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Rational design of improved transition metal based materials
mostly relies on their electronic structure descriptors,
typically estimated by density functional theory and so
unduly affected by self-interaction or static correlation
errors. Here we show for all 30 transition metals that original
or width-corrected d-band center, and Hilbert transform
highest peak descriptors are unaffected by self-interaction,
while poor treatment of static correlation by hybrids
functionals leads to an unbalanced description. Thus
descriptors have a general validity unbiased by a specific
computational method.

The interaction of atoms and molecules with solid surfaces is the
mainstay supporting many technologically relevant research areas:
From surface and materials science, to tribology, nanotechnology,
and eventually, heterogeneous catalysis. Solely the molecular
adsorption on solid surfaces is of utmost importance, when related
e.g. to sequestration of greenhouse effect gases,' acid rain
precursors,” hydrogen storage for fuel cells,’ and molecular
spintronics.” Self-assembled monolayers or molecular adlayers
following a driven pattern can even lend the surface with selected
properties; chirality or a magnetic moment, to name a few.>* In turn,
molecular bond breakage/creation surface phenomena are crucial in
heterogeneous catalysis. Most important large-scale chemical
processes are heterogeneously catalyzed using scarce materials such
as precious coinage and Pt-group transition metals. The optimization
of the adsorptive or catalytic power of transition metal based
materials is of paramount importance in the quest towards enhanced
or fine-tuned chemical activities, moreover vital for an economic and
energetic sustainable future.

The bonding between an adsorbate and a transition metal surface is
inherently governed by the quantum interaction between their
orbitals and bands, respectively. Thus, the rational optimization has
been tackled using electronic structure terms.’” In particular, the
Newns-Anderson model allowed for predicting the adsorbate-surface
bond strength within the framework of perturbation theory. It
revealed the pivotal effect of metal substrate Density Of States
(DOS) shape on the nature of its chemical binding with adsorbates.®’
For transition metals, the adsorbate interaction with half-filled broad
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s-band is considered constant due to the similar shape for all
transition metals. Therefore, the interaction of adsorbate electron
states with narrower d-band is alleged to govern chemical activity
trends along transition metals.

The mathematical complexity of Newns-Anderson model as well
as its explicit dependency on the adsorbate electronic structure
limited its practical application. Instead, various parameters of
substrate electronic structure were used as descriptors for different
properties of interest, such as adsorption energies and reaction
energy barriers. Presently these descriptors constitute indeed the
only rational way of posing new transition metal based materials
with adsorptive/reactive properties tuned at will, which is at the heart
of heterogeneous catalysis. These descriptors are most often based in
the so-called d-band model, which is discussed and justified in due
detail in Ref. 10. Note here that as a consequence the d-band center,
€4, 18 used as a simple yet effective descriptor. The g4 is normally
referred to the Fermi energy ep, see Fig. 1, and calculated as the
gravimetric center or first moment of the d-Projected DOS
(PDOS).'"'? This descriptor has been tremendously successful in
predicting adsorptive and reactive properties as a function of
structural saturation, strain, and alloy composition,*" including
surface and subsurface alloys.m’17 However, in a few cases, the d-
band center descriptor has been found to be inadequate for a few
cases,’®!® and to loose accuracy on late transition metals,”’ for
instance.

Recent studies addressed the improvement of first-order d-band
center descriptor. In particular, the poorer alignment of late
transition metals has been attributed to the proportionality deviations
of d-band width W,*' mainly affecting latest transition metals. Thus,
a width-corrected descriptor eq” = &4 + 7/, has been suggested and
validated very recently, allowing for a better description of late
transition metals without losing the accuracy of the earlier ones.
Furthermore, accounting for d-band shape has been suggested via
using as a descriptor the upper d-band edge, &, defined as the
highest peak position of the Hilbert transform on the d-PDOS.*? This
latter descriptor has been found to be a better reactivity descriptor
for late transition metals and their alloys. This settled these
descriptors as a predictive powerful tool backed up by the discovered
trends.
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Fig. 1 Sketch of a d-band (black line) as obtained from a PDOS and
its Hillbert transform (red line). Electronic-structure-based
descriptors and parameters such as gravimetric center of the d-band,
€4, the band width, W, and the highest peak position of the Hillbert
transform, ¢,, are shown. Energy values & are referred to Fermi
energy, er. The occupied d-states are shown by dark orange filling,
unoccupied — light orange.

All these electronic-structure-based descriptors though strongly
rely on the correct description of the electronic structure, i.e. the
(P)DOS, including both occupied and virtual states. These DOS are
often obtained using various approximations to Density Functional
Theory (DFT), which incorporate inherent deficiencies, such as the
self-interaction error. The Local Spin Density Approximation
(LSDA) and Generalized Gradient Approximation (GGA)
approximations are the first and second rungs, respectively, of
Jacob’s ladder of exchange-correlation (xc) functionals, and exhibit
the largest self-interaction error.”> An improvement is achieved with
meta-GGA functionals, which constitute the third rung by further
adding the kinetic energy density. Meta-GGA xc functionals have
the potential to reduce self-interaction error,®® although seldom
represent an improvement to GGA in solid metals, as they do for
molecular systems.”> In general, all these xc functionals yield
inaccurate, even incorrect description of the electronic structure of
solids seen, for example, in band gaps of many transition metal
oxides, ubiquitous as supports in catalysis, photocatalysis, and
nanotechnology.

Finally, a good behavior was found in molecular chemistry®*?’ by
redeeming the xc functionals through inclusion of Hartree-Fock (HF)
exchange in their ansatz. This constitutes the fourth rung of the
ladder. However, for solid systems, and in particular transition
metals, Jacob’s ladder gets slippery at the top. The addition of HF
exchange in extended systems increases the computational demands,
and amplifies the error caused by imperfect treatment of static
correlation, particularly important in transition metal compounds. In
fact, HF exchange leads to an unphysical DOS of metals with a
singularity in the electron group velocity at Fermi level, although
this defect can be remediated if HF exchange is screened by
correlation effects.”® In summary, the inclusion of HF exchange is
detrimental for the accuracy of xc functionals in bulk transition
metals, due to the itinerant character of electrons.

Consequently, the electronic structure of a transition metal based
system appears to be critically affected by the employed xc
functional. Hence, the optimization of the adsorptive and catalytic
power of a material constituted by transition metals in terms of
electronic structure based descriptors seems to be a matter of choice
of the xc functional, or does it not?

To investigate this we firstly obtained the DOS and 4 PDOS of all
3d, 4d, and 5d transition metals using LSDA Vosko-Wilk-Nussair
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(VWN), GGA Perdew-Burke-Ernzerhof (PBE), meta-GGA Tao-
Perdew-Staroverov-Scuseria (7PSS), and hybrid Heyd-Scuseria-
Ernzerhof (HSE06) xc functionals (see computational details in
Supplementary Information). These four xc functionals represent, in
average terms, the most accurate ones for each of Jacob’s ladder
rungs in the description of structural, energetic, and elastic properties
of transition metal bulks®>* over 15 screened functionals. For each
metal and each functional, the g4, 4", and &, descriptors have been
gained (see computational details in Supplemental Information for
further details of their obtaining, and Tables S1-S3 for a list of
descriptor values).

A value comparison for the four encompassed xc functionals is
displayed in Fig. 2a-c. In these plots, PBE values are used in the
abscissa axis, whereas the other xc functional values are placed on
the ordinate axis. Thus, PBE values feature an ideally linear trend, to
which other xc functionals are compared. Sign and color codes
permit to discriminate in between d-series and xc functionals. Let us
begin the inspection on the d-band center g4 descriptor, shown in
Fig. 2a. For any xc functional, values of a given d-series are
scattered over the whole energy range, and no clustering of d-series
is detected. For the LSDA, GGA, and meta-GGA rungs the g4 values
are oftentimes superimposed. The hybrid xc behavior is discussed
separately below. For these three first rungs it is clear that there are
small deviations between local VWN and semi-local PBE and TPSS
functionals, further supported by linear fit with regression
coefficients above 0.997, slopes close the ideal value of unity, and,
finally, intercepts orbiting a zero value for VWN and TPSS.

An inspection of the DOS for different functionals on selected
metals reveals slight discrepancies in the local shape of this function,
although these differences are cancelled when computing the g4
descriptor, as it hangs on the full d-band. The addition of a second
central moment (i.e. width) correction to d-band center in gg"
descriptor, almost does not perturb the previous excellent agreement,
see Fig. 2b. The slopes fluctuate near one, and the intercepts display
just a slight negative value, anyhow, still close to zero. Moreover the
regression coefficients are slightly worse, but still better than 0.993.

So far it has been proven that for LSDA, GGA, and meta-GGA xc
functionals the utilization of one or another xc functional does not
affect g5 and &g descriptors, i.e. they are not affected by the
integration of the d-band nor its width. In Fig. 2c the effect of xc
functional components on d-band shape is put under the light, with
outstanding results. It is remarkable to see that the highest peak of
the Hillbert transform of the d-band, ¢,, is essentially unaffected by
the employed xc functional. The obtained slopes for VWN and TPSS
are near unity, and the intercepts essentially zero. The regression
coefficients have excellent values better than 0.999.

Care must be taken with hybrid functionals, as expected, due to
their failure in properly describing the itinerant character of electrons
in transition metal based compounds.”® Despite HSE06 xc functional
improves the correlation functional compared to other hybrid
functionals,’’ the deviations with respect to experiments are still
notable. This is clear from the higher slope found for &4 compared to
PBE as shown in Fig. 2a, which is due to two additive factors. On
one hand, the cancellation of self-interaction by the inclusion of HF
exchange in HSEQ6 stabilizes the transition metal occupied bands,
lowering their energy. On the other hand, the same origin has a
diametrically opposed effect on the unoccupied region of the d-band,
where bands become destabilized compared to PBE, similar to the
effect on the conducting bands of transition metal oxides, see Fig. 3.
This creates an asymmetric unbalance, which hangs upon the ratio of
states on the occupied/unoccupied part of the d-band. Naturally, the
unbalance is biased by the d-occupancy trend along a given
transition metal series, with mild effect for those transition metals
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Fig. 2 Variation of (a) d-band center, g4, (b) width-corrected d-band
center, &4", and (c) highest Hillbert transform peak, ¢,, energy values
calculated with a given xc functional with respect to those obtained
at PBE level, distinguishing between 3d, 4d, and 5d transition metal
series using different symbols. Dashed black line represents ideal
matching with respect PBE values. Colored solid lines belong to
regressions of xc values, whose slopes, intercepts, and regression
coefficients, R, are displayed.
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whose &, lies near the er. The hybrid xc usage also induces, in
general, a band W widening, as shown in Fig. 3. However, for early
transition metals, where self-interaction error is more critical, the
linear inclusion of HF exchange leads to more localized d-orbitals.

Consequently, the overlap between d-orbitals decreases and the
resulting d-band tightens. As a result, for medium and late transition
metals, which display negative g4 values, the band width correction
moves HSE06 values closer to PBE ones. On the other hand, for
early transition metals, with positive g4 values, the mentioned band
tightening does also sets HSE06 values closer to PBE ones. This,
fortuitously, makes the slope of HSE06 data on Fig. 2b almost
coincident to unity. Nevertheless, HSE06 eq" values still present a
sensible dispersion, highlighted in a poorer regression coefficient of
0.979. Last, in the case of Hillbert transform ¢, descriptor, see Fig.
2c, the highest peak seems to be affected likewise to the d-band
center.

— PBE
HSE06
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Fig. 3 The d-band PDOS of Ru as obtained at PBE and HSE06 xc
functional levels, showing the stabilization and destabilization of
occupied and unoccupied bands when incorporating HF exchange in
HSEO06. Solid black lines point the d-band end, & for each
functional.

In summary, the present work shows that transition metal d-band
occupation, width, and shape do not depend on the particular choice
of a given exchange-correlation potential, which implies that these
properties are independent of the degree of self-interaction error
introduced by each approximation of the xc functional.
Consequently, most popular descriptors, such as the d-band center
&4, the width corrected d-band center, g;", and the highest peak of
Hillbert transform, ¢,, can be safely computed and even combined at
any of first three Jacob’s ladder rungs without losing their validity
for the optimization of the activity of transition metal based
materials of technological interest. Nonetheless, hybrid functionals
are not advised when computing electronic structure based
descriptors for transition metal materials.
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