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Abstract 

Systematic evaluation of the accuracy of exchange-correlation functionals is essential 

to guide scientists in their choice of optimal method for a given problem when using density 

functional theory. In this work accuracy of one Generalized Gradient Approximation (GGA) 

functional, three meta-GGA functionals, one Non-separable Gradient Approximation (NGA) 

functional, one meta-NGA, and three hybrid GGA functionals was evaluated for calculations 

of closest interatomic distances, cohesive energies, and bulk moduli of all 3d, 4d, and 5d bulk 

transition metals that have face centered cubic (fcc), hexagonal closed packed (hcp), or body 

centered cubic (bcc) structures (a total of 27 cases). Our results show that including the extra 

elements of kinetic energy density and Hartree-Fock exchange energy density into gradient 

approximation density functionals does not usually improve them. Nevertheless, the 

accuracies of the Tao-Perdew-Staroverov-Scuseria (TPSS) and M06-L meta-GGAs and the 

MN12-L meta-NGA approach the accuracy of the PBE GGA, so usage of these functionals 

may be advisable for systems containing both solid-state transition metals and molecular 

species. The N12 NGA functional is also shown to be almost as accurate as PBE for bulk 

transition metals, and thus it could be a good choice for studies of catalysis given its proven 

good performance for molecular species. 
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1. Introduction 

Kohn-Sham Density Functional Theory (KS-DFT) has become a workhorse for treating 

complex problems in both the gaseous and condensed phases. The accuracy of KS-DFT rests 

entirely on the accuracy of one’s approximation to the exchange-correlation (xc) functional. 

Functional development has considered a wide range of application targets. In particular, 

there are numerous validation studies for atoms and molecules, many more than for 

condensed-phase quantum chemistry and solid-state physics. A particularly important area 

that still needs further study, aside from its importance for studying heterogeneous catalysis 

and electrochemistry,1 is the accuracy of available xc functionals for transition metal solids.  

One route to improve xc functionals is to add more elements, which takes one to a 

higher rung on the Jacob’s ladder2 of xc functionals. The first rung is the local Spin Density 

Approximation (LSDA), which depends on only local spin densities. Including dependences 

only on spin densities and their gradients yields gradient approximations, such as the 

Generalized Gradient Approximation3,4 (GGA) or Non-separable Gradient Approximation5 

(NGA), which constitute the second rung; further addition of kinetic energy density leads to 

meta functionals, such as meta-GGAs and meta-NGAs, which form the third rung, and, 

finally, including Hartree-Fock (HF) exchange leads to hybrid functionals, in particular 

hybrid gradient approximations and hybrid meta approximations, which form the fourth rung.  

Through the third rung, the exchange-correlation energy density depends only on local 

variables, but hybrid functionals are nonlocal.  

One tentative conclusion about xc functionals that has been advanced is that adding 

elements from third and fourth rungs has not lead to better performance for metals,6,7 and 

various studies have been carried out with gradient approximations that provide further 

experience related to this issue.7-9 Furthermore, although hybrid functionals are justifiably the 

most popular kind of functionals in molecular chemistry 10  (because of their good 

performance), for extended systems they have increased computational demands as 

compared to local functionals due to the long range of the exchange in real space programs 

and to the requirement for dense Brillouin zone sampling in plane wave programs.11 Hybrid 

functionals also have the disadvantage of bringing in HF static correlation error, which is 

important for many molecular and solid-state transition metal compounds8,12,13 In fact, when 

one tries to estimate the optimal percentage of HF exchange in a hybrid functional suitable 
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for transition metal solids, the resulting fraction is close to zero,14,15 leading to the conclusion 

that the inclusion of HF exchange is detrimental for the accuracy of xc functionals for solid 

transition metals. Therefore, the inadequacy of hybrid functionals in the description of 

transition metals is to be expected.16 

As a result of both the above kinds of issues —performance and cost— local 

functionals have remained the most popular choice for solid-state transition metal 

investigations even though hybrid functionals by construction reduce self-interaction error. A 

similar situation pertains even when the choice of xc functionals is restricted to local ones, 

where, even although meta functionals also have the potential to reduce self-interaction 

error,17 gradient approximations have been preferred to meta functionals partly for the greater 

simplicity of popular GGAs, but also because meta functionals have not always seemed to 

significantly improve the accuracy. However this situation seems unsatisfactory because both 

hybrid functionals and meta functionals have better performance than GGAs on molecules 

composed of atoms lighter than the transition metals.18-21 Thus, there is a strong interest in 

certain fields, such as heterogeneous catalysis, nanotechnology, and materials chemistry, to 

use meta or hybrid functionals because these research lines often deal with the interaction 

between transition metal surfaces and light main-group compounds. Meta and hybrid 

functionals also yield more accurate band gaps,15,22-25 which may be important for metal-

oxide systems that are ubiquitous as supports in catalysis, photocatalysis, and 

nanotechnology. In light of these practical considerations, there is a need for a more 

systematic investigation of accuracy of meta and hybrid functionals for various properties of 

transition metal solids.  

In this article we assess the accuracy of several meta and hybrid functionals for bulk 

transition metals. Namely, we consider shortest interatomic distances, δ, cohesive energies, 

Ecoh, and bulk moduli, B0, of all 27 bulk transition metals that have face centered cubic (fcc), 

hexagonal closed packed (hcp), or body centered cubic (bcc) structures. We present new 

results for the following functionals:  

• GGA: SOGGA1126 

• NGA: N125 

• meta-GGAs: Tao-Perdew-Staroverov-Scuseria (TPSS), 27  revised Tao-Perdew-

Staroverov-Scuseria (revTPSS),28 and meta M06-L29 
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• meta-NGA: MN12-L30 

• hybrid gradient approximations: Perdew-Burke-Ernzerhof (PBE0), 31  Heyd-

Scuseria-Ernzerhof (HSE06),32 and Lee-Yan-Parr B3LYP33  

We compare the new results obtained here to the results obtained previously34 with 

PBE, a GGA functional that performed best in a previous study of two LSDA functionals: the 

Perdew-Zunger functional (PZ81)35 based on Ceperley-Alder (CA) numerical results36 and 

Vosko-Wilk-Nusair (VWN, usually denoted also as VWN5), 37  and four gradient 

approximations: PBE,38 PBEsol,39 RPBE,40 and PW91.41 Note that PW91 performance was 

found to be close to that of PBE. 

2. Computational Details 

The computational procedures were kept as close as possible to those used in a 

previous work by Janthon et al.34 Calculations were performed using a locally modified 

version of Vienna Ab Initio Simulation Package VASP.42 The atomic cores were described 

by the Projector Augmented Wave (PAW) method,43 using the potentials recommended in 

the documentation (see supporting information for full specification) which take account of 

kinetic energy density dependencies when present. An optimized Monkhorst−Pack44 k-points 

grid of 7×7×7 was used in all bulk calculations, which was found to be sufficient for accurate 

total energy calculations with the smallest unit cell. A kinetic energy cutoff of 415 eV for the 

plane-wave basis set was employed throughout, guaranteeing variations of total energy below 

1 meV with respect to bigger basis sets.  

Scalar relativistic effects in the core region are included in the PAW potentials. 

Previous calculations have shown that relativistic effects on the valence electrons of heavy 

transition metals lead to negligible deviations from this standard PAW approximation, i.e., 

interatomic distances changes ranging 0.002−0.005 Å and differences in bulk moduli of 3−5 

GPa.45  

The electronic structure calculations were not spin polarized, with the exception of 

the calculations on the ferromagnetic Fe, Ni, and Co bulk systems and on isolated metal 

atoms. Note by passing that magnetic moments, yet not being the topic of discussion, nicely 

agree with experimental values. Compare for instance PBE values of X.X, X.X, and X.X µB 

with experimental values of 2.2, 1.7, and 0.6 µB for Fe, Co, and Ni, respectively.46 Moreover, 

present results reveal, in accordance with previous calculations, the antiferromagnetic bulk 
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structure of Cr, with a magnetic moment of X.X as obtained at PBE level, similar to the 

previously reported value of 0.92 µB obtained at PW91 level.47 [FV: Modify depending on 

the data, also include comment for TPSS and HSE06] Optimizations were performed using 

the tetrahedron smearing method of Blöchl et al.48 with an energy width of 0.2 eV to speed 

up convergence with the final energies extrapolated to zero smearing. In bulk calculations, 

ionic positions and cell volumes were optimized using the conjugate gradient algorithm until 

pressures and total energies were converged within 0.01 GPa and 10 meV, respectively. The 

isolated atoms were placed in a large unit cell with broken symmetry of 9×10×11 Å 

dimensions to ensure proper occupancy of degenerate orbitals and thus obtain properly 

defined atomic energies. When needed orbital occupancy was imposed to match that of the 

isolated atom; further details concerning atomic configuration and energies are found in a 

previous article.34 The large unit cell allows one to sufficiently suppress spurious interactions 

between periodic images (< 1 meV). In this case calculations were carried out at the Γ point 

in reciprocal space. 

Shortest interatomic distances within a crystal cell, δ, depend on the lattice parameter 

a. For the fcc structures δ equals a/√2, while for bcc it equals √3/2. In the case of hcp, δ 

depends on lattice paratemers a and c; and δ may equal a or (c2/4+a2/3) depending on the c/a 

ratio.   

Cohesive energies, E!"#, were expressed as an energy difference per atom as follows: 
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where E!" is the energy of the isolated metal atom in a vacuum, and E!"#$ is the energy of the 

bulk unit cell containing N atoms. With this definition, the larger the positive values of 

cohesive energies, the stronger is the chemical bonding within the solid.  
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where V is the volume of the solid, P is an external pressure, and the negative sign is used 

because the volume decreases when a positive external pressure is applied. Bulk modulus is 

obtained as the slope of linear regression of P versus V using the volumes at equilibrium 

geometry and at geometries with ±0.05 and ±0.10 Å variations of the lattice constants. One 
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has to keep in mind that another more accurate procedure is the adjustment of energy points 

to a Murnaghan equation of state,49 which can provide slightly. In fact, bulk moduli obtained 

at PBE level with a similar calculation setup, but through the adjustment to Murnaghan 

equation, are ~5 GPa lower than presently calcualted.11 However, the direct calculation 

approximation is expected to have very little effect for our comparative purposes.  

In this present work, we consider the 27 transition metals that exhibit close-packed 

structures, which may display fcc, hcp, or bcc structures. We specifically exclude La and 

solid Hg, that have hexagonal and rhombohedral unit cells, respectively, and Mn, which has a 

cubic unit cell containing 58 atoms, although it is similar to a bcc structure. The reason for 

these exclusions is that preliminary work showed that metals exhibiting these non-close-

packed structures can exhibit different trends than the typical metals, and specialized 

consideration is required to do them justice. 

In the following, as the previous work,34 in addition to cohesive energy and bulk 

modulus, the shortest interatomic distance within a crystal cell, δ, will be compared to the 

experimental values. We present results for individual metals, and to more clearly see some 

trends, we also present mean errors, in particular Mean Signed Error (MSE), Mean Absolute 

Error (MAE), and mean absolute percentage error (MAPE). 

3. Comparison between Experimental and Theoretical Results 

To compare calculated results to the available experimental data in a reasonable 

fashion, we must take account of experimental variability and the differences between the 

measurements and the calculations. First of all, significant differences can be found between 

experimental values reported for cohesive energies and bulk moduli in different sources, and 

on average, different entries in the Crystallographic Open Database 50  yield shortest 

interatomic distances with variations of ~0.05 Å. Among many entries in the database we 

selected most recent ones, as was done previously.34 For cohesive energies and bulk moduli, 

we picked experimental values from the handbook by Young.51 However, in a recent study 

by Lejaeghere et al.52 assessing the performance of the PBE functional for almost all 

elemental solids in the periodic table, alternative sets of experimental values are used, mostly 

from Kittel or Villars and Daams.53,54 See Tables S2-S4 in Supporting Information for more 

details. With some exceptions the experimental values used in the present work compare 

nicely to the values used in Lejaeghere et al., with median discrepancies for δ, Ecoh, and B0 
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being 0.004 Å, 0.06 eV, and 5 GPa, respectively. If we used the same set of experimental 

values as in Ref. 52, the reported MAPE would change by less than 0.5% for δ, 0.25% for 

Ecoh, and 2% for B0, and such changes have a negligible effect on our conclusions.  

The second type of complication comes from the fact that experiments are typically 

performed at room temperature, whereas the calculations reported here reflect the internal 

energies at minima of potential energy surfaces. Results measured at room temperature differ 

from the calculated values mainly by inclusion of zero-point phonon energy and thermal 

phonon energy. Rather than account for these effects in each computation, reverse 

corrections are applied to the experimental values. Here, we apply the same corrections as in 

Lejaeghere et al.,52 which decrease δ by 0.003–0.022 Å, increase Ecoh by 0.01–0.06 eV, and 

increase B0 by 1–17 GPa. In general, these corrections move experimental values closer to 

calculated ones, typically decreasing average MAPEs by 0.04%, 0.2%, and 2% for δ, Ecoh 

and B0, respectively. For a clearer comparison with other studies, we list both corrected and 

uncorrected experimental values, but only corrected ones were used calculate errors and draw 

conclusions.  

4. Results and Discussion 

4.1. Interatomic Distances 
KS-DFT is generally well suited to predict interatomic distances accurately. In most 

of the cases studied here, accuracy is rather high. Table 1 shows  ~1% discrepancies between 

the calculated and the experimental data. One can compare present results with previous 

computational studies carried out for a reduced set of metals. Indeed, present PBE results 

nicely correlate with previous calculations on Cu, Rh, Pd, and Ag fcc metals, with deviations 

below 0.01 Å.11 Another suitable comparison with a previous study with over a dozen fcc and 

bcc transition metals revealed lattice parameters deviations of ~ 0.03 Å for PBE functional, 

and below 0.02 Å for TPSS functional,55 corroborating the precision of present calculations. 

Surprisingly, the most accurate xc functionals for interatomic distances are HSE06 and 

PBE0, which both slightly overestimate δ on average. Nevertheless, all considered 

functionals underestimate interatomic distances of the lightest transition metals, Sc, Ti, V, 

and Cr, with the exception of HSE06 for Sc. Curiously present calculations reveal a nice 

match of HSE06 for Cr interatomic distances, in discrepancy with a previous study 
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highlighting a high overestimation of the functional (23%) for bulk Cr. 56  Moreover, 

interatomic distances of magnetic Fe, Co, and Ni are nicely described by hybrid functionals. 

Calculated and experimental lattice parameters are found in Table S8 of Supplementary 

Materials. 

The accuracy of all meta functionals is noticeably lower for δ of Zn, Cd, and Re. The 

least accurate results, among the eight functionals considered here, are obtained by the 

SOGGA11 and B3LYP functionals. Upon a careful inspection of the present values and 

previous data,34 one could conclude that B3LYP is even less accurate than LSDA functionals 

for structural data of bulk transition metals. Finally, despite satisfactory overall performance, 

MN12-L yields poor results for Sc and Fe. 

The performance of revTPSS is not superior to that of TPSS. The reason may be that 

revTPSS is based on PBEsol, which was parameterized to predict better lattice constants of 

solid state materials, while TPSS is based on more versatile PBE. However, for solid 

transition metals the performance of PBEsol is worse than that of PBE (even for interatomic 

distances),34 and so is the performance of revTPSS compared to the accuracy of TPSS. In 

fact, revTPSS tends to be more accurate than TPSS only for heavy and late transition metals, 

i.e. from Zr to Cd (except Tc and Ru) and from Re to Au.  

The table does show some correlation between accuracy of the functional and the 

type of crystal structure. For example, M06-L and the hybrid functionals are somewhat less 

accurate for fcc metals with absolute errors 0.01-0.02 Å higher than average, see Tables S5-

S7 in Supporting Information for more details. At the same time PBE0 and HSE06 are more 

accurate for hcp metals (MAE of only 0.014 to 0.016 Å, respectively), while M06-L, TPSS, 

revTPSS, and B3LYP are more accurate for bcc metals with absolute errors lower by 0.016–

0.025 Å than average. 

4.2. Cohesive Energies 
Cohesive energies are generally harder to predict correctly than interatomic distances; 

and Table 2 shows that many functionals are systematically biased towards overestimation or 

underestimation of the energies. For example, in most of the cases, the considered hybrid 

functionals strongly underestimate Ecoh by ~1 to 1.8 eV, which renders them the least 

accurate functionals for this quantity (B3LYP is even less accurate than LSDA). This is a 

result to be expected due to the poor description of transition metals by hybrid functionals,16 
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here critically affecting the cohesive energies. The most accurate results come from PBE, 

TPSS, and N12 (MAEs of ∼0.35 eV), followed by revTPSS and SOGGA11 (MAEs of 0.52 

eV and 0.54 eV). 

As for interatomic distances, there are certain materials for which all meta functionals 

show lower accuracy. Cohesive energies of Ni, Co, and Fe are overestimated by 0.75 – 2 eV 

(except MN12-L for Co). M06-L and MN12-L also overestimate Ecoh of Cu, Sc, and Ti. The 

correlation between the functional accuracy and the crystal structure is rather weak in this 

case, but we find that MN12-L is quite accurate for bcc metals (MAE of 0.35 eV), while 

PBE0 and HSE06 are particularly bad for them (MSE of ~-1.4 eV).  

4.3. Bulk Moduli 
Bulk moduli are also quite hard to calculate correctly, and almost all the considered 

meta and hybrid functionals (except B3LYP) overestimate them, as shown in Table 3. The 

most accurate results are produced by PBE, followed by TPSS, while the least accurate 

functionals for this property are MN12-L and revTPSS. 

All considered functionals significantly overestimate the bulk moduli of V, Ni, Re, 

and especially Cr. Also all meta functionals show lower accuracy for B0 of Cu and Zn. The 

PBE and HSE06 hybrid functionals, in general, have an accuracy similar to that of meta 

functionals, but their performance is less satisfactory for Tc, Ru, and heavy transition metals 

from W to Ir.  

Bulk moduli exhibit a strong correlation of functional accuracy with the crystal 

structure. For example, MN12-L, TPSS, revTPSS, PBE0, and HSE06 suffer a 60-70% 

increase in MAPE for the metals with bcc crystal structure. M06-L and B3LYP have lower 

accuracy for fcc metals (by 60 and 90%, respectively), but are somewhat more accurate for 

hcp metals (by 40 and 65%, respectively). Finally, PBE0 is 35% more accurate for B0 of fcc 

metals, whilst HSE06 is 30% better for transition metals with hcp structure.  

4.4. Overall Performance 
Average discrepancies between theoretical and corrected experimental values are 

listed in Table 4 (for comparison with uncorrected experimental values see Tables S2-S4 and 

for particular metals and properties see Figure S1 and Tables S5-S7 in Supporting 
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Information). For the sake of better presentation MAPE values are also displayed on Figure 

1.  

Table 4 shows the best performance for PBE gradient approximation and the TPSS 

meta functional, with HSE06, N12, M06-L, and PBE0 performing moderately well, and 

revTPSS, B3LYP, SOGGA11, and MN12-L performing worst. TPSS is slightly more 

accurate than PBE for cohesive energies, while it tends to significantly overestimate bulk 

moduli. Both PBE and TPSS MAPE values are in line with previous calculations with a 

restricted set of transition metals.55 As expected TPSS corrects the tendency of PBE to 

overestimate interatomic distances by eliminating the diverging exchange potential at the 

nuclei.21 The use of TPSS may be favorable when molecular systems are also to be 

considered in the same study.21 Nevertheless, when one is only interested in the accurate 

prediction of lattice parameters, hybrid functionals such as PBE0 or HSE06 may be 

preferred. In fact, HSE06 always shows performance slightly better than that of PBE0, which 

may reflect the higher suitability of Hartree-Fock exchange restricted only to short range for 

treatment of solid-state systems, although it may also result from cancellation of errors.  

On the other hand, if one is mainly interested in accurate energetics, then the N12 

gradient approximation is a good choice, especially when one considers its good performance 

for both cohesive energies and molecular species. The poor performance of the hybrid 

functionals considered here for the cohesive energies of bulk transition metals may be related 

to a poorer description of the gas-phase atoms used as energy references.11 However, this 

does not explain the mediocre accuracy of the bulk moduli calculations with PBE0, HSE06, 

and B3LYP.  

Although no solid-state data was used in designing M06-L, whereas solid-state data 

was used for designing MN12-L, it is interesting that M06-L shows better performance in the 

present tests. Note by passing that M06-L was found to properly describe cumbersome CO 

adsorption on Pt(111), which strengthens its usefulness even in complex systems.57 B3LYP 

turns out to be the least accurate hybrid functional of those studied here for transition metal 

solids. In most of the cases it overestimates interatomic distances and underestimates 

cohesive energies, being even less accurate than LSDA. Earlier this poor performance was 

explained by the LYP correlation functional not satisfying the homogeneous electron gas 

limit and the HF exchange issue.58,59  
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5. Conclusions 
The accuracy of selected meta and hybrid functionals for solid transition metals has 

been assessed by comparing calculated interatomic distances, cohesive energies, and bulk 

moduli to experimental values. We assess the accuracy based on the set of 27 bulk transition 

metals having fcc, hcp, or bcc structures. For proper comparison the measured values were 

corrected for finite temperature and zero-point vibrations as in Lejaeghere et al.52 The 

obtained results are also compared to those from a previous study by Janthon et al.,34 where 

the performance of LSDA and GGA functionals was assessed in a very similar manner.  

Table 5 presents average discrepancies between theory and experiment averaged over 

members of a given functional type: Gradient Approximations (GA), meta functionals, and 

hybrid functionals. The present results show that meta and hybrid functionals present, on 

average, no improvement in accuracy over gradient approximation functionals for transition 

metal solids. TPSS is found to be the most accurate among meta exchange-correlation 

functionals, but even it essentially matches accuracy of PBE for interatomic distances and 

cohesive energies, while being somewhat less accurate for bulk moduli. M06-L was found to 

be moderately accurate as well. Given that N12, TPSS, M06-L, and MN12-L functionals are 

more accurate for molecular systems than PBE, one could foresee their successful application 

to processes involving both solid state metals and molecular species, e.g. those in surface 

science, heterogeneous catalysis, etc. Hybrid functionals (except B3LYP, maybe due to the 

uniform gas limit violation58) were found to be the most accurate methods for calculations of 

interatomic distances in bulk transition metals.  However, the performance of all considered 

hybrid functionals for cohesive energies is disappointing, and their accuracy for the bulk 

moduli is just moderate, as expected from the known problematic of HF exchange static 

correlation error, critical for the description of transition metals.16   
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6. Supporting Information 
Table S1 provides details of the pseudopotentials used in the calculations. Tables S2-

S4 display experimental list of interatomic distances, cohesive energies, and bulk moduli 

(un)corrected for ZPE and finite-temperature values, as well as differences from the two 

sources. Tables S5-S7 are analogous to Table 4 but considering only fcc, bcc, or hcp metals. 

Table S8 is analogous to Table 1 but displaying lattice constants. Figure S1 sketches the most 

accurate functional(s) from those studied in the description of interatomic distances, cohesive 

energies, and bulk moduli across the transition metals.    
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Table 1. Calculated and experimental shortest interatomic distances (δ, in Å) for bulk transition metals. 
  GGA  NGA Meta-GGA Meta-NGA Hybrid   exp. exp. corr.b 
  CS PBE SOGGA11 N12 TPSS revTPSS M06-L MN12-L PBE0 HSE06 B3LYP 

  Sc hcp 3.214 3.066 3.194 3.198 3.192 3.149 3.013 3.238 3.252 3.230 3.254 3.244 
Ti hcp 2.884 2.806 2.864 2.862 2.855 2.859 2.850 2.862 2.865 2.883 2.897 2.889 
V bcc 2.577 2.561 2.582 2.559 2.554 2.581 2.559 2.548 2.548 2.573 2.613 2.606 
Cr bcc 2.459 2.479 2.467 2.442 2.435 2.457 2.428 2.429 2.428 2.457 2.498 2.485 
Fe bcc 2.453 2.498 2.457 2.431 2.424 2.484 2.598 2.502 2.522 2.517 2.460 2.450 
Co hcp 2.470 2.496 2.438 2.444 2.438 2.472 2.489 2.452 2.482 2.498 2.497 2.488 
Ni fcc 2.489 2.506 2.455 2.453 2.443 2.419 2.370 2.471 2.480 2.510 2.493 2.484 
Cu fcc 2.567 2.502 2.551 2.517 2.499 2.476 2.485 2.563 2.564 2.606 2.556 2.544 
Zn hcp 2.644	 2.522 2.465 2.522 2.465 2.490 255.2 2.638 2.640 2.781 2.665 2.645 
Y hcp 3.543 3.419 3.511 3.522 3.518 3.562 3.615 3.554 3.559 3.565 3.556 3.548 
Zr hcp 3.197 3.144 3.166 3.179 3.171 3.218 3.195 3.187 3.185 3.213 3.179 3.174 
Nb bcc 2.873 2.882 2.871 2.862 2.852 2.888 2.871 2.860 2.857 2.888 2.859 2.854 
Mo bcc 2.749 2.716 2.692 2.734 2.729 2.748 2.726 2.724 2.721 2.755 2.725 2.721 
Tc hcp 2.722 2.707 2.685 2.700 2.689 2.706 2.689 2.679 2.677 2.717 2.710 2.705 
Ru hcp 2.658 2.643 2.627 2.637 2.624 2.649 2.623 2.608 2.610 2.649 2.650 2.642 
Rh fcc 2.717 2.695 2.683 2.689 2.674 2.702 2.676 2.674 2.672 2.723 2.539 2.532 
Pd fcc 2.794 2.756 2.766 2.761 2.742 2.794 2.755 2.768 2.765 2.827 2.753 2.745 
Ag fcc 2.941 2.861 2.901 2.890 2.867 2.940 2.899 2.924 2.925 2.992 2.889 2.877 
Cd hcp 2.990 2.954 2.913 2.920 2.880 2.883 3.002 2.964 2.971 3.139 2.979 2.959 
Hf bcc 2.875 3.067 2.854 2.857 2.844 2.886 2.839 2.864 2.861 2.886 3.131 3.126 
Ta bcc 2.751 2.875 2.746 2.736 2.724 2.744 2.718 2.725 2.724 2.761 2.860 2.856 
W hcp 2.751 2.761 2.746 2.736 2.724 2.744 2.718 2.725 2.724 2.761 2.741 2.738 
Re hcp 2.755 2.756 2.723 2.742 2.730 2.742 2.724 2.721 2.720 2.759 2.567 2.562 
Os fcc 2.694 2.700 2.673 2.685 2.673 2.688 2.656 2.660 2.661 2.698 2.675 2.671 
Ir fcc 2.741 2.747 2.712 2.727 2.710 2.733 2.705 2.712 2.711 2.759 2.715 2.710 
Pt fcc 2.811 2.809 2.780 2.789 2.769 2.806 2.771 2.778 2.777 2.835 2.772 2.766 
Au hcp 2.950 2.921 2.912 2.912 2.888 2.945 2.913 2.922 2.919 2.992 2.879 2.870 
bZPE and finite temperature corrections to experimental values adapted from Lejaeghere et al.52  
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Table 2. Calculated and experimental cohesive energies (Ecoh, in eV/atom) of bulk transition metals.a 

  GGA  NGA Meta-GGA Meta-NGA Hybrid   exp. exp. corr.b 
  CS PBE SOGGA11 N12 TPSS revTPSS M06-L MN12-L PBE0 HSE06 B3LYP 

  Sc hcp 4.12 3.63 4.53 4.21 4.28 5.77 5.32 3.42 3.52 2.76 3.90 3.93 
Ti hcp 5.45 5.37 5.78 5.47 5.52 6.40 6.85 4.00 4.08 3.35 4.84 4.88 
V bcc 6.03 5.12 5.77 5.73 5.94 6.30 5.75 3.40 3.48 3.25 5.30 5.34 
Cr bcc 4.00 4.37 4.21 4.21 4.44 4.55 4.33 1.54 1.57 1.57 4.09 4.15 
Fe bcc 4.87 4.96 4.65 5.23 5.48 5.39 5.13 3.22 3.29 2.81 4.28 4.32 
Co hcp 5.27 4.28 5.32 6.21 6.51 5.66 4.54 3.24 3.31 2.86 4.43 4.47 
Ni fcc 4.87 4.11 4.96 5.40 5.24 5.75 6.15 3.19 3.26 2.85 4.44 4.48 
Cu fcc 3.48 3.32 3.36 3.73 4.06 4.39 4.42 3.01 3.06 2.54 3.48 3.51 
Zn hcp 1.12 0.86 1.14 1.34 1.59 1.67 1.58 1.12 1.17 0.44 1.35 1.38 
Y hcp 4.13 4.56 4.59 4.23 4.38 4.96 5.78 3.74 3.85 3.00 4.39 4.42 
Zr hcp 6.16 7.43 6.73 6.30 6.50 6.75 5.15 5.60 5.70 4.69 6.29 6.32 
Nb bcc 6.98 7.86 7.23 7.20 7.42 8.02 7.40 5.96 6.12 5.59 7.44 7.47 
Mo bcc 6.21 6.95 6.89 6.59 6.91 6.90 6.82 5.10 5.19 4.82 6.80 6.84 
Tc hcp 6.85 8.52 7.34 7.18 7.58 7.15 7.04 5.41 5.54 4.90 7.13 7.17 
Ru hcp 6.67 8.00 7.21 7.10 7.52 6.76 6.79 5.06 5.21 4.56 6.74 6.80 
Rh fcc 5.62 7.00 6.00 6.22 6.61 6.12 6.33 4.39 4.54 3.92 5.72 5.76 
Pd fcc 3.71 4.54 3.55 4.01 4.40 4.24 4.70 2.85 2.96 2.43 3.90 3.93 
Ag fcc 2.49 3.20 2.49 2.73 3.04 3.28 3.60 2.28 2.35 1.87 2.94 2.96 
Cd hcp 0.73 1.72 0.76 0.96 1.21 1.37 1.06 0.78 0.85 0.18 1.16 1.18 
Hf bcc 6.40 7.61 6.84 6.53 6.78 7.32 5.78 6.04 6.12 5.02 6.42 6.44 
Ta bcc 8.27 8.45 8.26 8.51 8.84 8.99 7.58 7.63 7.74 6.58 8.09 8.11 
W hcp 9.07 9.16 9.02 8.81 9.19 9.86 8.43 7.76 7.79 7.29 8.79 8.83 
Re hcp 7.82 7.97 7.89 8.25 8.68 7.97 9.45 6.75 6.85 5.89 8.02 8.06 
Os fcc 8.29 8.72 7.84 8.46 8.80 8.32 9.46 7.20 7.34 6.24 8.17 8.22 
Ir fcc 7.32 8.31 7.74 7.71 8.21 7.03 7.35 6.19 6.36 5.28 6.92 6.96 
Pt fcc 5.50 6.58 5.71 5.79 6.25 5.97 6.17 4.69 4.83 3.99 5.85 5.87 
Au hcp 2.99 3.86 3.03 3.28 3.62 3.61 3.79 2.80 2.88 2.23 3.81 3.83 
aSee footnotes to Table 1. 
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Table 3. Calculated and experimental bulk moduli (B0, in GPa) of bulk transition metals.a  

	

aSee footnotes to Table 1. 

  GGA Meta-GGA Meta-NGA Hybrid   exp. exp. corr. 
  CS PBE TPSS revTPSS M06-L MN12-L PBE0 HSE06 B3LYP   

Sc hcp 55.0 59.4 57.9 71.6 82.5 57.2 56.2 51.4 54.6 55.6 
Ti hcp 113.5 119.1 122.6 129.4 125.4 132.4 125.2 120.0 106.0 108.3 
V bcc 183.1 198.9 212.0 193.3 199.1 225.9 214.9 199.1 155.0 158.9 
Cr bcc 261.2 274.4 293.3 268.6 298.4 290.7 291.8 271.8 160.0 174.5 
Fe bcc 195.3 218.5 232.8 169.8 77.2 165.1 176.7 151.1 163.0 169.8 
Co hcp 212.5 236.3 244.2 236.4 172.7 222.4 203.5 204.1 186.0 193.0 
Ni fcc 193.9 226.4 239.6 262.9 323.2 226.3 216.4 169.4 179.0 185.5 
Cu fcc 146.9 184.3 198.7 183.4 181.5 135.2 133.8 113.4 133.0 140.3 
Zn hcp 78.4 106.4 124.9 109.2 92.0 88.0 76.5 62.8 64.8 69.7 
Y hcp 40.7 44.4 42.1 47.0 34.5 39.9 41.5 42.5 41.0 41.7 
Zr hcp 95.5 98.3 98.7 96.9 96.3 88.0 99.0 94.4 94.9 95.9 
Nb bcc 171.1 178.9 190.6 170.4 179.2 190.6 183.7 176.7 169.0 172.0 
Mo bcc 261.3 278.2 285.3 262.9 286.8 288.4 295.7 262.8 261.0 264.7 
Tc hcp 307.6 324.1 336.5 307.2 333.3 357.2 355.4 310.2 297.0 303.1 
Ru hcp 308.2 334.8 347.6 312.5 349.5 366.3 361.9 314.1 303.0 317.7 
Rh fcc 256.4 282.8 298.5 258.8 287.6 294.0 284.7 241.2 282.0 288.7 
Pd fcc 169.4 192.1 207.9 153.3 181.4 176.0 163.3 138.8 189.0 195.4 
Ag fcc 83.3 110.2 120.9 93.6 98.3 89.9 83.6 71.2 98.8 103.8 
Cd hcp 49.6 61.1 68.0 64.1 37.9 58.1 55.3 38.9 49.8 53.8 
Hf bcc 108 112.6 115.4 116.2 114.8 112.3 115.7 111.7 108.0 109.7 
Ta bcc 195.3 205.9 212.6 201.2 210.5 217.4 205.8 193.3 191.0 193.7 
W hcp 316.2 329.8 335.7 320.1 348.2 347.0 356.4 315.9 308.0 312.3 
Re hcp 372.1 393.1 407.1 402.2 396.7 428.7 424.8 376.9 360.0 368.8 
Os fcc 402.6 426.4 449.9 427.7 482.4 460.9 460.9 396.9 418.0 424.6 
Ir fcc 347.3 367.0 391.8 339.6 396.9 397.1 392.8 328.1 358.0 365.2 
Pt fcc 250.9 272.6 290.2 250.7 273.9 278.1 275.6 225.4 277.0 284.2 
Au hcp 138.4 162.7 174.9 140.3 143.4 141.2 146.6 112.0 166.0 174.8 
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Table 4. Statistical analysis of differences between the experimental results extrapolated to 0 K and corrected for zero-point 

vibrationsa  and the calculated values: interatomic distances (δ, in Å), cohesive energies (Ecoh, in eV/atom) and bulk modulus (B0, in 

GPa). MAPE values are given in percent.  

	

  GGA  NGA Meta-GGA   Meta-NGA Hybrid   

  
PBE SOGGA11 N12 TPSS revTPSS M06-L MN12-L PBE0 HSE06 B3LYP 

δ MSE 0.03 0.00 -0.02 0.00 -0.01 0.01 0.00 0.01 0.01 0.05 

	 MAE 0.04 0.05 0.05 0.04 0.04 0.05 0.05 0.03 0.03 0.06 

	 MAPE 1.4 1.9 1.8 1.4 1.5 1.9 2.0 1.2 1.1 2.2 
	 rank 3 7 6 3 5 7 9 2 1 10 

Ecoh MSE -0.04 0.40 0.12 0.21 0.50 0.46 0.40 -1.08 -0.99 -1.66 

	 MAE 0.34 0.52 0.36 0.35 0.52 0.49 0.64 1.08 0.99 1.66 

	 MAPE 10.9 11.4 8.6 10.0 11.2 10.6 13.7 24.0 21.7 37.7 
	 rank 4 6 1 2 5 3 7 9 8 10 

B0 MSE -0.4 — — 17.5 28.7 9.8 17.7 20.3 17.5 -8.6 

	 MAE 15.1 — — 20.0 28.7 23.4 32.4 27.2 24.9 22.4 

 MAPE 8.4 — — 12.7 17.6 15.4 19.6 14.2 12.2 12.9 
 rank 1 — — 3 7 6 8 5 2 4 

average rank 2.7 6.5 3.5 2.7 5.7 5.3 8.0 5.3 3.7 8.0 
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Table 5. Statistical analysis of differences between the experimental results as in Table 4 but 

grouping functionals by type.  

	

    GAa  Metab  Hybridc  

δ (Å) MSE 0.00 0.00 0.03 

 MAE 0.05 0.05 0.04 

 MAPE 1.7 1.7 1.5 

Ecoh (eV/atom)  MSE 0.16 0.39 -1.24 

 MAE 0.42 0.50 1.24 

 MAPE 10.3 11.4 27.8 

B0 (GPa) MSE -0.4 18.4 9.7 

 MAE 15.1 26.1 24.8 

 MAPE 8.4 16.3 13.1 

aaveraged over PBE, N12, and SOGGA11 
b  averaged over TPSS, revTPSS, M06-L, and MN12-L 
c  averaged over PBE0, HSE06, and B3LYP 
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Figure 1. Mean Absolute Percentage Errors (MAPE) for the interatomic distances, δ; 

cohesive energies, Ecoh; and bulk moduli, B0, of 27 transition metals with respect to 

experimental values extrapolated to 0 K and corrected for zero-point vibrations. MAPE of δ 

has been multiplied by a factor of 10 for a better presentation. Data for LDA xc functionals, 

PBE, PW91, PBEsol, and RPBE is adapted from Janthon et al.34  
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