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Abstract Based on density functional theory and the

Newns–Anderson model we present a detailed study of

how an inclusion of higher order moments of the density of

states can explain observed fine structure variations in

oxygen bonding at metal surfaces. The many and some-

times closely coupled parameters that define the band-

structure and its position are shown to force the very late

transition metals to change shape abruptly. This induces

variations in bond-strengths, which are not captured by the

simple but successful d-band model. We demonstrate that

these variations can be recaptured by a slight modification

of the descriptor.

Keywords Newns–Anderson model � d-Band

model � Electronic structure � DFT � Adsorption

1 Introduction

At the heart of surface chemistry phenomena is the

understanding of breaking and formation of bonds at sur-

faces. Ever since the time of the pioneering work of

Langmuir [1], the interaction of atoms and molecules with

surfaces has been a vivid research area. In particular, the

study of these elementary processes on transition metal

surfaces was early realized and has been shown to form a

foundation for our knowledge of surface reactions. Identi-

fication of the underlying features of these surface pro-

cesses is key in almost every field within surface science,

from materials science to catalysis.

In industry most important large-scale chemical pro-

cesses are catalyzed by heterogeneous catalysts and many

of the catalysts with the necessary properties are based on

scarce materials such as Pt, Pd, Ru, and Rh. Therefore,

finding non-precious alternatives is a problem of significant

technological and scientific importance and vital for a

sustainable energy future of our society. The search for

these potential catalysts can be made possible and speeded

up significantly if a deeper knowledge of the individual

elementary surface processes exists.

Solid surfaces applied as catalysts are optimized based

on their ability to adsorb reactants, break specific bonds,

form new ones between intermediates in close proximity,

and finally desorb the products formed. This has shown to

involve a study of material specific electronic features and

in particular the behavior of metal electronic d-states at the

surface of transition metal based catalysts. Over the years,

a lot of effort has been made to elucidate the role that the

d-electrons play for chemisorption and catalysis. They have

been anticipated [2], estimated [3], and articulated in the

so-called d-hybridization picture, which over the last dec-

ade has shown tremendous successes in describing the

interaction between a metal and an adsorbate state [4–18].

In this picture an approximate quantitative measure can be

set up in which the additional hybridization induced

between the metal d-states and the adsorbate state can be

explained. For metal systems including pure transition

metal surfaces, alloys with homogeneous overlayers, alloys

with heterogeneous surface layers, surfaces with steps and

strains, and surfaces with poisons and promoters (see [7–

14]), the model has had a great success. However, there are
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a few cases where the model has been shown to be inad-

equate [19, 20].

In the following paper, we challenge the simple d-band

model by a direct comparison with the more detailed tight-

binding model, the so-called Newns–Anderson (NA)

model. We discuss the regimes where the d-band model is

valid and applicable. Finally, we introduce an alternative

descriptor, which is able to capture the fine structure effects

that we observe. We will first give a very short summary of

the two models that form the basis of this paper. This will

be followed by a presentation of our results and a

discussion.

2 Brief on Chemisorption Models for Transition Metals

Adsorption on a surface occurs when an atom or a mole-

cule (adsorbate) is bound in the vicinity of the surface.

Depending on the strength of this bond a sharing of

adsorbate and surface electrons will be involved and the

energy levels of the adsorbate will be perturbed (the per-

turbation of the surface states due to the presence of the

adsorbate is in most cases negligible [21]). The strength of

adsorbate–surface bonds can be estimated from the NA

model [2, 22]. According to the NA picture, when the

adsorbate approaches the surface the one-electron states on

the adsorbate begin to interact with all the valence surface

states. The overlapping surface states form an almost

continuous band of states and the strength of the interaction

depends on the shape of these bands. If the surface asso-

ciated band is broad, i.e. delocalized in energy space, the

interaction will result in a broadened single adsorbate

localized resonance, with energy lower than the original

gas phase adsorbate level. If, on the other hand, the surface

associated band is narrow, i.e. localized in energy space,

the adsorbate state will split into bonding and anti-bonding

resonances, with energies above and below the original gas

phase adsorbate level, respectively [23].

Adsorption on transition metal surfaces provides a sce-

nario were both interaction types are present that is, the

adsorbate level interacts both with a broad s-band and a

narrow d-band. Assuming that the overall adsorbate–sur-

face interaction is separable, the adsorption energy is

DEads ¼ DE0 þ DEd�hyb:: ð1Þ

As described, the interaction between a single adsorbate

state and the s-states will give rise to a broadened adsorbate

single resonance state (renormalized state). Since all

transition metals have similar half-filled broad s-bands, the

energy associated with this interaction DE0 can be assumed

to have a constant contribution for all metals. Hence, the

adsorption energy difference from one metal to the next will

be determined by the interaction of the single renormalized

resonance with the metal d-states, denoted by DEd-hyb. When

the coupling strength between the renormalized state and the

d-states is weak, then to a first approximation, variations in

the binding energy should only depend on the position of the

d-states relative to the Fermi [21, 24, 25]. This in essence

describes the d-band model [25].

Through the NA approach one can estimate the contri-

bution from the interaction between the renormalized

adsorbate state and the d-states for each transition metal. In

the following, we show to what extent this approach is

possible, by comparing features of the electronic structure

obtained from density functional theory (DFT) calculations

with information obtained from the analytical NA model.

We focus on the most close-packed surfaces of the 3d–5d

transition metals in their ground-state structure.

3 Results and Discussion

The interaction between the large number of d-electronic

states at the metal surface forms a well-defined band-

structure. This can be mapped out by studying the density

of d-states projected onto a single surface metal atom.

Clearly, due to the intricate nature of the interaction we

expect the density of states (DOSs) to have a distribution

with a complex and detailed structure as a function of

energy. Nevertheless, we shall use a much simpler func-

tional form, that of a semi-ellipse, for the DOS distribution

and show that the hybridization energies obtained agree

well with the energies related to the real distributions, here

taken as the DOS obtained from DFT calculations.

The hybridization energy due to the interaction between

an adsorbate energy level, of degeneracy na and with

energy ea, and the distribution of energy levels at the sur-

face is given by: [26]

DEd�hyb: ¼
2

p

Z0

�1

Arc tan
DðeÞ

e� ea � KðeÞ

� �
de� naea; ð2Þ

where DðeÞ ¼
P

k Vakj j2dðe� ekÞ and its transform KðeÞ ¼
1
p P
R1
�1

Dðe0 Þ
ðe�e0 Þ de

0
represent the adsorbate-induced changes to

the metal states times the coupling between the adsorbate

and the metal states. In the expression for the transform,

P is the principal value of the integral. To be noted is that

Eq. 2 can be applied to any DOS distribution to get the

interaction energy between that particular distribution and

an adsorbate level.

Since the adsorbate induced changes in the DOS of the

metal can be considered an insignificant perturbation

compared to the metal induced changes on the adsorbate

state. We shall assume in the following that the d-projected

DOS is a reasonable approximation of D(e).
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In Fig. 1, we show the DOS distribution of d-states

projected onto a single metal atom in the surface layer of

Rh(111) as obtained from DFT calculations and the semi-

elliptic fit to this distribution. Here, the Rh(111) surface

serves as a representative example for the other close-

packed transition metal surfaces. The semi-elliptic fit was

obtained by conserving both the center of the distribution

and the filling, which is given by the number of states

below the Fermi level, where eF = 0. The mathematical

transforms K(e) for the two distributions are also shown in

Fig. 1 as dashed lines. The DFT DOS exhibits a rich

structure, which is inherited by K(e). This relation between

D(e) and K(e) is also evident for the semi-elliptic fitted

distribution and it shows a much smoother behavior.

Table 1 summarizes the values needed to represent the

electronic properties and coupling strengths of the different

metals. The first moment, ed, of the electronic density of

state distribution q(x) and the nth moment, mc
n; of q(x)

centered at ed are defined as

ed ¼
R1
�1 xqðxÞdxR1
�1 qðxÞdx

; ð3Þ

and

mc
n ¼

R1
�1ðx� edÞnqðxÞdxR1

�1 qðxÞdx
: ð4Þ

The coupling strength between an adsorbate state and

the metal d-states (see Table 1) depends on the adsorbate–

metal coordination and the distance between the adsorbate

and the metal surface [21]. However, it can be shown that

variations in the matrix element Vak, mainly depend on the

spatial extent of the metal d-states, which can be defined by

the electronic band-width and the element radius as

V2
ak ¼ g

MaMd

rlaþldþ1
: ð5Þ

Here g is given by structure constants in LMTO, li
(i = a, d) is the angular momentum quantum number of

adsorbate and metal, and Ml ¼ ðs2liþ1DliÞ
1=2

where s is the

neutral sphere radius and Dli is an LMTO potential

parameter corresponding to the band-width. For a given

adsorbate the relative coupling strengths in Table 1 are

given by
V2

ak

V2
aCu

¼ MM

MCu

rlCu

rlM

� �2

:

A common assumption is that the adsorbate–surface

bond lengths are similar. Hence, to lowest order approxi-

mation in bond length, the coupling matrix elements can be

Fig. 1 Calculated metal projected d-states D(e) (solid) and the

corresponding mathematical transform K(e) (dashed) for the

Rh(111) surface. The black lines represent data extracted from the

DFT calculation and the red lines show the results obtained for the

semi-elliptical fit to the DFT calculation

Table 1 First moment (Eq. 3) and second moment (Eq. 4 with

n = 2) of the semi-elliptical fits to the calculated DOS for a number

of close-packed transition metal surfaces are shown in column one

and two, respectively

Metal surfaces ed (eV) mc
n¼2 (eV)2

V2
ak ¼

VM
ak

VCu
ak

� �2

Sc(0001) 1.18 2.19 7.90

Ti(0001) 0.70 3.05 4.65

V(110) 0.38 3.77 3.15

Cr(110) -0.35 3.85 2.35

Fe(110) -0.84 2.39 1.59

Co(0001) -1.50 2.32 1.34

Ni(111) -1.59 1.39 1.16

Cu(111) -2.46 0.84 1.00

Y(0001) 1.14 4.33 17.30

Zr(0001) 0.72 5.22 10.90

Nb(110) 0.10 5.64 7.73

Mo(110) -0.90 5.36 6.62

Ru(0001) -1.95 4.30 3.87

Rh(111) -2.10 3.44 3.32

Pd(111) -1.78 1.27 2.78

Ag(111) -4.04 0.75 2.26

Hf(0001) 0.66 6.99 11.90

Ta(110) 0.29 8.32 9.05

W(110) -0.77 8.71 7.72

Re(0001) -1.58 8.18 6.04

Os(0001) -2.23 6.21 5.13

Ir(111) -2.95 4.97 4.45

Pt(111) -2.42 2.65 3.90

Au(111) -3.36 1.61 3.35

The second moment has been centered at ed to give the second central

moment. The last column shows the coupling matrix elements

between an adsorbate and the various transition metals relative to the

one on Cu, adapted from [27]
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estimated by bulk Wigner–Seitz radii and tabulated LMTO

values for the widths of the bulk metal [27]. Figure 2

shows that the variation in Wigner–Seitz radii and the bond

lengths are coupled and importantly that there is a signif-

icant difference between the early and the late transition

metals. This implies that the simplified description based

on Wigner–Seitz radii and bulk LMTO values is ques-

tionable for metals to the far left in the periodic table.

Before we proceed, it is instructive to introduce the

simplified version of the interaction. If one assumes, that

both the renormalized adsorbate state and the partially

filled metal d-band can be approximated by single energy

levels ea and ed, respectively, then the expression for the

interaction becomes particularly simple [27].

DEd�hyb: ¼ �a
V2

jed � eaj
þ bV2; ð6Þ

a and b contain information about the filling of the d-states,

the level degeneracy, and the spatial extent of the adsorbate

level state. The first term is an attractive term given by the

effect of hybridization between the adsorbate state and the

d-states, whereas the second term is a repulsive term due to

overlapping states. We note that the NA model only

accounts for the attractive term in Eq. 6.

Given the distributions, the transforms, a fixed renor-

malized adsorbate energy level ea, and the coupling

strengths between a metal level |k| and the adsorbate level

|a|, V2
ak; we can now employ the NA model (Eq. 2) and

estimate how well the semi-elliptic simplification of the

DOS describes the hybridization energies compared to the

real DOS distributions. This is shown in Fig. 3. We have

assumed, that the coupling between an adsorbate state and

metal d-states can be described by the values in the last

column of Table 1. In addition, we have fixed the position

of the renormalized state at -5 eV. This takes into account

the estimated contribution from the interaction between an

oxygen 2p state and the metal s electrons, which is

DE0 = 5 eV, and makes up the largest contribution to the

bond energy [21].

We find that the energies obtained using the simple

semi-elliptical distribution as a model for the real DOS

agree very well with the energies obtained using the real

DOS distribution. The fact that we can use the semi-

elliptical functional form for the DOS enables us to study

trends in the hybridization energy in a controlled and

mathematically well-defined way.

As can bee seen in Table 1, there are large variations in

the coupling strength between the adsorbate and the

d-states of the metal, which depend strongly on the metals

position in the periodic table. Nevertheless, it has proven

instructive to work in the coupling limit where

Vak � |ed - ea|. In this limit, assuming that ea is fixed,

Eq. 5 leads to a linear scaling between variations in the

binding energy with the position of the d-states to lowest

order in ed.

By assuming a constant V2
ak in the semi-elliptical

approach, here taken as V2
ak ¼ 1; we are able to vary the

center ed of the semi-elliptical distribution and the width

Wd independently. The center is given by Eq. 3 whereas

the mathematical expression for the width of a semi-

elliptical distribution is given by Wd ¼ 4
ffiffiffiffiffiffi
mc

2

p
: Using the

NA model with ea = -5 eV we can now calculate the

hybridization energy as a function of (Wd, ed).

Fig. 2 Tabulated Wigner–Seitz radii (red squares) and perpendicular

bond length between O and surface (black squares) as a function of

the 4d metal group number. The bond lengths are obtained from DFT

calculations were the surface atoms are fixed to their bulk positions

and only the O is allowed to relax

Fig. 3 Hybridization energies calculated using the Newns–Anderson

model on the DFT-calculated (real) and the semi-elliptical

(model) density of states. Coupling matrix elements are taken from

Table 1 and the renormalized oxygen 2p adsorbate state is fixed at

ea = -5 eV
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In Fig. 4, we show the calculated energy landscape

using the NA model for Wd [ [0; 12 eV] and ed [ [- 6;

5.5 eV]. For a given width, as the center moves down

relative to ed = 0, which corresponds to the Fermi level of

the metal, the interaction energy decreases. In other words,

as ed become more negative the band becomes more and

more populated leading to a weaker interaction with the

renormalized state. Furthermore, when the states are well

below the Fermi level so that the d states are completely

filled, the energy contribution becomes exactly zero. This

corresponds to the coinage transition metals, which are

known to have little or no attractive interaction between the

adsorbate and their d-states. Another thing to notice is that

the iso-energies lie very close and are almost parallel with

the x axis just below the Fermi-level. This suggests, that

transition metals in this region have bond-strengths that

depend more strongly on variations in ed rather than on

variations in Wd, which explains the success of the one-

parameter Hammer–Nørskov d-band model for these ele-

ments. To illustrate the strength of this observation we

have included the individual data points for all pure metals

onto the landscape using the values (Wd ¼ 4
ffiffiffiffiffiffi
mc

2

p
; ed) from

Table 1. First, there is a clear distinction and ordering

between the 3d, 4d, and 5d metals. Secondly, all pure late

transition metals fall in the region with the parallel iso-

energies, hence, the binding energies for these systems

should show a pronounced scaling with the d-band center

to lowest order. For the early transition metals, for example

Sc, Y, and Zr, on the other hand, there is a clear deviation

from this trend being positioned in the landscape where the

iso-surfaces are both far apart and not parallel to the x axis.

The exact transition between the ‘‘early’’ and ‘‘late’’ tran-

sition metals is a fine one and will be dependent on the

adsorbate and in turn its interaction with the d-band states

of the metal.

Figure 5a shows the relation between the Wd and ed

values, for the semi-elliptical distribution for the 4d tran-

sition metal series, as extracted from Table 1. In the fol-

lowing, we will focus on the 4d metals but similar trends

can be shown for 3d and 5d metals. For the late transition

metals, Fig. 5a shows a clear trend where the width

increases when the center of the distribution shifts up in

energy. In the 4d series this is approximately linear, with

Pd as an outlier. In fact, if one assumes such an approxi-

mate linear relation between the width and the center for

these metals, and uses that the coupling strength is pro-

portional to the width, one obtains that Vak � Wd � ed.

Hence, it follows immediately from Eq. 5 that the attrac-

tive term is proportional to ed. We also note that this

approach should give rise to distinct lines for 3d–5d metals

showing that only binding energies on late transition metals

within a specific d-series should correlate with ed.

In Fig. 5b we show the binding energies of atomic

oxygen on the most close-packed surfaces of the metals in

the 4d series as obtained from DFT calculations as a

function of the d-band center. A very good agreement

between the binding energies and the d-band center is

observed, again with Pd as a clear outlier. This suggests

that the linear approximation between structure and posi-

tion of the DOS distributions is valid and that the electronic

deviations observed for Pd from that line are carried

through to the DFT calculated binding energies. We also

find that even the binding energies on the early transition

metals seem to fall on the line shown in Fig. 5b. The reason

is that as you move to the left in the periodic table the

coupling between the metal states and the adsorbate

increases. This has a large effect on the repulsion between

overlapping states and hence these points are shifted to

lower binding energies.

Figure 6a shows that there is an overall linear trend in

the d-band center of the surface as a function of the group

number of the metal and that the 3d–5d metals each form

individual lines. However, Ni, Pd, and Pt are clear outliers

to this trend. The separation between the 3d, 4d, and 5d

metals is also evident in the d-band width of the surface,

see Fig. 6b, that has a non-linear dependence on the group

number. When it comes to the bulk, the bulk DFT DOS for

each system has a lower lying d-band center and a wider

d-band width as compared to the surface. In addition, the

bulk DFT DOS shows the same trends as the surface DFT

DOS including the outliers.

Fig. 4 Hybridization energies obtained with the NA model as a

function of the center and width of the semi-elliptical representation

of the density of states. Here the coupling matrix elements have been

fixed at V2
ak ¼ 1 and the renormalized state is kept at ea = -5 eV.

The individual surface metal data points have been added to the plot

based on the numbers from Table 1. Iso-energies are indicated with

black solid lines
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To elucidate the origin of the observed trends, we use a

semi-elliptical model to calculate the d-band center. We

assume an ideal d-band filling i.e. the filling is linear in the

group number, and a second order polynomial dependence

of the surface d-band width on the group number fitted to

the Wd ¼ 4
ffiffiffiffiffiffi
mc

2

p
based on mc

2 values shown in Fig. 6b. The

later assumption is rooted in the wave function overlap

behavior. Figure 7a shows the predicted d-band center with

a clear linear behavior from groups 3 to 9 and a non-linear

trend for groups 10 and 11 i.e. Ni, Pd, Pt and Cu, Ag, Au,

respectively, which should be compared to Fig. 6a. This

clearly shows that the reason for Ni, Pt, and Pd being

‘‘outliers’’ from a linear trend, is a direct consequence of

the d-band filling and the d-band width. The semi-elliptical

model predicts that mathematically the coinage metals Cu,

Ag, and Au, should have a higher d-band center than

obtained from DFT and experiments. The reason we do not

observe this, is that once the d-band is completely filled the

position of the band is no longer pinned to the Fermi level

and hence the d-band center can be shifted to lower ener-

gies to increase the stability of the system further. The

same conclusions can be made (see Fig. 7b) combining the

semi-elliptic model and assumptions with tabulated LMTO

bulk metal widths (adapted from [28]).

Our findings show that the d-band center is a good

descriptor for the O adsorption energy for metals if the

d-band center and the d-band width show the same

behavior as a function of group number and if the d-band is

not almost or completely filled. Since the d states couple

strongly in the NA picture to the renormalized adsorbate

state giving rise to bonding adsorbate localized states

below the d-band and anti-bonding adsorbate localized

states above the d-band, one should utilize the information

in the d-band width to define a refined descriptor for the

binding energy. Figure 8 shows the d DOS of 4d transition

metals. It is observed that the position of the upper-edge of

the d-band is shifted down in energy as the position of the

center of the DOS moves down. Such a behavior on its own

would eliminate any dependence of the adsorption energy

on the form of the DOS distribution. However, the math-

ematical relation between the position, form and filling

forces the DOS to shift up in energy as the filling gets close

to 1, as was demonstrated in Fig. 7. This explicitly breaks

the correlation between the upper-edge position and the

d-band center. As the bond strength is given by the position

and filling of the anti-bonding states, which are pinned at

the upper edge of the d-band, we suggest a refined energy

descriptor, eW
d ¼ ed þWd=2: The introduction of a width

Fig. 5 a Variations in the semi-

elliptical width of the density of

states distribution as a function

of the center of the distribution

for the 4d series. b Calculated

oxygen binding energies from

DFT as a function of the center

of the semi-elliptical DOS

distribution

a b

Fig. 6 Calculated d-band

center (a) and width (b) for a

metal atom in the first surface

layer and the corresponding

result for a metal atom based on

DFT DOS
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dependence ensures correlation with the upper band-edge

position and hence the bond strength. Figure 9 show the

correlation between the DFT calculated O binding energy

and the introduced descriptor. The new descriptor is able to

capture the trends over the entire transition metal series. As

expected the d metal with completely filled d band, Cu, Ag,

and Au, for the 3d–5d metal series, respectively, have a

non-linear dependence in eW
d as the position of the d-band

is no longer pinned to the Fermi level. We note that our

focus has been entirely on occupied states, however, for

molecular adsorption the interaction between unoccupied

renormalized states and the metal d-states will become

important. Since the new parameter explicitly accounts for

the structural changes of the d-band, we expect that the

parameter should capture molecular adsorption strengths as

well.

4 Conclusions

We have shown that basic reactivity trends of pure tran-

sition metals can be understood using the NA model on a

a b

Fig. 7 a Approximated d-band center assuming a semi-elliptic shape

of the d-band DOS. The assumptions are a linear dependence of the

d-band filling on the group number, and a second order polynomial

dependence of the width on the group number fitted to the semi-

elliptic d-band widths given in Table 1. b Approximated d-band

center assuming a linear dependence of the d-band filling on the group

number, and a second order polynomial dependence of the width on

the group number fitted to the LMTO bulk data adapted from [28]

Fig. 8 DOS of the metal surface atoms for 4d metals as obtained

from DFT calculations

Fig. 9 The correlation between the DFT calculated O adsorption

energies and the introduced electronic structure descriptor eW
d ¼

ed þWd=2 based on the DFT calculated DOS for metals. The linear

regressions do not include Cu, Ag, and Au, respectively
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simple semi-elliptic approximation to the real DOSs.

Plotting the obtained binding energies against the first and

second-order moments of the density states indicates that

binding on late transition metals vary stronger with the first

moment for a group of transition metals thus substantiating

the d-band model for which numerous examples both

theoretical and experimental have shown to hold. The

d-band model is a zero’th order approximation that

describes how the bond strength varies as one moves

through the periodic table. The model was originally

introduced to study small variations in bond strength under

perturbations of the electronic structure at the surface and

has proven more than adequate for this [8, 14]. Having a

simple electronic structure motif defining reactivity is

crucial if one wants to take surface science and catalysis to

the level of materials design. In the present paper we have

extended the d-band model to explicitly take into account

how the bond-strength depends on the depletion of the

adsorbate anti-bonding state best defined through the

upper-edge position of the d-states. The transition metals

Ni, Pd, and Pt were identified to be most affected by the

structure of the d-band and with the introduction of a

generalized electronic structure descriptor, ed ? Wd/2, one

is able to correct for these effects explicitly.
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