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Abstract

We have computed adsorption energies, vibrational frequencies, surface relaxation and buck-

ling for hydrogen adsorbed on a body-centred-cubic Fe(110) surface as a function of the

degree of H coverage. This adsorption system is important in a variety of technological pro-

cesses such as the hydrogen embrittlement in ferritic steels, which motivated this work, and

the Haber-Bosch process. We employed spin-polarised density functional theory to optimise

geometries of a six-layer Fe slab, followed by frozen mode finite displacement phonon cal-

culations to compute Fe-H vibrational frequencies. We have found that the quasi-threefold

(3f) site is the most stable adsorption site, with adsorption energies of ∼3.0 eV/H for all

coverages studied. The long-bridge (lb) site, which is close in energy to the 3f site, is ac-

tually a transition state leading to the stable 3f site. The calculated harmonic vibrational

frequencies collectively span from 730 to 1220 cm−1, for a range of coverages. The increased

first-to-second layer spacing in the presence of adsorbed hydrogen, and the pronounced buck-

ling observed in the Fe surface layer, may facilitate the diffusion of hydrogen atoms into the

bulk, and therefore impact the early stages of hydrogen embrittlement in steels.
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1. Introduction

Key structural materials are exposed to a continuous supply of hydrogen in a wide range

of technological applications, ranging from hydrogen containment in hydrogen-energy [1]

and petrochemical applications [2] to hydrogen continuously produced from water radiol-

ysis in nuclear power plant and waste storage applications [3]. Hydrogen presents limited

solubility in most metallic materials [4], and can potentially induce enhanced fatigue and

premature fracture [5]. The current understanding of the hydrogen-induced embrittlement

and failure mechanisms is mainly based on the interaction of hydrogen atoms with localised

plasticity [6]. This interaction can result in enhanced crack propagation rates and premature

failure [7]. The ultimate goal is to predict the resistance of a given structural material to

environmental hydrogen attacks, based on its current damage state and the predicted service

conditions. In order to produce reliable predictions of materials’ performance in hydrogen-

rich environments, an overarching theory and proper modelling tools should be developed

and tested in terms of the hydrogen intake, its diffusion through the defect structure of the

bulk material, and its interaction with the local lattice defects and plasticity in the vicinity

of hydrogen-trapping sites. The first stepping stone in this global process is the gaseous

hydrogen-metal interaction that leads to hydrogen adsorption and subsequent intake by the

bulk metal.

We have focused this work on Fe-based systems due to the increasing importance of

ferritic steels and their hydrogen-enhanced degradation modes in gas pipeline [8, 9] and

next generation reactor applications [10, 11]. Iron crystallises in a body-centred cubic (bcc)

structure, namely ferrite phase, at temperatures below 912 ◦C [12]. Ferritic steels develop

characteristic grain orientation distributions during thermo-mechanical processing, where a

significant number of grains in the polycrystalline material present their (110) crystal planes

parallel to the surface of the material [13]. Therefore, the interaction between hydrogen

and Fe(110), and subsequent hydrogen adsorption on the surface constitute the first steps in

the mechanism of hydrogen embrittlement in ferritic steels and, consequently, also the first

opportunity in delaying or preventing the premature failure of these materials operating in

hydrogen-rich environments. While this work was motivated by and focussed on hydrogen

embrittlement in steels, it is worth mentioning that adsorption of hydrogen on iron is also

the first step in the Haber-Bosch process converting H2 and N2 gas into ammonia, most

notably used as a feedstock for fertiliser production [14].

The interaction of gaseous H2 molecules with the metallic surface is believed to start

with the process of physisorption enabled by weak van der Waal forces. The binding energy
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of the H2 molecules to the surface is ∼0.04-0.15 eV/H2 [15]. The mobile physisorbed hydro-

gen molecules may then migrate to active dissociation centres on the surface, where they

will dissociate to form atomic hydrogen [16]. The chemisorbed H atoms would then diffuse

parallel to the metallic surface until they become trapped at specific adsorption sites [15].

The heat of adsorption is reported to be ∼1.1 eV/H2 [16, 17]. Fig. 1 shows potential ad-

sorption sites for H atoms on the Fe(110) surface: on-top of an iron atom from the top

surface layer (ot site), in between two Fe atoms either in a short or long-bridge position

(two-fold sb and lb sites, respectively), or surrounded by three surface Fe atoms arranged in

an isosceles triangle (quasi-threefold 3f site). The preferred site(s) for the H-atoms to reside

depends on both the potential energy landscape at the surface and the repulsive interaction

between adsorbed hydrogen. We can define the degree of coverage θH as the ratio between

the number of adsorbed H-atoms and iron atoms.

Unfortunately, some physical properties of the hydrogen adsorption process on Fe sur-

faces are still not known with certainty, such as the vibrational frequencies of the adsorbate-

substrate, as well as the binding energies and lattice relaxation as a function of hydrogen

coverage. The amount of experiment work on the H-Fe(110) system up to date is limited,

mainly due to the difficulties related to the preparation of clean oxide-free Fe(110) single

crystal surfaces under ultra-high vacuum. The results derived from Low Energy Electron

Diffraction (LEED) experiments led to the identification the (2 × 1), (3 × 1), and (1 × 1)

motifs of H adsorbed on the Fe(110) surface for coverages of 50, 67, and 100 %, respec-

tively [16, 18, 19]. Additionally, a graphitic (2× 2)-2H phase has been found experimentally

at temperatures below −193 ◦C [20]. However, the analysis of the LEED intensities has

not allowed to identify unequivocally the specific adsorption site(s) in that coverage range

or at variable temperatures. Baró and Erley employed Electron Energy Loss Spectroscopy

(EELS) to measure the vibrational frequencies of H atoms adsorbed on the Fe(110) surface.

From the number of frequencies measured with EELS, one would in principle be able to

determine the symmetry and therefore the type of adsorption site. Baró and Erley detected

two peaks in the EELS spectra and concluded the lb site to be the preferential adsorption

site for H on Fe(110) [21].

Initial theoretical work focused on simulating the various adsorption motifs as a function

of coverage [22]. The first embedded cluster calculations by Muscat confirmed the existence

of the (2 × 1), (3 × 1), (1 × 1), and also the (2 × 2) phase, and also pointed to the 3f site as

the most stable adsorption site [23], but later concluded the short-bridge site to be the most

favourable [22]. Raeker and DePristo later employed a corrected effective medium method
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(CEM) which treats the surrounding surface atoms as jellium and, purely based on their

similar adsorption energies, concluded the 3f and long-bridge site to be similarly stable [24].

Cremaschi et al. performed ab initio configuration interaction calculations to derive very

similar adsorption energies for all three binding sites, and calculated the stretching frequency

of H on the 3f site of Fe(110) to be 1073 cm−1 [25]. Jiang and Carter performed DFT

calculations of H on Fe(110) [26], focussing on the (2 × 1) and (2 × 2)-2H structures. They

confirmed the 3f adsorption site to be the most stable, not only due to it being the lowest in

energy (if only by a small margin), but mainly due to their vibrational analysis: only the 3f

site is a true minimum, whereas all other sites have at least one imaginary frequency, making

the sb and lb site transition states to the 3f minimum (and the ot site a rank-two saddle

point). The harmonic frequency of the stretching vibration perpendicular to the surface was

calculated to be at 1063 cm−1 (at 25 % coverage), while the frustrated translations display

harmonic frequencies of 740 and 954 cm−1 (at 50 % coverage). Following this, a H diffusion

study into and through the bulk of Fe was conducted. It was found that H hops from

tetrahedral to tetrahedral site, along a curved trajectory from the surface towards the bulk.

However it was noted that H prefers to remain on the surface, and that the entire diffusion

process is endothermic [27, 28]. Kristinsdóttir and Skúlason conducted a surface diffusion

study of H on various transition metal surfaces, including the Fe(110) surface [29]. They

deduced a critical temperature for diffusion of −214 ◦C, and an activation barrier of 0.18 eV

for diffusion. Xie et al. calculated the adsorption process for H2 on Fe(110) [30]. They

found that the H2 binds weakly to the surface, and that it dissociates into H atoms, which

bind to the surface. Most recently, Wang et al. used ab initio thermodynamics to compute

the desorption energy of H2 at finite temperature as on various Fe surfaces, including the

(110) surface [31]. The (110) plane was found to be the most prominently exposed surface

at 402 ◦C, and that H2 desorbs from the (110) plane at 57 ◦C, with a desorption energy of

1.0 eV per H2.

In this paper, we report a systematic study of the adsorption of hydrogen on the bcc

Fe(110) surface as a function of the degree of coverage, based on density functional theory

(DFT), including a complete vibrational analysis and the surface magnetocrystalline effects.

We expect that this work will prompt an accelerated search for effective gas additives [32, 33]

or coatings [34, 35] to inhibit the hydrogen-induced embrittlement in these materials, and

will also stimulate new experimental attempts to measure the vibrational frequencies with

high resolution, by performing state-of-the-art EELS experiments, or non-linear surface-

spectroscopic laser experiments at wavenumbers of around 1000 cm−1 and below [36, 37].
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2. Methodology

We have performed first principles quantum mechanical calculations based on the spin-

polarised density-functional theory (DFT) using the Cambridge Serial Total Energy Package

(CASTEP). This software package solves the Kohn-Sham equations with a plane wave ba-

sis set employing three-dimensional periodic boundary conditions [38]. We employed the

Perdew–Burke–Ernzerhof (PBE) version of the generalized gradient approximation (GGA)

to represent the exchange and correlations [39], and on-the-fly ultrasoft pseudopotentials for

Fe and H. The Monkhorst–Pack (MP) algorithm was selected for k-point sampling [40]. For

bulk bcc Fe, a cut-off energy of 750 eV and an 8× 8× 8 MP grid size was found to converge

the total energy of the system. Using those parameters and the Broyden–Fletcher–Goldfarb–

Shanno (BFGS) algorithm [41], where the forces were minimised to within 0.05 eV Å
−1

, we

derived the lattice parameter, a, for bulk bcc Fe. A Gaussian smearing with a width of

0.1 eV applies an artificial electronic temperature to describe partial occupancies about the

Fermi level. Furthermore, the local magnetic moment of Fe, µ, was approximated using the

Mulliken population analysis [42].

A six-layer slab model with a vacuum gap of 20 Å was used to represent the Fe(110)

surface. We selected a MP grid size of 16 × 8 × 1, and the k-point sampling was kept

constant for other cell geometries by rescaling the MP grid size accordingly. We used the

BFGS algorithm to relax the positions of the Fe atoms in the top three layers, whilst the

bottom three layers were constrained. The relaxation was computed using the relationship

∆ij(%) = 100 ×
(
dij − d0
d0

)
(1)

where dij is the interlayer spacing between two adjacent Fe layers i and j (where j = i+ 1),

and d0 is the bulk spacing. The surface energy, γ, was then obtained using the equation

γ =
Eslab − nEbulk

2A
(2)

where A is the cross-sectional area of the slab, Eslab is the total energy of the slab, n is the

number of Fe atoms in the slab and Ebulk is the energy of a single Fe atom in the bulk. The

Fe magnetic moment in the individual layers, µi, was also estimated based on the Mulliken

population analysis. Hydrogen was then adsorbed on each of the four potential sites on

the bcc Fe(110) surface, for representative cell geometries and degrees of coverage. The top

three layers of Fe were still allowed to relax, with the H atoms free to move. Using the

relaxed geometry, the adsorption energy was computed for each case to find the most stable
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site. The adsorption energy, Eads is given by

Eads =
1

N
[EH+slab − (NEH + Eslab)] (3)

where EH+slab is the total energy of the relaxed slab with H adsorbed, N is the number

of adsorbed H atoms, EH is the ground state energy of a single H atom, and Eslab is the

total energy of the H-free slab. The potential energy surface (PES) was calculated along a

pathway connecting the four adsorption sites. The top three Fe layers were allowed to relax,

and the H atom allowed to relax normal to the (110) plane. The energy was evaluated at

various H locations between the four potential adsorption sites. The energies were calculated

relative to the starting point in each potential diffusion pathway. A frozen mode finite

displacement calculation was subsequently used to compute the vibrational frequencies of

the surface-adsorbed H atoms in each case. A finite displacement of 0.01 Å on the H atoms

was applied to compute the force constant matrix, from which the vibrational frequencies

were calculated.

The spin-polarised projected density of states (PDOS) were calculated using the OP-

TADOS code [43]. An adaptive smearing with width 0.4 eV was applied [44]. The PDOS

was integrated to compute the difference in the spin-up (N↑) and spin-down (N↓) valence

electrons, i.e.

∆N = N↑ −N↓ =

∫ 0

−∞
(n+(E) − n−(E))dE (4)

where n+ and n− (abbreviated as n±) is the PDOS for the spin-majority (+) and minority

(-) states, respectively. Furthermore, the d-band centre, c±d , and d-band width, w±d , for

spin-majority and minority states were computed via the relations [45]

c±d =

∫∞
−∞E n

±(E)dE∫∞
−∞ n

±(E)dE
(5)

and

w±d =

(∫∞
−∞E

2 n±(E)dE∫∞
−∞ n

±(E)dE

) 1
2

. (6)

These quantities were averaged to give the d-band centre, cd, and d-band width, wd, i.e.

cd = (c+d + c−d )/2 and wd = (w+
d + w−d )/2.

3. Results

3.1. Hydrogen-free Fe(110) surface

The lattice parameter (a = 2.837 Å) of bulk bcc Fe derived from our DFT modelling is in

good agreement with the reported experimental value (a = 2.86 Å) [46], as well as previous
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DFT studies (in the range of 2.83 to 2.91 Å) [26, 27, 29, 30, 31, 47]. The derived value of

the bulk interlayer spacing (d0) is 2.02 Å. We found a value of the Fe magnetic moment

of 2.22µB/atom, which coincides with the experimentally measured magnetic moment of

2.22µB/atom [48] as well as previous DFT calculations (from 2.20 to 2.22µB/atom) [26,

27, 31, 47]. Once we had modelled reliably the bulk bcc Fe characteristics, we proceeded

to compute the relaxation, surface energy and magnetic moment of a six layer H-free slab

of Fe(110) for selected cell geometries using spin-polarised DFT. We did not observe any

significant structural reconstruction at or close to the H-free surface, only a relatively small

relaxation normal to the surface between the top three Fe layers relative to the bulk. The

spacing between the first and second layer reduces relative to the bulk interlayer spacing, i.e.

∆12 = −0.37 %. This effect is compensated by an expansion between the second and third

layer ∆23 = 0.57 %. These values come close to the experimental values of ∆12 = 1(2) % and

∆23 = 0.5(1.0) % [49]. They also agree with the previous calculated values of ∆12 and ∆23

using DFT, ranging from −0.62 to 0 % and 0.26 to 0.89 %, respectively [26, 50, 51, 52, 53].

The surface energy takes a value of γ = 2.47 J m−2, in close agreement with the experimental

value of 2.48 J m−2 [54] as well as calculated values of 2.43 and 2.41 J m−2 using DFT [26, 50].

Our results also reveal an increased Fe magnetic moment at the surface relative to the

bulk, with a value in the first layer of µ1 = 2.68µB/atom. This corresponds to an enhance-

ment of ∼21 % with respect to the bulk, in reasonable agreement with the enhancement

observed experimentally of 39(16) % relative to the bulk, corresponding to a value of 3.08µB

per atom [55]. This is also close to values obtained in previous DFT investigations, of

2.74 and 2.58µB per atom [26, 50]. Fe is described as an itinerant-electron ferromagnet,

whose magnetization stems from the spin polarisation of the itinerant d-electrons. The

nearest-neighbour interactions seem to control the d-band width. At the bcc-Fe surface, the

coordination number reduces from eight to six, and this leads to a smaller band width and

consequently a higher magnetization [56, 57]. From our calculations, the d-band width is 3.11

eV in bulk, whilst the d-band width is 2.85 and 3.03 eV in the first and second layers, respec-

tively. Experimental results on magnetic step moments confirm the intermediate position of

the Fe surface magnetism with respect to the bulk and the free atom behaviour [48]. The

enhanced magnetism is still present in the second layer, but lies closer to the bulk properties

(µ2 = 2.30µB/atom). The bulk value is reached at the third layer, i.e. µ3 = 2.22µB/atom.
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3.2. H adsorbed on the Fe(110) surface

3.2.1. Site-specific adsorption energy

We have calculated the adsorption energies of atomic hydrogen at the four potential sites

on the Fe(110) surface for representative coverages, see Table 1 . The adsorbed H-Fe(110)

cell geometries corresponding to the selected degrees of coverage are depicted in Fig. 2 . Our

results reveal that the 3f site is the thermodynamically most stable site, although the lb

site is close in energy. The two-fold sb site and especially the ot site are energetically less

favourable for all studied degrees of coverage. Additionally, we observe a reduction in the

adsorption energy for the four potential sites for higher coverages. This reduction may stem

from the increasing repulsive interactions between co-adsorbed H atoms over that coverage

range [26]. In order to further understand the relative energetics in between the adsorption

sites, the potential energy surface (PES) was calculated along the pathways connecting the

four high symmetry sites; we used the (4×1) cell for this procedure. The resulting plots are

shown in Fig. 3 . From Fig. 3 a and b, it is clear that the ot site is highly unstable. Similarly,

the data in Fig. 3 c and d, reveal that the 3f site is more stable than the lb and sb sites.

The calculated values of the equilibrium H-to-surface distance and the corresponding

H-Fe bond length are collected in Table 2 . These two distances are identical for the ot case

where the H atom resides directly above an iron atom, whilst it would be located above

and between multiple atoms in the other three cases. It is worth noting that the average

H-to-surface distance takes the smallest value, i.e. 0.95(3) Å, when the H atoms reside on

either the 3f or the lb site. This confirms the relative instability of the H occupancy of the

ot and sb sites with respect to the lb and 3f sites. The reported value for the 3f H-to-surface

distance of 0.9(1) Å, determined using LEED [58], is in good agreement with our calculated

value of 0.91 Å for a H coverage of 100 %.

3.2.2. Vibrational analysis

A vibrational study of H on Fe(110) on the four sites was conducted, shown in Table 3 .

We have found two imaginary frequencies for the ot site, and is thus a rank-two saddle point.

The sb and lb sites have single imaginary frequencies, hence they are transition states. The

3f site has three real frequencies, and is thus a true minimum. This data is concordant

with our prior study of the potential energy surfaces in between adsorption sites (section

3.2.1). For similar phonon calculations for the (2× 1) and (1× 1) geometries, corresponding

to 50 and 100 %, we found the same order of stability at all four adsorption sites. Having

established that the 3f site is the most stable adsorption site, it will be further considered

in the vibrational frequency analysis for variable degrees of coverage.
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There are three vibrational modes for adsorption of H on the 3f site of Fe(110): two

frustrated translational modes parallel to the (110) plane (ν̃t1, which is along [11̄0], and ν̃t2

along [001]), and a stretch vibrational mode (ν̃s), see Fig. 4 . We have determined the 3f

vibrational frequencies for representative degrees of coverage in the range of 25 to 100 %,

see Table 4 . The stretching mode naturally appears at higher frequencies than the two

frustrated translational modes. We also observe a clear increase in the vibrational frequency

with the degree of coverage. The ν̃t1 vibration along the [11̄0] direction spans from 736 to

953 cm−1, whilst the ν̃t2 vibration along the [001] direction ranges from 925 to 1014 cm−1

depending on coverage. For those coverages that require two hydrogen atoms per unit

cell in our simulations, we obtain two values for ν̃t1 and ν̃t2 each (50 % and 67 %). The

first frequency ν̃t1 represents the alternating oscillation of the H atoms, while the second

frequency ν̃t2 stems from the concurrent oscillation. These two values are generally close

in magnitude, since they are both in the same plane and originate from similar forces. We

hope that these DFT results can motivate future high-resolution EELS experiments or non-

linear laser-spectroscopic surface experiments to unequivocally identify the two frustrated

translation modes experimentally, and their dependence on environmental conditions such

as hydrogen pressure and/or temperature.

3.2.3. Hydrogen-induced magnetocrystalline effects

The adsorption of hydrogen atoms on metallic surfaces can induce significant changes in

the surface structure and magnetism [59]. We have studied the effect of H-Fe(110) adsorption

on the normal relaxation and surface Fe magnetic moment as we increase the degree of H

coverage. At very low coverage, our study reveals that the H atoms occupy the high-

coordination 3f sites and behave like a lattice gas. This H adsorption process induces local

displacements of the (near-) surface Fe atoms in the vicinity of the occupied 3f sites. As

a consequence, the contraction of the first-to-second layer distance, initially present in the

H-free surface, gradually decreases. Moreover, the H atoms tend to push the neighbouring

Fe atoms inwards into the bulk, and this induces a buckling phenomenon. This effect is

characterised by the buckling parameter, bi, for each of the three near-surface Fe layers (i

= 1, 2, 3), see Fig. 5 . The variation of ∆12 and b1 with H coverage is shown in Fig. 6 a.

At the lowest coverage of 25 %, corresponding to the Fe(110)-(4 × 1)-H superstructure, the

fairly isolated H atoms cause the displacement of surrounding Fe atoms, corresponding to

the maximum buckling parameter in this study of b1 = 0.058 Å.

A similar buckling effect also takes place in the second and third layer, but its magnitude

is reduced with respect to the effect in the first layer: at θH = 25 %, the second and third
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layer buckling parameters are b2 = 0.022 Å and b3 = 0.012 Å, respectively. It is also worth

stressing that at this H coverage, the first-to-second layer distance is expanded with respect

to the bulk value, i.e. ∆12 is now positive, whereas it is negative in the absence of any

adsorbents. Surface relaxation is significant for all hydrogen coverages studied but is least

pronounced for a 25 % coverage; buckling, however, is most pronounced at 25 % coverage

and decreases rapidly towards higher coverages, in fact it is almost negligible for coverages

of 50 % and higher. The implication of both the increased interlayer spacing d12 for most

coverages and increased buckling with hydrogen adsorption for 25 % and 33 % is (a) less steric

hindrance for hydrogen atoms between the first and second layer, and (b) the availability

of more sub-surface adsorption sites due to buckling, both of which may lead to enhanced

hydrogen diffusion into the bulk.

The presence of chemisorbed hydrogen on Fe(110) is also expected to influence the mag-

netism of the surface Fe atoms [60]. Fig. 6 b shows the variation of the Fe magnetic moment

in the first and second layer, µ1 and µ2, with the degree of coverage. Our results show a

continuous decrease in the magnetic moment of the first layer, reducing from 2.68µB/atom

in the H-free surface to 2.46µB/atom for θH = 100 %. The formation of H-Fe surface bonds

increases the coordination number of the surface Fe atoms, which gradually shifts the sur-

face magnetic moment towards the bulk value. In parallel to the decrease in µ1, we also

observe an increase in the Fe moment in the second layer, µ2, however, the magnitude of

this effect is significantly smaller than the observed decrease in µ1, and only amounts to

∼5 %. This change can be explained by monitoring the changes in the PDOS, as a function

of coverage. These changes are quantified using the d-band width, wd, d-band centre, cd,

and difference in spin-up and spin-down valence electrons, ∆N , see Fig. 7 . There is a clear

reduction in ∆N as a function of coverage in the first layer with increasing coverage, whilst

the converse is true for the second layer. The shift in this quantity is related to the Fe

magnetic moment by µ = ∆NµB [61]. In agreement with the observed trend in the ∆N ,

the d-band width increases with coverage in the first layer, whilst there is negligible change

in the second layer. Further to this, there is a linear relation between the adsorption energy

and the d-band centre, as shown in Fig. 7 f. Collectively, this indicates that the adsorbate-

metal system is well modelled by the d-band model, as posed by Hammer and Nørskov [62].

Furthermore, for increasing coverage, there is increasing hybridisation between the s orbital

of H and the d-band of Fe, resulting in a more strongly chemisorbed H adsorbate on the

surface. A characteristic of this is the increased PDOS for the hydrogen atom, in between

25 and 100 % coverage. There is coupling between the Fe and H orbitals as the PDOS takes
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a similar form between −4 and −6 eV, relative to the Fermi level, EF, at 100 % coverage,

see Fig. 7 c.

4. Conclusions

We have studied the hydrogen adsorption on the (110) surface of bcc Fe, and its effect

on the local atomic arrangement and magnetic moment, by performing first principle cal-

culations as a function of the hydrogen coverage. We found the quasi-threefold (3f) site to

be the most stable site for the H to reside, with adsorption energies of ∼3.0 eV/H for all

coverages studied. The lb and sb sites constitute transition state that lead to the stable 3f

site, as deduced from the fact that H in those sites has a single imaginary vibrational fre-

quency. We calculated the harmonic vibrational frequencies for hydrogen adsorption at the

3f site for cell geometries and coverages studied. The symmetric stretch vibration appears

at wavenumbers ranging from 1070 to 1095 cm−1 for H coverages below 50 %, while the two

frustrated translational modes parallel to the (110) plane appear at lower energies (730 to

1015 cm−1). The H adsorption on the 3f site induces local distortions on the arrangement

of Fe atoms, namely a buckling effect in the surface Fe layers that is most pronounced in

the first layer for a 25 % coverage. Additionally, H adsorption also causes an expansion

of the first-to-second layer distance with respect to the bulk, and concomitantly a gradual

reduction of the Fe magnetic moment in the first layer towards the bulk Fe moment with

increasing H coverage. This will impact the modelling of H diffusion into the bulk, since

the atomic re-arrangements will imply less steric hindrance and more sub-surface adsorption

sites for the H atoms. We also hope that these results will motivate future high-resolution

surface spectroscopy studies, and that our work will advance the mechanistic understanding

and prediction of the early stages in the hydrogen embrittlement of ferritic steels.
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Tables

Table 1: Calculated values of the adsorption energies (Eads/eV per H atom) at the four

potential adsorption sites for representative cell geometries.

Cell geometry (θH)
Current work Previous worka

3f lb sb ot 3f lb sb ot

(1 × 1)
-2.91 -2.76 -2.65 -1.92 -2.91 -2.77 -2.65 -1.95

(100 %)

(2 × 2)-3H
-2.95 -2.84 -2.72 -2.05 — — — —

(75 %)

(3 × 1)-2H
-2.96 — — — — — — —

(67 %)

(2 × 2)-2H
-3.01 — — — — — — —

(50 %)

(2 × 1)
-2.99 -2.95 -2.78 -2.20 — — — —

(50 %)

(3 × 1)
-2.98 -2.92 -2.76 -2.20 — — — —

(33 %)

(4 × 1)
-2.98 -2.94 -2.77 -2.20 — — — —

(25 %)

(2 × 2)
-2.98 -2.93 -2.77 -2.21 -3.00 -2.95 -2.81 -2.28

(25 %)

aRef. [26]
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Table 2: Equilibrium H-to-surface distance, together with the corresponding H-Fe bond length

(in parentheses), for selected cell geometries and degrees of coverage. The values are in units

of Å.

Site

Cell geometry(θH)

(1 × 1) (2 × 1) (3 × 1) (4 × 1) (2 × 2)
Average

(100 %) (50 %) (33 %) (25 %) (25 %)

Current work

3f
0.91 0.95 0.96 0.99 0.96 0.95(3)

(1.77) (1.78) (1.78) (1.79) (1.79) (1.78(1))

lb
0.93 0.91 0.98 0.97 0.95 0.95(3)

(1.70) (1.74) (1.73) (1.74) (1.74) (1.73(2))

sb
1.14 1.15 1.14 1.16 1.15 1.15(1)

(1.68) (1.68) (1.68) (1.69) (1.69) (1.68(1))

ot
1.54 1.56 1.56 1.55 1.57 1.55(1)

(1.54) (1.56) (1.56) (1.55) (1.57) (1.55(1))

Previous worka

3f
0.90

— — —
0.94

—
(1.72) (1.78)

lb
0.92

— — —
0.95

—
(1.69) (1.74)

sb
1.13

— — —
1.14

—
(1.67) (1.69)

ot
1.53

— — —
1.56

—
(1.53) (1.56)

aRef. [26]

Table 3: Vibrational frequencies for the H-atoms adsorbed on all four sites on the Fe(110)

surface, for the case of 25 % coverage on the (4 × 1) cell geometry.

Site ν̃/cm−1 Relative stability

ot 524i 395i 1759 Rank-two saddle point

sb 462i 1177 1313 Transition state

lb 487i 1107 1170 Transition state

3f 744 970 1085 Minimum
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Table 4: Vibrational frequencies for H-atoms located at the 3f adsorption site, for selected

combinations of cell geometries and degrees of coverage (θH).

Cell geometry θH/%
ν̃/cm−1

ν̃t1 ν̃t2 ν̃s

(2 × 2) 25 736 925 1074

(4 × 1) 25 744 970 1085

(3 × 1) 33 753 954 1093

(2 × 1) 50 753 972 1089

(2 × 2)-2H 50 747/772 924/942 1086/1095

(3 × 1)-2H (far) 67 791/816 962/969 1105/1106

(3 × 1)-2H (close) 67 791/893 920/1015 1078/1180

(1 × 1) 100 953 1014 1218
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Figures

Figure 1: Potential adsorption sites for atomic hydrogen on the Fe(110) surface. ot = on-top,

3f = quasi-threefold, sb = short-bridge, lb = long-bridge.
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Figure 2: Adsorbed H-Fe(110) cell geometries and degree of coverage (θH): (a) (1 × 1)

(θH = 100 %), (b) (2×1) (θH = 50 %), (c) (3×1) (θH = 33 %), (d) (3×1)-2H (close) (θH = 67 %),

(e) (3×1)-2H (far) (θH = 67 %), (f) (2×2) (θH = 25 %), (g) (2×2)-2H (θH = 50 %), (h) (4×1)

(θH = 25 %). The H atom is depicted on the 3f site.
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Figure 3: Potential energy surface between (a) ot-lb sites, (b) ot-sb sites, (c) lb-3f sites and

(d) 3f-sb sites.
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Figure 4: H-Fe vibrational modes: (a) First frustrated translation normal mode, ν̃t1 on (2×1)

(θH = 50 %), (b) Second frustrated translation normal mode, ν̃t2 on (2 × 2)-2H (θH = 50 %),

(c) Stretch vibration, (ν̃s) on (3 × 1) (θH = 67 %)
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Figure 5: Schematic representation of the hydrogen-induced buckling reconstruction in the

first three layers of the Fe slab, represented by the bi parameters, together with the inter-layer

distances d12 and d23. The upper line and lower line are the highest and lowest positions of

the atoms in a layer, respectively. The central line is the average of the position of the upper

and lower lines.

Figure 6: Variation of (a) the first-to-second layer relaxation (∆12) and first-layer buckling

(b1), together with the magnetic moment per atom in the first (µ1) and second (µ2) layer, with

the degree of hydrogen coverage (θH). The horizontal dashed line in (b) represents the Fe bulk

magnetic moment.
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Figure 7: Spin-polarised projected density of states (PDOS) for three degrees of H-coverage:

(a) 0 % coverage, (b) 25 % coverage, (c) clean geometry (100 % coverage). The three calculated

parameters for all geometries from the PDOS are: (d) difference in spin-up and spin-down

valence electrons, ∆Ni, (e) d-band width, w
(i)
d and (f) the adsorption energy as a function of

the d-band centre. i stands for the ith layer (i = 1,2). Solid vertical line through (a), (b) and

(c) denotes the Fermi level (EF), grey dotted vertical lines denote the d-band centre in the

valence band, and horizontal dotted lines in (d) and (e) denote the bulk value. The dashed

line in (f) is a guide to the eye.
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