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DENSITY FUNCTIONAL THEORY APPLIED TO TRANSITION
METAL ELEMENTS AND BINARIES: DEVELOPMENT,
APPLICATION, AND RESULTS OF THE V-DM/16 TEST SET

ELIZABETH R. DECOLVENAERE* AND ANN E. MATTSSON'

Abstract. Density functional theory (DFT) is undergoing a shift from a descriptive to a predic-
tive tool in the field of solid state physics, heralded by a spike in “high-throughput” studies. However,
methods to rigorously evaluate the validity and accuracy of these studies is lacking, raising serious
questions when simulation and experiment disagree. In response, we have developed the V-DM/16
test set, designed to evaluate the experimental accuracy of DFT’s various implementations for pe-
riodic transition metal solids. Our test set evaluates 26 transition metal elements and 80 transition
metal alloys across three physical observables: lattice constants, elastic coefficients, and formation
energy of alloys. Whether or not a functional can accurately evaluate the formation energy offers key
insights into whether the relevant physics are being captured in a simulation, an especially impor-
tant question in transition metals where active d-electrons can thwart the accuracy of an otherwise
well-performing functional. Our test set captures a wide variety of cases where the unique physics
present in transition metal binaries can undermine the effectiveness of “traditional” functionals. By
application of the V/DM-16 test set, we aim to better characterize the performance of existing func-
tionals on transition metals, and to offer a new tool to rigorously evaluate the performance of new
functionals in the future.

1. Introduction. In the last decade, density functional theory (DFT) has shif-
ted in use from a primarily descriptive to an increasingly predictive tool in the field of
solid state physics[42]. However, compared to the field of quantum chemistry, solid-
state DFT has only the most rudimentary standards of verification, validation, and
reproducibility[11] — vital aspects in the design and use of a predictive method. The
shift in focus, from descriptive to predictive, has been heralded by a spike in high-
throughput studies[39, 65, 5, 9, 12, 21, 38|, which leverage increasingly powerful and
inexpensive computing resources to churn through tens or hundreds of thousands of
structures in search of novel materials, properties, or behavior. Unfortunately, without
rigorous methods to evaluate the accuracy and precision of DFT-derived results, the
reliability of any of these studies is questionable when experiments and simulation
(often) disagree[15, 48].

While several verification and validation studies have been performed on periodic
systems[36, 37, 26, 71, 41, 24], these simulations all have been to compare various
DFT codes against each other, and/or focused on lattice constants/volume, and/or
limited to a small (and not necessarily representative) set of pure or binary metals and
oxides. The most popular high-throughput databases have been excellent at providing
input files capable of reproducing published outputs[25, 60, 13], but tend to concen-
trate only on one functional in their studies, usually PBE[49, 50]. Individual studies
in other publications, while sometimes encompassing a greater spread of functionals,
often provide insufficient information on input parameters such that results are dif-
ficult to compare and impossible to reproduce. Finally, in both cases, precious little
attention is given to situations where DFT and experiment have strong, fundamental
disagreements.

To address these issues, we have developed a test set designed to evaluate the
experimental accuracy of DFT’s implementations for periodic transition metal (TM)
solids. Our test set, V-DM/16, evaluates 26 TM elements and 80 TM alloys across
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2 The V-DM/16 Test Set

three physical observables: lattice constants, elastic coefficients, and formation en-
ergy of alloys. Our enumeration of structures for the binary compounds takes a
hybrid approach, blindly enumerating configurations containing up to 6 atoms in the
symmetrically-distinct supercell, and also containing experimentally observed phases
(when known) and similar supercell decorations. Overall, our full test set contains
roughly 12,000 structures; we additionally aim to provide mini and micro test sub-sets
for fast and/or computationally cheap initial evaluations.

The V-DM/16 test set is designed to capture the wide variety of unique physics
that arise in TM alloys, a consequence of the interaction of chemically active d-
electrons[43]. These interactions are often ill-captured by present functionals[22], as
most functionals are designed to focus on (and accurately solve) one “model” electron
system or situation, e.g., the local density approximation[28] (LDA) functional mod-
els the uniform electron gas. Some functionals, such as PBESol[54] and AMO05[3, 40],
are modeled to solve systems with more “mixed” character, but these functionals still
fail to capture the simultaneous highly localized and delocalized electron behavior
that can arise in systems with active d- and s- electrons. Additionally, multiple ele-
ments and many alloys among the TMs have strong and sometimes complex magnetic
characteristics[61]; our test set is designed to include representative cases of potential
magnetic behaviors. Finally, late-period TMs have important chemical contributions
from spin-orbit coupling[59, 66], a phenomena very poorly modeled by most common
formulations of DFT[47]. Our test set considers multiple alloy systems where the
presence (or lack) of spin-orbit coupling is critical in correctly predicting material
properties.

2. Simulation Methods. All of our simulations were carried out using the Vi-
enna Ab initio simulation package[29, 30, 32, 31] (VASP) with projector-augmented
wave (PAW) pseudopotentials[6, 33]. Enumeration of superstructures, as well as man-
agement of high-throughput simulations, was handled by the CASM[57, 64, 58, 16]
software package. All calculations were performed at zero temperature and pressure,
with spin polarization, using the interpolation formula of Vosko, Wilk, and Nusair[69],
and with automatically generated gamma-centered k-point meshes[45]. Electronic
self-consistency loops were converged to energy changes below 10~2 meV, while ionic
relaxations were converged to energy changes below 1 meV. The general simulation
scheme consisted of two steps: first, repeated relaxation runs were performed until
the simulation converged within 3 or fewer ionic steps, then, a final static run was
performed with no changes allowed in cell geometry or ionic positions. This scheme
was chosen to avoid problems introduced by possible non-isotropic changes in the
basis set over a volume change during a single run. A quasi-Newton ionic relaxation
scheme was used, RMM-DIIS[32], as implemented in VASP. During relaxation runs
the method of Methfessel-Paxton[44] was used for electronic smearing; in most cases,
the final static run switched to the tetrahedron method with Bléchl corrections[7] for
smearing. Energy cutoffs, as well as k-point meshes, were chosen for each element and
binary using the techniques described in Section 2.1. Specific functionals used, as well
as special simulation schemes used with those functions, are described in Section 2.2.

2.1. Convergence Criteria. As formation energy forms such a large compo-
nent of our test set metrics, ensuring numerical convergence is especially critical.
Rather than aim for a particular k-point mesh density or energy cutoff in some global
sense, each element was treated individually and converged, with respect to k-point
mesh and energy cutoff, to within 1meV. This was achieved in two stages:

First, the k-point mesh was optimized, using the fully-automatic k-point gener-
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ation scheme provided by VASP. For each element, a series of k-point lengths! were
enumerated and calculations were performed with energy cutoffs of 150% of the VASP
default value. Each cell was fully relaxed, and then a static run was performed. When
the energy difference between two subsequent k-point lengths was less than 1 meV
and remained less than 1 meV at increasing k-point densities, this value was taken as
the converged k-point length. Step sizes were of 1 angstrom, and the starting k-point
length was 30 angstroms.

Next, using the k-point length previously determined, a series of energy cutoffs
were enumerated starting from 150% of the VASP default cutoff for that element.
Again, the starting geometry was that of the experimental primitive cell, and each
energy cutoff was allowed to independently relax, and a final static run was used to
collect data. When energy differences between two subsequent energy cutoffs was less
than 1 meV and remained less than 1 meV at increasing cutoffs, this value was taken
as the converged energy cutoff. Step sizes were of 5 eV.

In all cases, starting structures were taken from the Materials Project[25] data-
base, using primitive cells corresponding to the lowest-temperature experimentally
observed structure. For binary compounds, the higher of the two components’ k-point
length and energy cutoff was used. Both k-point and energy cutoff convergences were
independently performed for each functional explored. While not used as a conver-
gence criteria, the convergence of cell volume and lattice constant at the converged
k-point and energy cutoff values was collected.

2.2. Functionals Explored. To demonstrate the wide variety of behaviors cap-
tured by our test set, we ran simulations across eight different functionals, detailed
in table 2.1. Our purpose here was two-fold: our test set characterizes the behavior
of these functionals in the case of transition metals, and the differences in behaviors
across these functionals demonstrates the necessity of our test set. The function-
als chosen represent a wide variety of techniques used in DFT in materials science
and different rungs on the “Jacob’s ladder” [55] of functional accuracy. Specifically, we
aimed to analyze the most commonly used functionals (PBE and PBESol), in addition
to a representative of the local density approximation, the (historically) most com-
monly used generalized gradient approximation functionals, a subsystem functional,
and meta-generalized gradient approximation functionals with historically good per-
formance for transition metals.

All functionals were fully and self-consistently converged with regards to both
electronic and ionic degrees of freedom (lattice constants and atom positions). For
PZ, PW91, BLYP, PBE, and PBESol, simulations were carried out in a straightfor-
ward manner using the techniques described at the start of this section. For AMO05,
rTPSS, and MO06-L, each configuration first underwent a single relaxation run us-
ing PBE, then, the resulting wavefunctions were used as the starting condition for
the chosen functional?. For AM05 and M06-L, the chosen algorithms (All/Damped)
were incompatible with tetrahedral smearing, and so the final static run was also
performed using the smearing method of Methfessel-Paxton. The GW-labeled PAW-
PBE potentials from the v.54 set were used in all simulations except for PZ, where
the GW-labeled PAW-LDA potentials were used instead.

1A k-point “length” generates a k-point mesh along reciprocal direction & with max(1, l;|b;|+0.5)
spacings, where [;, is the k-point length, and b; is the reciprocal lattice vector along .

28pecifically, a single run was performed using the PBE functional, and then the WAVECAR
(containing Kohn-Sham wave functions) copied over for use as a starting condition for the next run,
this one using the listed functional
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Name Type Algo
PZ[56] Local Density Approximation Normal
PWO1[51, 52] Generalized Gradient Approximation Normal
BLYP[4, 35] Generalized Gradient Approximation Normal
PBE[49, 50] Generalized Gradient Approximation Normal
PBESol[54] Generalized Gradient Approximation Normal
AMO5(3, 40] Sub-System Functional All/Damped

rTPSS[63, 53] Meta-Generalized Gradient Approximation Normal
MO06-L[70] Meta-Generalized Gradient Approximation All/Damped
TABLE 2.1
Table of functionals used to test the V-DM/16 test set, indicating the functional’s common

name (usually an acronym), the general category of the functional, and the electronic convergence
algorithm (according to VASP’s tags) used with that functional.

We have specifically chosen not to analyze any DFT+4UJ[2| techniques. The
DFT+U functionals, which employ a Hubbard-U correction to the on-site coulomb
interaction term, add an additional one or two degrees of freedom to our elements and
binaries, respectively. Additionally, the U’s are semi or totally empirical, usually cho-
sen to match up some experimental parameter (often the band gap) to a simulation
result. While some self-consistent methods exist to determine the U in-situ[34, 10, 1],
these approaches are computationally involved and therefore beyond the scope of our
analysis.

We have also neglected to include any hybrid-type functionals, owing primarily
to the massively increased computational cost associated with hybrids. Not only
can hybrid functionals be thousands of times slower and have significant memory
requirements[62, 8, 17], but additionally, results for transition metals in the past have
been poor or a-physical[26, 17, 22]. Finally, for both DFT+U and hybrid functionals,
these techniques result in energies that are no longer purely functionals of the electron
density, and hence, these techniques are not “true” Kohn-Sham DFT.

While the GW PAWs include scalar-relativistic corrections, we have not made any
attempts to include additional relativistic terms in our analyses. While all calculations
were performed using spin-polarization, the magnetic moments calculated were both
collinear and decoupled from the crystal structure. Although for some TM binaries
non-collinear magnetic effects (e.g., in Ni-Fe[61]) or spin-orbit coupling contributions
(e.g., in Co-Pt[46]) can be important, the computational difficulty of performing these
calculations in VASP puts them beyond the reach of our current high-throughput
infrastructure.

3. The V-DM/16 Test Set. The V-DM/16 test set consists of 26 single-
element TM systems and 80 TM binaries, and contains approximately 12,000 struc-
tures. Our choice of systems represents roughly one quarter of the potential space
spanned by all possible TM binaries, offering a compromise between completeness and
computational efficiency. While use of the entire structure space is recommended, we
will in the future provide guidelines for “mini” and “micro” versions of the test set
that consider decreasingly sized subsets of increasing significance. While significantly
larger than the test sets traditionally found in quantum chemistry, the efficiency of
periodic codes for “simple” bulk systems (i.e., small unit cells), as well as the increas-
ing availability of cheap but powerful computational resources, ensures our test set
remains accessible and justifiable in use.
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3.1. Single-Component Systems. Of the potential space of transition met-
als, we have chosen to include elements in periods 4-6 and groups 3-11, excluding
Lutetium. Lu is often considered a lanthanide instead of a transition metal, ad-
ditionally, the f-electrons in Lu actively participate in determining the electronic
structure[18], putting it outside the scope of this test-set. Group 12, containing zinc,
cadmium, and mercury, was also excluded as these elements contain completely filled
d-shells and therefore behave significantly differently than other metals in their re-
spective periods. For the 26 remaining elements, the experimentally observed lowest-
temperature crystal structure was used to select the primitive cell, with geometry
inputs acquired from the Materials Project database. These primitive cells were used
for all convergence tests, as well as inputs for enumeration for binary mixtures.

3.2. Binary Systems. Combinatorially, (226) = 325 binary mixtures of our se-
lected TMs exist; from this we selected a subset of 80 according to several criteria.
We wished our test-set to explore as many different electronic structure phenomena as
possible while utilizing the minimum number of required calculations (both counting
by number of binaries, and total number of structures). Our constraints, in order of
priority, were then:

1. Each element is present in 6-7 binaries

2. Each element shares a binary with 2-3 elements from each period

3. No element shares a binary with two elements in the same period and in
adjacent groups

4. Each element participates in at least one binary where it is known to form an
ordered mixed phase, and one where it is known to form no ordered mixed
phases

5. Each element shares a binary with at least one element from each space group

Constraints 1, 2, and 3 were strictly adhered to; constraint 4 was adhered to as
a fortunate consequence of constraints 1-3, and constraint 5 was adhered to when
possible (for elements like Mn with a unique space group for the primitive cell, due to
constraints 1 and 2, only some elements could share a binary with Mn). The resulting
binaries chosen, as well as a qualitative view of all possible binaries with experimental
mixing behavior indicated, is shown in Figure 3.1.

For enumerating structures, if both elements in the binary shared a space group,
the element with the lower atomic number was used to prototype the enumeration.
If both elements did not share a space group, two enumerations were performed,
one using each primitive cell. Enumeration was carried out by constructing all
symmetrically-distinct supercells containing up to 6 atoms, and decorating those su-
percells with all possible symmetrically-distinct configurations. This scheme resulted
in 137 unique configurations for all structures enumerated from one-atom primitive
cells, and 63 unique configurations for all structures enumerated from two-atom su-
percells. If one or more known ordered phases formed in a binary, that ordered phase
was also included in the enumeration, as well as any alternate decorations of the un-
derlying supercell if the supercell contained 10 or fewer atoms (otherwise, only the
exact, experimentally-observed structure was enumerated). If the ordered phase did
not share a space group with either of the elemental primitive cells, this process was
carried out separately as a third enumeration. In the case of Mn, owing to the rela-
tively large size of the primitive cell (32 atoms), a body-centered-cubic primitive cell
was used for enumeration of Mn binaries (though the true primitive cell was used as
a chemical reference).
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Element Sc Ti V Cr Mn Fe Co Ni Cu|Y Zr Nb Mo Tc Ru Rh Pd Ag|(Hf Ta W Re Os Ir Pt Au

Period 4 4 4 4 4 4 4 4 4|5 5 5 5 5 5 5

Group 4 5 6 7 8 9 10 11
SG
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F1c. 3.1. Table of transition element binaries, ordered by period then group, with the space group
(SG) of the lowest-temperature stable solid listed. Binaries selected for inclusion in the V-DM/16
test set are indicated by purple X’s. In each cell the experimentally-observed mizing behavior of the
two alloys is given by color: red indicates a miscibility gap, orange indicates a random solid solution,
green indicates the presence of ordered phases, while blue indicates that only a sigma (quasi-ordered)
phase is formed.

3.3. Experimental Data. Experimental data was derived from a variety of re-
sources, though the authors have attempted to use as few different sources as possible
to ensure regularity of the results. Owing to the large nature of this study, several
databases were used, including Materials Project[25], the ASM Alloy Phase Diagram
Database[68], and the Springer Materials[67] search tool. When multiple sources ex-
isted, the most modern experimental source was used; this choice is not a statement
of distrust in older results, but only is meant to serve as an objective and simple
selection criteria.

A summary of the experimental techniques utilized for each parameter is given in
Table 3.1. As the individual measurements used in this study were taken from a wide
variety of sources, a general guideline as to that measurement’s precision is given,
rather than a specific error estimate. For lattice constants and elastic coefficients, the
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Parameter Technique Precision
Lattice Constant Powder Diffraction < 0.1%[23]
Elastic Coeft. Continuous Wave Ultrasonic Inferometry < 0.1%[14]
Formation Enthalpy High Temperature Direct Reaction Calorimetry 10 meV[27]
TABLE 3.1

Table of experimental techniques used to acquire the various parameters used as a standard
for the test-set. Precision estimates are taken from general analysis of the technique or of the
instruments used, and not from individual experiments.

precision is expressed as % x 100% where 4 is some property, where as for formation
enthalpy a more direct estimate of Ai can be made.

Some consideration must be given in comparing experimental measurements taken
at finite temperatures, versus DFT simulations performed at zero kelvin. Thermal
expansion effects, as well as zero-point phonon energies, can modify lattice con-
stants, elastic coefficients, and formation enthalpies. In the case of lattice constants,
these corrections are smaller than 1% of the value and strictly decrease the lattice
constant[37, 20], and so have been neglected. Determining elastic coefficient correc-
tions requires pressure derivatives of the coefficients, which are lacking in experimental
information[37], and so have also been neglected. Finally, the order of the corrections
to the formation enthalpies are on the order of 10 meV[37, 26], which is within the
precision of our experimental technique, and so can also be neglected.

4. High-Throughput Results. At the present moment, 33674 single-element
convergence calculations and 53294 production binary calculations have been per-
formed across 8 functionals. These calculations represent full convergence calcula-
tions for 23 of the 26 individual elements (Mn, Co, and Cu are still in-progress for
several functionals), and approximately a quarter of the production runs for the bi-
naries. Completion of all calculations, numbering approximately 100,000 individual
VASP runs, is projected for December of 2016. Failures that could not be automati-
cally recovered from have occurred in less than 1% of simulations, however, this still
represents hundreds of calculations that must be inspected and restarted by-hand.

4.1. Single-Component Systems. Convergence statistics for the completed
elements can be found in Tables 4.1 and 4.2, showing k-point grids and energy cut-
offs resulting in energy differences < 1 meV, respectively. Convergence simulations
were primarily straightforward, however, in several cases (e.g., Cu, Zr, Co, Fe), the
number of bands used had to be manually increased after several warnings and errors
were encountered. Additionally, for Y, the GW potentials resulted in non-converging
electronic self-consistency loops, and so were subsequently replaced by the non-GW
versions of those potentials. In the majority of cases, the smallest k-point mesh den-
sity tested (corresponding to a length of 30 angstroms in the fully automatic scheme)
already achieved 1 meV convergence, however, in a few cases (especially in periods
9 and 10), a significantly greater number of k-points had to be used. For energy
cutoffs, 1.5 times the default value provided by VASP usually proved sufficient. Un-
surprisingly, AMO05, rTPSS, and M06-L required both the densest k-point meshes and
the highest energy cutoffs; these convergence needs are explained by the finer-grained
information required to correctly determine subsystem parameters and kinetic energy
densities, respectively.
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Element Pz PWoI1 BLYP PBE PBESol AMO05 rTPSS MO06-L

Ag 20x20x20 13x13x13 13x13x13 13x13x13 20x20x20 30x30x30 20x20%x20 25x25x25
Au 13x13x13  13x13x13 13x13x13 13x13x13 13x13x13 33x33x33 13x13x13 25x25x25
Co 20x20x11  19x19x10 19x19x10 19x19x10 20x20x11 16x16x9 26x26x14 22x22x12
Cr 16x16x16 15x15x15 15x15x15 15x15x15 16x16x16 29x29%x29 16x16x16 28x28x28
Hf 11x11x6 12x12x7 12x12x7 12x12x7 12x12x7 14x14x8 12x12x7 11x11x6
Ir 24x24x24  24x24x24  24x24x24  24x24x24  24x24x24  30x30x30 24x24x24 33x33x33
Mo 16x16x16 15x15x15 15x15x15 16x16x16 16x16x16 27x27x27 16x16x16 22x22x22
Nb 14x14x14  14x14x14 14x14x14 14x14x14 14x14x14 25x25x25 14x14x14 22x22x22
Ni 21x21x21  21x21x21 24x24x24 21x21x21 21x21x21 32x32x32 24x24x24 24x24x24
Os 15x15%x8 15x15%x8 15x15%x8 16x16x9 16x16x9  29x29x16 16x16x9 24x24x13
Pd 23x23x23  23x23x23 19x19x19 23x23x23 23x23x23 30x30x30 23x23x23 28x28x28
Pt 21x21x21  20%x20x20 20x20x20 20x20x20 21x21x21 22x22x22 21x21x21 31x31x31
Re 16x16x9  18x18x10 16x16x9 18x18x10 15x15x8 20x20x11 15x15x8 17x17x9
Rh 19x19x19  22x22x22 25x25x25 19x19x19 19x19x19 18x18x18 22x22x22 23x23x23
Ru 16x16x9 16x16x9  18x18x10 16x16x9 16x16x9  25x25x14  16x16x9 29x29x16

Sc 11x11x6 11x11x6 11x11x6 11x11x6 11x11x6 11x11x6 11x11x6 11x11x6
Ta 13x13x13  13x13x13 13x13x13 13x13x13 13x13x13 23x23x23 13x13x13 16x16x16
Te 17x17x9 17x17x9 17x17x9 13x13x7 17x17x9  22x22x12  13x13x7 19x19x10
Ti 13x13x7 12x12x7 12x12x7 12x12x7 12x12x7 12x12x7 12x12x7 12x12x7
A% 16x16x16 15x15x15 16x16x16 15x15x15 16x16x16 22x22x22 15x15x15 20x20x20
w 15x15x15 15x15x15 15x15x15 15x15x15 15x15x15 21x21x21 15x15x15 21x21x21
Y 14x14x8 14x14x8 14x14x8 14x14x8 14x14%8 14x14x8 14x14%8 14x14%8
Zr 12x12x7 11x11x6 11x11x6 11x11x6 11x11x6 14x14x8 11x11x6 14x14x8
TABLE 4.1

Converged values of the k-point mesh for 23 elements, across 8 functionals.

4.2. Binary Systems. For binary systems, in addition to the difficulties en-
countered in single elements, a new challenge was introduced in the form of highly
unstable structures. Since the enumeration technique we employed relied solely on
symmetry (to produce unique structures), some generated structures proved to be
unstable. These structures would, through relaxation, reconfigure into either a new
structure or another existing structure. Relaxation of this sort result in DFT energies
that no longer represent the original structure; this was handled by discarding any
offending configurations. Specifically, by measuring deformations both of the unit cell
and of the basis sites from the start to the end of a relaxation, a “mapping score” was
generated. All structures in a binary family were mapped onto all other structures,
and if a configuration mapped better (scored lower) onto any structure other than
its starting structure, the configuration was removed. These relaxations tended to
occur only in certain binaries, though even in these situations no more than 10% of a
binary’s enumerated configurations were discarded.

Although much of the calculation work remains to be finished, some interesting
trends have already begun to emerge. In binaries where no mixed phases were experi-
mentally observed, but the two components were mutually soluble, the PBE functional
usually predicted a series of shallow (< —10 meV formation enthalpy) stable ordered
phases. However, in cases where not only were there a lack of ordered phases, but the
two elements were experimentally immiscible, no stable ordered were predicted (> 0
meV formation enthalpy). In binaries known to form one or more ordered phases,
most of the configurations calculated were negative in enthalpy, though usually not
as negative as the experimentally observed ordered phases. Additionally, alloys with
two elements with different space groups had a higher percentage of structures that
relaxed onto different structures, than alloys that shared a space group (again, in the
PBE functional).
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Element PZ PW91 BLYP PBE PBESol AMO05 1TPSS MO06-L

Ag 535 535 535 590 535 535 580 640
Au 470 505 515 495 465 465 515 525
Co 635 635 635 635 635 635 685 700
Cr 575 575 575 575 575 575 655 635
Hf 425 425 425 425 425 425 425 425
Ir 535 535 535 535 535 535 535 535
Mo 525 525 525 525 525 525 525 525
Nb 535 535 535 535 535 535 535 600
Ni 585 585 585 585 595 585 665 710
Os 535 535 535 510 535 535 535 535
Pd 535 570 535 545 535 535 580 605
Pt 515 505 505 560 505 505 560 505
Re 505 505 505 505 475 950 505 585
Rh 525 525 525 525 525 525 580 525
Ru 525 525 525 525 525 525 525 525
Sc 565 565 565 565 565 565 565 565
Ta 435 435 435 435 435 435 435 435
Tc 525 525 525 525 525 525 525 530
Ti 575 575 575 575 575 575 575 575
A% 575 575 575 575 575 575 595 605
W 485 485 485 485 485 485 485 485
Y 515 585 515 515 595 515 515 640
VA 515 515 515 515 515 560 645 625
TABLE 4.2

Converged values of the energy cutoff, in eV, for 23 elements, across 8 functionals.

5. Discussion of Design Choices. Our study places a special emphasis on
our third experimental comparison — the formation energy. This parameter plays
a critical role in determining whether a given approximation of DFT (i.e., a specific
functional) successfully captures the relevant physics present in a material. While
present functionals (e.g., PBESol and AMO05) can provide excellent results for lattice
constants, in materials with active d-electrons (e.g., TMs) the predicted formation
energies can be off by a factor of two or more. These results are surprising, but can be
understood considering the differences in how formation energy and lattice constant
are calculated. DFT, as presently implemented, provides only a direct measure of
formation energies, specifically, the only density functional we “know” how to evaluate
is one of energy. All other properties, including lattice constant, are second (or higher)
order extrapolations from the energy, usually found via minimizing the energy with
respect to some perturbation in said property. Therefore, for correct evaluation of the
lattice constant and other secondary properties (given proper conference settings[42]),
the functional only needs to give a good representation of the derivative of the energy
near equilibrium.

A small number of previous studies have taken inspiration from quantum chem-
istry and utilized the cohesive energy as an experimental measure of the accuracy of
a functional[26, 37]. While attractive due to the ease of calculation as well as the
availability of experimental data for TMs, this approach overlooks important differ-
ences between how quantum chemistry and solid-state physics handle DFT. Most
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importantly, solid-state, periodic codes are designed to function best in bulk mate-
rials with a well-defined unit cell. When calculating surfaces, defects, and isolated
atoms, so-called “image problem” appears if a sufficiently large simulation cell size
is not employed, as the isolated feature can begin to see copies of itself across a pe-
riodic boundary[19]. Additionally, most functionals developed for periodic materials
are based on some solution of the uniform electron gas (PBESol and AMO05 being
two obvious exceptions), whereas an isolated atom more closely represents a localized
system of mostly vacuum. Finally, in systems with higher electron densities (i.e., in
a solid, where neighboring atoms can contribute electron density), the fraction of the
coulomb energy term made up by self-interaction energy is smaller than in a geometry
mostly constructed of vacuum. All of these factors feed into the larger problem that
periodic codes are not designed for isolated atoms, and while accurate results can
be obtained on such systems, such a unique application cannot be considered to be
representative of the overall predictive power and accuracy of periodic codes when
applied to true periodic systems.

6. Conclusions. While DFT has become a powerful, expansive, and insightful
tool in the past decade, caution must be taken in the interpretation of results. Specif-
ically, in the case of d-electron materials, DFT is known to suffer several difficulties
owing to the mixed localized-and-delocalized electronic behavior present. In light of
several high-profile failures of DF'T to describe mixed TM binaries, we have developed
a detailed test-set suited to probe a technique’s accuracy in predicting TM mixture
behaviors. Our test set utilizes binary formation enthalpies, an often-neglected char-
acteristic, to provide a more direct measure of the quality of approximations made by
a given functional. We have applied our test set to eight of the most commonly used
functionals, and compared their performance. No one functional provides an accurate
description of all members of our test set, and the differences in their failures highlight
the wide variety of unique properties present in TM alloys. The authors urge that
forward progress using DFT as a predictive rather than a descriptive tool must be
approached with care and rigor.
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