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New solid-state table: estimating d-band characteristics for transition metal atoms
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A tight-binding model parameterised by a database of density functional theory calculations is presented and used to
estimate the d-band characteristics of bulk systems as well as mono- and bimetallic surface structures. The model
incorporates the effects of both electronic and geometric contributions. A d-band width formalism relating surface reactivity
with the surface electronic structure is presented and it is shown that the proposed model can be used to estimate the surface
electronic structure as well as to explain trends in catalytic properties of metal and alloy surfaces in terms of surface and

adsorbate orbital properties.
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1. Introduction

The rational design of surfaces with specific catalytic
properties still remains one of the greatest challenges in
surface science. Developments in computational surface
science have enabled progress in this area by providing a
basic understanding of the properties of metal surfaces that
determine their catalytic reactivity [1]. The reactivity of
the transition and noble metals (Cu, Ag and Au) is
determined by the surface properties that determine the
ability of metal atoms to make and break bonds [2]. Those
surface properties include the surface d-band centre (g4),
the degree of filling of the d-bands (f;) and the coupling
matrix elements between the adsorbate and the surface
metal atoms [3]. It has been well established that the
d-band model developed by Hammer and Ngrskov [4,5]
presents a theoretical framework for the description of
basic trends in the reactivity of many different systems
involving pure metals, surface alloys [6,7], surfaces with
strain [8], poisons, promoters [9] and electron-deficient
sites [8]. The basics of the framework can be explained in
the following manner. The reactivity of surfaces is related
to their ability to make chemical bonds. These bonds
consist of a distribution of electrons over bonding and anti-
bonding adsorbate—surface states involving the surface
metal sp and d orbitals. Adsorption is then considered in
two steps. First, the adsorbate orbitals interact with the
surface sp states to form a stabilised adsorbate species. The
contribution to bonding from this step is approximately
the same for the transition metals because the sp states are
broad and featureless [3]. Second, the adsorbate orbitals
interact with the d-orbitals in the transition metal surface.
This interaction results in a splitting of the adsorbate states

into bonding and anti-bonding states. The strength of the
bond depends on the occupation of these orbitals. If the
anti-bonding states are above the Fermi level, they are
unoccupied and the bond is strong. If the anti-bonding
states are below the Fermi Level, they are occupied, and
the bond is weak. Thus, features of the d-states are the
primary factors for the altering interactions between
adsorbates for different metal surfaces. The d-band model
assumes that the variations between adsorbates and surface
metal atoms are largely due to the variations in coupling of
the metal d-states and adsorbate orbitals. The variation
in coupling is due to the difference in the average energy
(d-band centre) of the d-bands, which is sensitive to
many factors including strain and ligand effects. Thus, the
d-band model provides descriptive parameters based on a
convenient characteristic value that is a representative of
the entire d-band, d-band centre (g4) or d-band width (W),
and connects them to surface reactivity.

Given the importance of the d-band characteristics
in providing explanations for the reactivity of metal
surfaces [10], it is desirable to study and understand the
modifications of these electronic properties with respect to
different electronic and geometric effects. This can be
achieved by considering density functional theory (DFT)
calculations as computer experiments where the role of
the electronic and geometric effects can be determined
separately.

The modifications in d-band characteristics can be
estimated through a correlation between the width of the
surface d-band for transition metals and the interatomic
matrix element (Vyq) that describes bonding interactions
between an atom and its environment [6,11,12]. If such an
understanding can be established, then it would be possible
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to calculate d-band characteristics of any surface,
including the effects of structure, alloying, etc., with
dramatically reduced need for DFT calculations. This
would constitute a new and fast way of screening potential
alloy surfaces that could even be extended to include many
different surface structures for the purpose of identifying
surfaces with desired chemical properties.

In this paper, we utilise the proportionality between the
d-band widths and the interatomic matrix elements [11]
describing the bonding between an atom and its nearest
neighbours to develop a simple model for estimating the
electronic structures of transition metal surfaces. In this
paper, we first discuss the details of the computational
parameters used in the DFT calculations and the details of
the computational methods. Correlations between V44 and
W4 are used to propose a d-band width model for transition
metal atoms utilising a characteristic length for each
transition metal d-orbital that are parameterised from DFT
calculations. These parameters are incorporated in a new
solid-state table and presented in Section 3. With the use of
the model, we predict d-band widths of bulk and surface
atoms at different low Miller index facets of transition
metals and compare the results of the simple model
to detailed DFT calculations. The model is then used
to estimate the electronic structure of many different
overlayer/host as well as surface impurity/host combi-
nations and compared to the literature data. Given the
simplicity and the accuracy of the proposed d-band width
formalism, we believe that the model presented here will
be used as a first step towards predicting the reactivity of
different surfaces and will serve as a main tool in many
different applications involving transition metals.

2. Calculation details

This study involves the low Miller index (111, 100 and
110) surfaces of late transition metals modelled by a 2 X 2
unit cell using a four-layer slab that is repeated
periodically in a cell geometry with 10A vacuum space
in between any two successive slabs. For the unit cell, the
most upper two layers are relaxed until the forces are less
than 0.05eV/A, keeping the other layers at the frozen
bulk coordinates. DACAPO code is utilised for all the
DFT calculations in this work (http://www.fysik.dtu.dk/
CAMPOS), ionic cores are described by Vanderbilt
ultrasoft pseudopotentials [13,14] and the one-electron
valence eigenstates are expanded in a plane-wave basis set
with a cut-off energy of 340 eV. The exchange correlation
functional used was the generalised gradient approxi-
mation due to Perdew—Wang (PW91) [15]. Bulk
calculations were performed on 1 X 1 X 1 bulk unit cells
at different volumes to determine the equilibrium volume
using the Murnaghan equation of state. Brillouin-zone
integrations are performed using an 8 X 8 X 1 Mon-
khorst—Pack grid for the 2 X 2 surface unit cell and a

16 X 16 X 16 Monkhorst—Pack grid for the bulk 1 X 1 X 1
cells. The atom-projected d-bands were calculated by
projecting the Kohn—Sham orbitals onto atom-centred
spherical harmonics with a cut-off radius of infinity. The
d-band centre is computed as the first moment of the
projected d-band density of states about the Fermi level,
and the d-band width is the square root of the second
moment of the projected d-band density of states about the
Fermi level.

3. Results and discussion
3.1 Details of the d-band width formalism

The coupling matrix describing the interaction of an atom
with its environment has been generalised based on
the distance dependence between an orbital of angular
momentum quantum number / and one of quantum
number /. It has been shown that the correlation can be
expressed as

Vi = Cpd =D, (D

with Cjy being a constant value that contains a factor P+

[11]. This factor is metal specific. For the matrix element
involving coupling of two d-states, the above equation can
be written in the following form:

h? rg
Vaa = Mad s 2)

where mg4q is a constant, set to unity for convenience and
h%m=17.62eVA>. ry is a characteristic length for each
transition metal that is related to the spatial extent of the
d-orbitals. The derived values of the characteristic lengths
are based on the high correlations between the band width
(energy difference between the levels H 1, —H/25 for bee and
X,—Xs for fcc structures) and computed matrix elements.
The adjusted coefficients are set as the characteristic length
and tabulated in the solid-state table by Harrison [11].
Finally, d is the distance separating the orbitals [11].
These parameters were established by fitting to exper-
imental data, and are not directly useful for comparison to
DFT-calculated d-band properties.

The summation of all interactions of an atom with its
neighbours leads to V; oc Zj(r?j /d?). The tight-binding
theory yields the d-band width to be proportional to the
matrix element V;. Here, the ligand effect is incorporated
into the matrix element in the numerator through the ry
of each metal, whereas the strain is included in the
denominator through the distance between atoms. The
proportionality between Wy and V44 leads to a linear
correlation between Wy and d —°. In Figure 1, we show Wy
as a function of d > , where the interatomic distance
between atoms in the bulk has been modified by perturbing
the bulk lattice constant over a range of *=0.08 A. These
perturbations lead to approximately *6.5% perturbation
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Figure 1. Linear correlations between DFT-calculated d-band
widths of some bulk late transition metals at different unit cell
volumes.

to the cell volume in each case. A linear correlation
between the d-band width and d > is observed for each
case, and the slope of that correlation is proportional to the
matrix element V.

3.2 d-band width formalism and solid-state table

The linear relationship between Wy and 1/ dfj is utilised to
derive a model predicting d-band width of a clean surface
atom in a bulk structure. Based on the number of nearest
neighbours, this can be expressed as

LN 3/2
()
Wai=Woi+ Y ~———. 3)
J ij

W, is a constant accounting for the non-zero band width
of an atom i at infinite separation due to the atom-projected
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density of states algorithm. d;; represents the distance
between the nearest-neighbour atoms. Finally, ry is a
characteristic orbital size for each metal atom similar to
Harrison’s [11] but the values are not adjusted coefficients
that fit experimental data; instead, the characteristic
lengths are derived based on the d-band widths calculated
from bulk calculations in unit cells with varying volumes.
A plotof Wyvs. 1/ dfj is linear from which r4 and W, can be
obtained for each metal from the slope and the intercept,
respectively. rq and W, for the metals examined in
this work are tabulated in a new solid-state table given
in Table 1.

The utility of the new solid-state table with the d-band
width formalism needs to be checked for bulk structures as
well as for some surfaces with different facets considering
the number of nearest neighbours, coordination number
of the surface atoms. The sum over nearest neighbours
accounts for the reduced coordination of surface atoms,
but not for the redistribution of electron density at surfaces
compared to the bulk. We capture this contribution by the
addition of another term that leads to the following

expression:
CN3/2

+ B, “)
dz
with B being a facet-specific term that accounts for electron
density redistribution and surface relaxation effects, and 3
has different values for non-noble and noble metals as well
as for different lower Miller index facets (Table 1). The
values of the facet-specific B term have been obtained
based on a least-squares fit of the DFT-calculated and
estimated d-band widths of all the clean, relaxed metal
surfaces. Utilising the characteristic orbital sizes for each
metal and the suggested model, good agreement has been
achieved in predicting the d-band widths for clean surfaces
of Cu, Rh, Pd, Ag, Ir, Pt and Au at low miller index facets
such as (111), (100) and (110) as well as their d-band
widths in their bulk structures (Figure 2).

The average error in estimating the d-band widths of
the atoms in bulk and on surfaces at different facets has
been calculated to be 2%, indicating the feasibility of the

Table 1. DFT-parameterised solid-state table for some transition metals.

Metals

Fe Co Ni Cu
2.39 2.46 2.46 2.68
0.49 0.33 0.36 1.09

Element Ru Rh Pd Ag
rq 322 3.32 3.38 3.34
w, 0.36 0.20 0.05 2.44
Ir Pt Au

3.72 3.79 3.88

0.24 0.04 1.11

B
111 facet 100 facet 110 facet
Noble TM 0.24 0.40 0.41
Other TM 0.30 0.41 0.50
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Figure 2. Parity plot of d-band widths for clean surface
structures with different facets as well as for bulk systems for
some late transition metals.

proposed model as well as the new solid-state table. The
maximum error which is around 9% corresponds to the
Cu(110) facet.

3.3 d-band width formalism for alloy structures

The model presented here should be applicable for alloy
systems in addition to monometallic systems. Here, the
alloying effects (strain, ligand, ensemble effects) are
taken into consideration through the characteristic orbital
sizes and distances between metal atoms in the alloy.
One possible application of the proposed d-band width
formalism could be the sulphur poisoning of Pd-based
membranes used for the separation of hydrogen where
Pd-based surface alloy structures [16] formed with another
transition metal can be considered. The suggested d-band
formalism would be utilised to study the alloying of Pd-based
membranes with other transition metals in detail where the
changes in d-band characteristics of the surfaces would
provide explanations regarding the reactivity of the Pd-based
membranes. A future paper will address the S-tolerant
transition metal-based binary alloys utilising the developed
d-band model within an atomistic thermodynamic frame-
work that involves the effect of surface segregation.
Considering the d-band width formalism, we keep the
focus this time on surface alloys that are formed with
different impurities of Fe, Co, Ni, Ru, Rh, Ag, Ir, Pt and
Au over a Pd-based substrate. The surface structures are
modelled using a 2 X 2 unit cell of Pd and by replacing one
of the surface atoms with an impurity atoms leading to
a 25% impurity over the surface. The presence of the

4.00 - - -
5
3.75 o “’ 1
g i
350 | ¥ . .
2
2
3.25 | P 1
tF. ]
3.00 LI I C RPN R

Impurity over Pd based alloy AU

2.75

DFT-calculated W, (eV)

2.50

2.25

2.00
2.00 2.25 250 275 3.00

Estimated W, (eV)

Figure 3. Estimated and DFT-calculated d-band widths of
impurities embedded in a Pd(111) surface. The inset shows the
effect of the impurities on the electronic structure of the
neighbouring Pd atoms.

impurity is taken into consideration through the interaction
with the host atoms by their characteristic lengths. The
estimated and the DFT-calculated surface d-band widths
are tabulated in Table 1 for these surface alloy structures as
well as for pure Pd-based surfaces.

As seen from Figure 3, reasonable agreement has been
achieved in estimating d-band widths considering alloy
structures. The largest error is obtained with the Pd-based
structure containing Co impurities which is an error of 6%.
Even considering the Co impurity, the average error has
been calculated to be less than 2.5%, indicating the
feasibility of our proposed d-band width formalism.
Moreover, when the interactions between the host Pd
atoms and the impurity are considered, it is found that as
the impurity moves to the right and down the periodic
table, the contribution of the presence of the impurity gets
larger in terms of broadening the d-band width of the
nearest host atom. This is largely a geometric strain effect
as the impurities get larger to the right and down the rows
(inset of Figure 3). Thus, less reactive surface structures
could be obtained with the Pd-based structures containing
5d metals in the first layer. The results also indicate that
more reactive surface structures could be achieved with
the presence of 3d metals as the impurity in the surface,
causing a narrowing of the surface d-band width and a
consequent shift in d-band centre closer to the Fermi level.
We attribute this to an electronic strain, where the Pd
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d-orbitals are not as crowded by the smaller 3d orbitals as
they would be by other Pd orbitals. Consequently, they are
effectively under-coordinated, resulting in a sharpening of
the d-band.

The consideration of the interaction of different types
of atoms is restricted neither to Pd-based structures nor to
surface impurities. Binary transition metal alloys consist-
ing of a substrate layer of a certain metal type and a surface
layer of another metal type are of great interest [6]. In this
study, our goal is to establish a model for capturing the
electronic characteristics for a broad variety of transition
metal alloys. The thermodynamic stability of the surface
alloys in this work has not been considered even though
this information is important for detailed analysis of
catalytic systems. Databases of segregation energies exist
[17], which could provide additional screening criteria.

We now expand the utilisation of the solid-state table to
predict the electronic structures of the binary combinations
of 11 different metal atoms (Fe, Co, Ni, Cu, Ru, Rh, Pd, Ag,
Ir, Pt and Au) similar to the work of Greeley and Ngrskov
[10]. The interactions of the different layers are taken into
consideration through the characteristic orbital sizes of the
metal atoms forming the alloy structure. Utilising the d-band
width model and the new solid-state table, we estimate the
surface d-band widths of different overlayer/host combi-
nations and the results are presented below (Figure 4).

As seen from Figure 4, for a fixed host substrate, as we
select the overlayer metal closer to the right side or bottom of
the periodic table, an increase in the estimated d-band widths
has been observed [3,18]. This broadening of the d-band
width leads to a shift in d-band centre to more negative
values and thus to less reactive catalytic surfaces. The trends
in the d-band centres of pure metal surfaces are shown in
Figure 5, where it can be seen that reactivity decreases from
left to right and from top to bottom in the periodic table with
Ag having an even more negative d-band centre than Au.

7.0

6.0

5.0

4.0

3.0

20

Estimated d-band width (eV)

10

0
[Fe] " [Co] @ [Ni] [ [Cul | [Ru] | [Rh] | [Pd] | [Ag] | [I] | [P [Au]
Overlayer/host combinations

Figure 4. Estimated d-band widths for different overlayer/host
combinations with overlayer being in the order of Fe, Co, Ni, Cu,
Ru, Rh, Pd, Ag, Ir, Pt and Au. The vertical dashed red lines
separate the host metals (colour online).
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Figure 5. Computed d-band centres of some late transition
metals.

This explains why the highest estimated d-band widths have
been achieved with Ag at the most top layer.

As discussed earlier, the d-band centre is the primary
descriptor of surface reactivity. Our model provides a tool for
estimating d-band widths, which are in many cases linearly

7 T L T

Estimated W (eV)

0 L L d
-4 -2 0

DFT-calculated ¢, (eV)

Figure 6. Estimated d-band widths for different overlayer/host
combinations vs. their DFT-calculated d-band centres for Ni-,
Pd- and Ir-based surface structures.
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correlated with the d-band centres. We now demonstrate the
utility of the model for estimating d-band centres of different
overlayer/substrate combinations by comparing the esti-
mated band width values of each surface from our model with
its corresponding computed surface d-band centre. Linearity
in this comparison shows that one can estimate the d-band
centres from the estimated d-band widths. Reference [10]
tabulates a large database of d-band centres for a variety of
overlayer/substrate combinations. We have used our model
to estimate the d-band widths of those systems. Based on a
simple rectangular band model, the d-band centres and
widths should be linearly correlated with each other with a
slope of approximately — 1. Figure 6 displays the correlation
of our estimated d-band widths with the d-band centres for
some of the data in Ref. [10], where quite reasonable
correlation is demonstrated with a slope of approximately
— 1 as predicted by the rectangular band model. Similar
linearity with a slope of — 1 has also been observed with the
other considered surface structures (not shown). Some
disagreement occurs due to the need to estimate the atom—
atom distances in the matrix element computation.

4. Conclusion

The present paper demonstrates that the modifications
in d-band characteristics due to the combined effect of
electronic and geometric contributions from different
surface structures and alloying can be estimated using the
correlations between the d-band widths and the interatomic
matrix elements. We have proposed a d-band formalism
predicting d-band widths of bulk atoms, clean surface
structures with different facets as well as bimetallic systems
with different overlayer/substrate combinations and also
with various surface impurities. We have constructed a new
solid-state table with parameters derived from a set of DFT
calculations. The model can be used to screen a wide range of
alloy surfaces very quickly to identify surfaces with desirable
electronic and thus chemical properties without the need to
perform expensive DFT calculations.
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