ionic iterations at which the ionic relaxation will stop. However, if  is negative, 

then it defines the force on all atoms at which the relaxation will stop. 
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This selects whether real-space or reciprocal-space projection operators are used. For 

large cells, including surface supercells,  or  (automated 

optimization of real-space projection operators) should be selected. The  tag selects the 

degree of precision of the projection; for our purposes,  is sufficient, and  can be used 

for initial structural relaxations of large slabs. For cells with fewer than 20 atoms, such as bulk 

unit cells, reciprocal-space projections ( ) may be more efficient.  

 This selects whether spin polarization is used ( ) or not ( ). For 

calcluations on many transition metal oxides (including hematite), spin polarization is necessary. 

Two sets of wavefunctions are calculated, one for each spin state. Both the total charge density 

and the spin density are given in the  file, and the spin-polarized DOS is output to the 

 file. 

This defines the magnetic moments on all the atoms in the  file, in order. In 

the example above, the magnetic moments are shown for an antiferromagnetic hematite slab with 

8 Fe3+ ions, 12 O2- ions, and a V atom atop the surface.  

This parameter can be set so that VASP automatically determines what symmetry 

elements are present in the supercell. Symmetry ( ) can be used to run the 

calculation more quickly by symmetrizing the charge density, forces on the ions, and stress tensor. 

However, if symmetry elements are included, atomic motions that break the symmetry of the 

supercell are not allowed. To account for this, most calculations of unknown surface structures 

should be run with , which disables the symmetry calculation. 
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For most slab calculations, the lattice parameters are fixed to enforce bulk-like boundary 

conditions. The forces on the ions are calculated, and the ions are allowed to relax (aside from 

those which are fixed  see the  discussion below). This corresponds to the default value 

of . When calculating a bulk unit cell to determine the optimal lattice constant, different 

values of  should be used, namely  for relaxation of the cell shape and volume 

without allowing the ion positions to relax.  

This sets the number of ionic relaxation steps before the VASP run will complete, assuming 

that the  condition is not satisfied first. While this number is arbitrary, it may be useful if 

n. I typically use 

 for the initial ionic relaxation and  for further, finer runs. 

This defines the method by which ions are moved in response to the calculated forces 

at the end of the electronic relaxation iterations in each ionic relaxation step. For structural 

relaxations, I use  (quasi-Newtonian) or  (conjugate-gradient) 

algorithms. The quasi-Newtonian movements are calculated more quickly, but the choice of too 

large of a  value (see below) can lead to large displacements of ions, putting the system 

into an unstable state from which a reasonable configuration may not be recovered. On the other 

hand, the conjugate-gradient method provides a smoother relaxation, but without allowing large 

displacements, the structure may relax into a metastable state.  scales the amount by which 

each ion is moved by the calculated force. For coarse relaxations, I use  or  

and then reduce this value for finer convergence of the forces. While the VASP manual suggests 
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a value of , surface slabs have more degrees of freedom and therefore require more 

delicate relaxation parameters. 

As VASP calculates the ground state (0 K) electronic structure, some artificial 

smearing is introduced to smoothen the band structure. The  parameter offers several 

different smearing schemes, and the  parameter gives the degree of smearing (in eV). For 

structural relaxations,  (Gaussian smearing) is typically used. The choice of 

 is more critical for DOS calculations. I use a 5th-order Methfessel-Paxton smearing 

( ) with  for Al2O3 substrates or  for Fe2O3. 

This tag determines how the output wavefunctions are projected into the DOS output 

files ( , , and ). The radii of the Wigner-Seitz spheres into which the site-

selected wavefunctions are projected are given in the  line. For ionic relaxations, the default 

value  is typically used. For DOS calculations,  yields an orbital-

decomposed projection of the wavefunction character of each band into the  file as well 

as site-selected partial DOS (PDOS) saved into . If the line  is not given in , 

the Wigner-Seitz radii are read in from each pseudopotential entry in . However, the 

Wigner-Seitz radii (in Å) can be specified for a particular system. These can be tuned empirically 

by matching the site-projected electron occupations at the end of the  file with the 

expected values (e.g. O should have a charge of -2) while the sum of the Wigner-Seitz integrated 

electrons should be roughly correct. The total enclosed Wigner-Seitz volume should also be close 

to the supercell volume. For oxide systems, the Wigner-Seitz radii of oxygen may be much larger 

than that of the oxidized cations. 
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, , and  define the energy range (in eV) over which DOS data 

will be calculated, with the Fermi level typically near 0.  defines the number of energy 

points in . Thus, the energy step size for outputted  data is . 

The  file can be assembled from the set of functionals provided by VASP for each 

element. Prof. Ellis can direct you to the atomic  library on each server; it is referred to 

here as . A  file can be assembled manually by creating the  file 

in the working directory, using the command  

  

to open the atomic  for , and then using yank ( ) and put ( ) commands to copy 

over the contents of the atomic  file. It can be done more simply by the following 

command: 

Note that the order of pseudopotentials in the  file should match those in the  and 

 files. That is, if the order of atoms in  is Fe, O, W, H, then the  file should 

contain Fe, then O, then W, and finally H atomic coordinates. Similarly, the  lines  

and  should follow the same order. The choice of pseudopotentials will be discussed below. 
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The starting configuration of atoms is included in the  file. An example  file is 

given below for a fully relaxed structure which corresponds to the example files mentioned above, 

with one A-site OH-terminated W atom on an O-terminated 1x1 -Fe2O3 slab. 

At the top of the  file is a comment line, followed by a scaling factor by which the lattice 

parameters are multiplied. This is followed by three lines that define the lattice vectors. In this 

case, we have a hexagonal cell, with the a and b directions defined by a relaxed bulk unit cell and 
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the c direction set at 25 Å. Next, the atomic species making up the file are given, followed by the 

corresponding number of each species (here, 7 Fe, 13 O, 1 W, and 1 H). The choice of 

m can be fixed or allowed to move along each 

lattice vector. These are chosen as  or  (movement allowed or fixed, respectively) tags at the 

positions are in fractional coordinates along the defined lattice vectors. Finally, the atomic 

positions are listed. 

For the slab defined by the  file shown above, several atoms (3 Fe and 6 O) are fixed in 

place to enforce bulk-like boundary conditions. These positions, along with the lattice parameters, 

were derived from a relaxed bulk unit cell. Note that the difference between the highest and lowest 

atoms in the slab is about 0.45, indicating that there is about 13 Å of vacuum space between the 

top and bottom of the periodic slabs. 

The  file defines the k-point mesh that will be used. While the k-point mesh can be 

explicitly defined, it is usually calculated by the method of Monkhorst and Pack[7] based on an 

input mesh size. The contents of an example  file for a 1x1 -Al2O3 or -Fe2O3 slab 

supercell are given below. 
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In most slab cases, only the fourth line needs to be modified. A coarser k-point mesh is sufficient 

for structural relaxations. For DOS and band structure calculations, one might test a few different 

k-point meshes (e.g.  or ) to check if the DOS is affected. However, a finer k-mesh 

increases the memory requirements and calculation time substantially. In tall (c > 20 Å) slabs, the 

number of k-point divisions in the c  

Choice of functional 

DFT is a powerful tool for materials science, but its physical accuracy is limited by the 

approximations that go into an efficient calculation. As mentioned in Chapter 2, the choice of the 

approximate exchange-correlation (XC) functional of the electron density depends on the materials 

to be studied and the desired balance of physical accuracy and computational efficiency. The XC 

energy Exc must be included in a DFT calculation to accurately predict the ground-state electron 

density and related properties such as bond lengths[8]; without accounting for Exc, lattice 

parameters are predicted to be far too large. Surface electronic properties would also be completely 

bogus as the energy to extract an electron from the surface would be severely underpredicted. The 

choice of an appropriate XC functional is therefore critically important for surface structure 

determination and the prediction of surface chemical effects. The different flavors of XC 

functionals are discussed below, and specific functionals are referred to in the provided references. 

John Perdew, a leader in the development of XC functionals, considers the increasing degrees of 

complexity of XC functionals as 

approximation, which neglects Exc entirely, to an as-yet 

of the exchange-correlation energy[9, 10]. The first rung is the local density approximation (LDA), 

described in Equation 2.29. The LDA Exc is a functional of the electron density n(r) as calculated 
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for a homogeneous electron gas of the same density. (The local spin density approximation, LSDA, 

is similar, with separate contributions from the spin-up and spin-down densities; this can be 

generalized to the other approximations discussed below.) The next rung up is the generalized 

gradient approximation (GGA), in which the gradient of the electron density n(r) is taken into 

account as well as n(r). LDA tends to over-bind atoms in solid lattices, resulting in smaller than 

expected lattice parameters, while GGA slightly under-binds, yielding the opposite effect[6]. GGA 

provides much more accurate results for chemical phenomena such as atomization energies[11, 

12] and molecular adsorption at surfaces[13], among other properties[14, 15], making it the 

standard for calculations of surface chemical phenomena and heterogeneous catalysis. However, 

GGA suffers from intrinsic errors at surfaces which lead to inaccurate defect formation energies 

in metals and adhesion energies at weak metal-oxide interfaces[16]; schemes to correct this error 

have been developed[17]. The GGA approach is further augmented to the third rung, meta-GGA, 

by including a somewhat less localized contribution from the orbital kinetic energy density ,(r) 

or the Laplacian n(r) in addition to the local and nearly-local contributions included in GGA. 

Without adding too much computational cost, the meta-GGA approach yields more accurate lattice 

parameters and surface energies than GGA or LDA[15] and gives better predictions for hydrogen-

bonded structures[18] and van der Waals interactions[19]. The approaches described above are 

usually non-empirical, derived completely from first principles. 

Hybrid functionals, which include some degree of exact exchange, make up the fourth rung of 

 The exchange energy Ex can be calculated using Hartree-Fock-like methods and 

mixed in with exchange and correlation components calculated from functionals from the first 

three rungs. While the exact exchange calculation is computationally expensive, hybrid functionals 
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offer significant improvements over GGA in the calculation of molecular bond lengths and 

atomization energies[20], lattice parameters[21], and semiconductor or insulator bandgaps[22]. 

However, they are semi-empirical, requiring at least one tunable parameter (e.g. the degree of exact 

exchange mixing with GGA-calculated exchange). The fifth (and currently highest) rung uses the 

random phase approximation (RPA), which gives a nearly-exact treatment of long-range 

exchange-correlation effects and shows excellent predictive properties across a range of materials, 

including those with van der Waals interactions such as graphite[23, 24].  

For oxides and oxide surfaces, GGA is widely used. In the Ellis group, we typically use 

pseudopotentials which explicitly account for only the chemically active valence and near-valence 

electrons. The projector augmented wave (PAW) method[5], which smoothens out the high-energy 

wavefunctions near the pseudopotential core, is used to reduce the required plane-wave cutoff 

energy (see Georg Kress  - , for a primer on VASP 

pseudopotentials). Libraries including pseudopotentials for all atoms using this PAW-GGA 

approach can be foun Two of the most common GGA 

functionals are PW91[12] and PBE[11]. For many applications, such as the calculation of bulk 

lattice constants and mechanical properties, these approaches are nearly interchangeable. 

However, PBE has been found to be somewhat more accurate than PW91 in the calculation of the 

aforementioned intrinsic surface energy error[25]. In future work, the use of meta-GGA 

functionals may be preferred to improve the treatment of long-range interactions of surface 

species, such as hydrogen bonds or van der Waals effects. 

Within a given PAW-GGA framework, there are several pseudopotentials to choose from for each 

atom. Pseudopotentials are selected as a tradeoff between accuracy and computational intensity. 
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For example, a standard PAW-PBE pseudopotential for Al has a maximum plane-wave energy of 

240.300 eV, but a high energy variant (labeled as  in the pseudopotential directory) has a 

higher cutoff energy of 294.838 eV. For each of these pseudopotentials, wavefunctions for only 

the three valence electrons (3s23p1) are used in the DFT calculation. For some atoms, 

pseudopotentials can be selected with more or fewer valence electrons available for calculation. In 

the work reported in this dissertation, I used the extended pseudopotentials  and  for 

tungsten and vanadium, which include wavefunctions for the p6 near-valence shell in addition to 

the s and d valence electrons. 

In many transition metal oxides and rare earth oxides with partially filled d or f valence shells, 

strong electron correlation effects require the use of further corrections, as discussed in Section 

3.2.2.9. A classic case is that of NiO, for which an underestimation of Coulomb repulsion between 

localized d electrons leads to an unrealistic broadening of their density of states. This leads to a 

severely underpredicted bandgap, or even the prediction of a metallic state, by traditional local 

(spin) density approximation (L(S)DA) calculations[26]. The addition of an on-site +U term aims 

to correct this error by simulating Coulomb repulsion in the d orbital[27-29]. This is frequently 

implemented in VASP by the method of Dudarev et al.[29], which penalizes partial occupation of 

bands, forcing the electron density into more localized states. The +U value, i.e. the size of the 

energy penalty, can be chosen empirically and applied to particular orbitals of particular elements 

in the calculation, although some methods have been developed to calculate +U values ab 

initio[30]. Additionally, Hartree-Fock calculations can be performed, and this exact exchange 

energy is taken into account in hybrid functionals such as the popular B3LYP functional. 
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In summary, care must be taken in choosing the appropriate functional for a particular materials 

system. The type of material (metal, semiconductor, oxide), interatomic interactions (ionic, 

covalent, van der Waals), and other special considerations (e.g. strongly correlated electrons) must 

all be taken into account when determining a theoretical scheme. It is helpful to run simulations 

on known material systems similar to those of interest that can be compared to literature values for 

lattice parameters, bulk moduli, band structure, adsorption energies, or surface energies. 

Composing the slab 

Plane-wave VASP calculations use periodic boundary conditions in three dimensions. To calculate 

surface structures, a slab must be constructed with a large distance (~10 Å) between the top and 

bottom sides to avoid interactions between periodic surfaces. Slabs can be asymmetric, with one 

termination fixed to enforce bulk-like boundary conditions and the other side allowed to relax. 

Alternatively, for centrosymmetric crystals, some researchers prefer symmetric slabs with both 

terminations identical and allowed to relax. 

-like 

termination, adsorbates or ligands can be added with starting configurations and interaction 

distances informed by experiment. If these interaction distances are too close or too long, the forces 

on the atoms will be strongly attractive or repulsive, resulting in extreme ionic movements into 

unrealistic or unstable positions. At the start of a VASP calculation, the nearest-neighbor distances 

ligands. 
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Running VASP and achieving convergence 

A VASP calculation, or run, is initiated by running the appropriate script from a UNIX terminal. 

VASP runs consist of series of iterations of electronic and ionic structure convergence which 

a bulk cell calculation, the initial structure can come from X-ray diffraction data. Due to the 

approximations used in DFT, the cell may converge to a lattice parameter slightly larger or smaller 

than the experimental values. Bulk cells can be converged relatively quickly, especially if there 

are symmetry elements present (which are automatically detected by VASP and utilized in the 

calculation). Once the structure, potentials, and other information are read in from the input files, 

the calculation begins by generating test wavefunctions (typically for free atoms) and iteratively 

relaxing the electronic states until a low-energy charge density has been converged. Forces on the 

atoms are then calculated, and the atoms are moved according to the selected algorithm. After each 

ionic relaxation, the new atomic coordinates are saved in the  file, and information about 

the calculation is saved in the  file. These will be discussed in more detail below. 

Converging a surface slab supercell is much more computationally intensive than a bulk cell. At 

the surface, the symmetry is broken, so there are fewer symmetry elements to utilize; in fact, it is 

recommended to turn off symmetry elements completely ( ) when converging surface 

structures to allow for symmetry-breaking lateral movements across the surface. Bond lengths and 

angles can change significantly through a VASP run, and bonds can be made or broken as atoms 

and ligands migrate. Long structural relaxations with hundreds of ionic iterations are sometimes 

necessary to converge to the lowest-energy surface. With a myriad of possible surface 
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configurations, it is difficult to know whether the relaxed structure is in fact that of the lowest 

energy for a particular stoichiometry. 

Ionic relaxation using a conjugate-gradient algorithm gives a smoother transition from the initial 

configuration to the final relaxed state. While this often results in convergence after fewer ionic 

relaxation iterations, it can also prevent the system from relaxing into unexpected low-energy 

structures. Additionally, there is a bug in VASP that occasionally kills conjugate-gradient 

relaxation calculations with the following error message: 

 
One solution to this problem is setting  

If further VASP runs will be performed for a system, then the next calculation can be set up by 

replacing the old  file with . It is also useful to save  and  files 

corresponding to the completed run for future reference. A simple script called  which 

 

The output files: , , , ,  

During a VASP run and upon its conclusion, data is written to several output files. Before sufficient 

convergence is achieved, these files can be used to continue the calculation in a new VASP run. 

When a structure is satisfactorily converged, this data can be interpreted to learn about the 

structural, chemical, and electronic properties of the system. 
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All wavefunctions used in a VASP calculation are stored in . This is a very useful file 

for continuing calculations, as otherwise the initial wavefunctions will be calculated from  

or initialized randomly.  is also necessary for band-projected charge density calculations 

as described below. For calculations on large ensembles of atoms or with fine k-point meshes, this 

file can grow to several gigabytes. It therefore might be desirable in some cases to not save any 

data into  by setting  in . 

The  file tracks the relaxed structure of the ions and is identical in format to . 

At the end of a VASP run, the  file can be copied to  as described above. 

Details of VASP calculations are saved into  throughout a VASP run. The beginning of 

 documents details from all the input files, including values from , default values 

for parameters not specified in , and some basic information about the pseudopotentials 

used. A nearest neighbor table is calculated, providing interatomic spacings up to some cutoff 

length that depends on the atom. The results of symmetry calculations are documented, as is the 

calculation of the k-mesh. 

After these initial calculations, the electronic relaxation iterations begin. Details from each 

calculation are shown, including all components of the total supercell energy. Calculation times 

are also listed and can be used to diagnose computational bottlenecks. At the end of each step, the 
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total free energy is given as . In order to track the energy convergence of a VASP run, one 

can use the following command in the directory of the  file: 

to see how the total supercell energy changes with electronic iterations. 

After the electronic structure is converged, VASP outputs the energies and occupations of each 

calculated band at each k-point. Due to Pauli exclusion, the maximum occupancy of each band is 

2 for non-spin-polarized calculations and 1 for spin-polarized calculations. Finally, the Coulomb 

forces on each ionic core are calculated. A rule of thumb is to converge the force on each relaxing 

atom within 0.02 eV / Å for each lattice direction. The forces on non-relaxing atoms may inevitably 

be much higher due to constraints imposed to enforce bulk-like boundary conditions against a 

vacuum surface. The free energy of the ion-relaxed electron system is then displayed. If another 

ionic relaxation step follows, then the atoms are allowed to relax in response to the calculated 

forces, and a new electronic relaxation begins. 

Once force convergence is achieved (or  is reached), the total charge is calculated within 

Wigner-Seitz spheres of each atom and shown in . In spin-polarized calculations, the 

magnetic moment is given for each atom as well. The VASP run concludes with a log of the total 

time and memory use of the run. 

Charge density information is stored in . This can be used as an input for further VASP 

runs, or after satisfactory convergence is achieved, the charge density can be analyzed. The Bader 

charge can be partitioned from  using a shell script developed by Henkelman et al.[31] 
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Additionally, charge density isosurfaces and slices can be visualized by software such as VESTA 

or XCrySDen. For spin-polarized calculations, a spin density array is given after the charge density 

array. Charge density differences between two structures can be calculated using the 

 tool, also available from the Henkelman group. 

Charge densities corresponding to particular bands or regions of the density of states can be 

calculated by setting  in . Bands can be selected explicitly using the 

 tag, and the integration over certain k-points can be set using . Perhaps the simplest 

way to visualize the charge density corresponding to a certain band in the DOS is by setting the 

 tag to the desired range of energies. To run VASP with ,  and 

 files must be provided along the standard input files. As VASP is only re-projecting the 

charge density, the calculation is very quick. The partial charge density is output to the file 

. 

Densities of states, including the total DOS and atom-projected partial DOS (PDOS), are output 

to . At the beginning of the file, the total DOS is given, as well as the integrated DOS. 

Because of the contribution of bands below , the first entry in  might be very large. 

If  is set in , then the atom- and orbital- (s-, p-, d-)projected PDOS for each atom 

are given after the total DOS. In the case of spin-polarized calculations,  will include both 

spin-up and spin-down components for the total DOS as well as each projected PDOS.  

data is split into its atomic constituents using the  script written by Dr. Daniel 
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ensemble PDOS using the  script. This is particularly useful for looking at 

adsorbed molecules or total contributions from symmetric groups of atoms (e.g. oxygen layers in 

oxides). 
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