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Abstract

The effect of magnetism on hydrogen adsorption and subsurface diffusion through face-
centred cubic (fcc) y-Fe(001) was investigated using spin-polarised density functional
theory (s-DFT). The non-magnetic (NM), ferromagnetic (FM), and antiferromagnetic
single (AFM1) and double layer (AFMD) structures were considered. For each magnetic
state, the hydrogen preferentially adsorbs at the fourfold site, with adsorption energies of
4.07, 4.12, 4.03 and 4.05 eV/H atom for the NM, FM, AFM1 and AFMD structures. A
total barrier of 1.34, 0.90, 1.32 and 1.25 eV and a bulk-like diffusion barrier of 0.6, 0.2,
0.4 and 0.3 eV were calculated for the NM, FM, AFM1 and AFMD magnetic states. The
Fe atoms nearest to the H atom exhibited a reduced magnetic moment, whereas the next-
nearest neighbour Fe atoms exhibited a non-negligible local perturbation in the magnetic
moment. The presence of magnetically ordered structures has a minimal influence on the
minimum energy path for H diffusion through the lattice and on the adsorption of H
atoms on the Fe(001) surface, but we computed a significant reduction of the bulk-like

diffusion barriers with respect to the non-magnetic state of fcc y-Fe.
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1. Introduction

Austenitic steels are widely used in a range of technologies such as in nuclear power plants [1]
and in offshore structures [2]. The face-centred cubic (fcc) austenite phase, i.e. y-Fe, is stable at
~1185-1665 K [3-5], although it can be present in a metastable state at lower temperatures via
the addition of Ni, Mn, C or N [6-8]. This phase is of particular interest due to its complex
magnetic behaviour, with a reported value of the Néel temperature of 7n ~70 K [9]. Alloying
elements can alter the magnetic ground state and the critical temperature of y-Fe, since Ni is
ferromagnetic below 7c = 631 K [10], whereas a-Mn adopts a complex non-collinear
antiferromagnetic phase below 7n=95K [11]. The magnetic properties are of paramount
importance in magnetoelectronics [12-15] and biomedicine [16-19], and also in steel components
close to the D-T plasma of magnetically-confined fusion reactors [20-22]. Three magnetically
ordered phases are considered in the collinear approximation used in theoretical studies: the
ferromagnetic (FM-1111 ...) phase, as well as multi-layered anti-ferromagnetic phases, namely
the single (AFM1-1]1| ...) and double (AFMD-11]| ...) layer phases [23-26]. The double-layer

structure has been reported to be energetically most favourable, and provides a reasonable

approximation of the spin-spiral state with a propagation vector k = 27” [001] [26-28], where a

denotes the lattice parameter of the fcc crystal structure. The bulk magnetic ordering of y-Fe

extends to surface studies, in which y-Fe films are grown on a Cu(100) substrate [9, 29, 30].

The magnetic ordering of Fe atoms in y-Fe is rooted in the interaction of itinerant d-
electrons. These electrons may be exchanged when interacting with interstitial atoms. Thus, the
magnetic state of the metal may have an effect on the interstitial diffusion pathway and
energetics of light atoms such as hydrogen through the metal. The presence of significant

amounts of hydrogen in steels causes the material to become brittle over time, eventually



resulting in catastrophic failure. This phenomenon of hydrogen embrittlement (HE) in steels has
been extensively studied since its discovery by Johnson in 1875 [31]. There are different
mechanisms for HE that are posed and thoroughly reviewed [32-35]; the most commonly
invoked mechanisms are Hydrogen Enhanced Localised Plasticity (HELP) [35-38] and
Hydrogen Enhanced DEcohesion (HEDE) [39, 40]. These mechanisms apply to differing steels
and environmental conditions, and sometimes a combination of them applies [38, 41-43].
Moreover, the presence of hydrogen in the structure may induce the formation of bee/bet o’ or
hcp € martensite phase, depending on the austenite stability [44]. H-vacancy interactions in fcc
metals also reduce the vacancy energy of formation, and produce an increase of the vacancy
concentration in a material by several orders of magnitude [45]. Open grain boundaries in non-
magnetic fcc Fe, such as X11, offer additional H trapping sites and also provide diffusion
pathways for H with an energy barrier of 0.7 eV based on DFT calculations [46]. The
accumulation of hydrogen at those grain boundaries reduces the critical strain required to
fracture the material. Unfortunately an overarching model of HE for all different steels and other
advanced metallic systems is not yet present. A common factor in any particular mechanism is
that hydrogen must absorb into the material, thus the stages that lead to absorption constitute the
early stages in the HE process. The early stage of HE is a two-step process: (1) hydrogen adsorbs
onto the surface, followed by (2) hydrogen diffusing into the bulk. The adsorption process
consists of hydrogen occupying a minimum energy site on the metal surface, and at relatively
high temperatures diffusion occurs predominantly by hydrogen moving in-between interstitial
sites, from the surface into the bulk. Hydrogen atoms would most probably advance on a
pathway close to or on the minimum energy path (MEP) for diffusion. However, for diffusion to
occur, an initial energy barrier must be overcome, which is the activation energy for diffusion

from the surface into subsurface layers. Likewise, for bulk diffusion, a different energy barrier
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must be surmounted as H atoms move from one subsurface layer into the next. We extracted the
MEP in this work from a series of density functional theory (DFT) calculations. A relatively
large number of 2D reduced potential energy surfaces (PES) were calculated at selected depths
through a metallic slab via multiple energy minimisation calculations, in which a single H atom
was placed at multiple sites on a mesh grid, and the energy of the entire system was minimised.
The lowest energy hydrogen positions for every depth calculated were connected to yield the
MEP. More importantly, however, this grid method, which we have applied previously [47],
yields not only the MEP, but the PES as a function of depth through the Fe slab; this makes the
grid method computationally more expensive, but it has the added benefit of also delivering
energies of the H-Fe system away from the MEP, and can hence show how likely it is — or not —
for an H atom to diffuse through the bulk away from the MEP.

In this work, we have assessed the diffusion of hydrogen through the y-Fe(001) surface
comparatively in the four aforementioned magnetic states (NM, FM, AFM1 and AFMD), using
density functional theory (DFT). The pathways and energy barriers for diffusion are for the first
time compared between the four magnetic states. The influence of the diffusing hydrogen on the
magnetic moments of iron was additionally studied, as well as the interlayer spacing, for each
magnetic case.

2. Computational methodology

Density functional theory (DFT) was used to calculate potential energy surfaces (PESs) for the
surface adsorption and diffusion into sub-surfaces of hydrogen on and through the (001) surface
of y-Fe. The non-magnetic (NM), ferromagnetic (FM), anti-ferromagnetic single (AFM1) and
double (AFMD) layer magnetic states were considered for each surface. The FM, AFM1 and
AFMD states were incorporated in the model using spin-polarisation, in the collinear

approximation, whilst the NM state was modelled using non-spin polarised DFT. The Vienna ab
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initio simulation package (VASP) was employed [48], and a plane-wave basis set with 3D
periodic boundary conditions described electronic interactions. The projector augmented-wave
(PAW) approximation described valence and core electronic interactions [49]. Exchange and
correlation effects were added within the generalised-gradient approximation (GGA) via the

Perdew-Burke-Erzenhof (PBE) functional [50].

The lattice parameters were calculated for each of the four magnetic cases using
geometry optimisation calculations (Table S1). The bulk systems were minimised using the
conjugate gradient method [51], with a force tolerance of 10 eV A™!. The energies of all atoms
were converged to within 10 ®eV. A cutoff energy of 400 eV was found to sufficiently converge
the total energy of the system. The Methfessel Paxton method of order N = 1 with width 0.1 eV
was used to apply electronic smearing [52]. A seven Fe layer slab model was used to model the
surface and bulk of y-Fe. A (2 x 2) cell was applied in all calculations. The Monkhorst-Pack
algorithm [53] with a grid size of 7x7x1 was applied. A vacuum spacing of 20A provided
sufficient total energy convergence. The three bottom layers were frozen to represent the bulk
region below the surface, while the Fe atoms in the top four layers were allowed to relax. The

interlayer relaxation was computed for the slabs via the relation:

dij—do

where dj;is the interlayer spacing between layers i and j (where j =i+ 1 and i =1, 2, 3) and dois

the bulk interlayer spacing. Additionally, the surface energy, yg, was calculated via the relation:

Eslab—NEpulk )

YE = 24

where Ejiap is the total energy of the H-free slab, Evuik is the energy of a single bulk Fe atom, # the

total number of atoms in the slab, and A4 is the cross-sectional area of the slab.
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A large number of hydrogen positions were sampled within the simulated slab using a
mesh grid. A quarter of the 2 x 2 surface unit cell was sampled, using a 6 x 6 uniform grid on the
domain x,y € [0,0.5], in fractional coordinates; this effectively corresponds to 144 hydrogen
positions for every layer parallel to the surface. This mesh was repeated at nine selected depths
into the surface (i.e. towards the bulk). A single H atom was successively placed at each point on
the mesh, such that 1296 positions were sampled in or just above our slab of size ~130 A®, i.e.
sufficiently tight for these studies. The H atom was allowed to relax in the x and y directions, but
not along z, for two reasons: 1) our aim was to represent the PES for a number of planes parallel
to the interface; 2) allowing relaxation along z from a local maximum would drive the H atom
towards a minimum, and hence not provide a true representation of the overall PES. All Fe
atoms of the first four layers were also allowed to relax in the slab. The energies at each point, E,

were calculated via the relation:

E= Eslab+H - Eslab —En (3)

where Esap+1 1S the energy of the H-containing slab, and En is the ground state energy of a single
free H atom in a 10 x 10 x 10 A®box. The energies were then calculated relative to the global
minimum of the entire slab, which was set to zero energy.

Spin polarised partial density of states (PDOS) were calculated for each magnetic state.
The spin polarised d-band widths, ws", were calculated using the spin-up and spin-down density

of states, D" and D", via the relation [54]:

+ _ |[e E2DE(E)AE
Wa = ’ [ DE(E)dE @

where D* is the spin-up and down PDOS, respectively. The overall d-band width, wa, was

thereupon derived by averaging according to:



wa = (Wi +wg) (5)

3. Results and Discussion

3.1. Hydrogen-free (001) surface of y-Fe

Four magnetic phases of y-Fe were considered for the bulk structure, i.e. the NM, FM, AFM1
and AFMD cases, see Fig. 1. The lattice parameter, a, axial ratio, ¢/a, and the magnitude of the
magnetic moment per Fe atom, |ure|, were calculated using spin-polarised DFT. These quantities
are all in agreement with previous literature values [23, 26]. Given the reasonable description of
the bulk cases, we then moved on to describe the (001) surface of y-Fe for each magnetic
structure. We calculated the relaxation, surface energy and magnetic moment per Fe atom for
each case, see Fig. 2. For the NM case, a contraction occurs in between the first two layers,
1.e. Ai2=—5.84%, which is compensated by an expansion in between the second and third layers
of A2z =+43.60%. As a result, a smaller contraction is observed in between the third and fourth
layers, namely Ass=—1.37%. For the FM case, a contraction of Aj2=—1.18% in between the first
two layers was calculated, and an even smaller expansion between the second and third, and
third and fourth layers. For the AFMI case, we observe two very small contractions for the first
two layer spacings, followed by a barely noticeable expansion between the third and fourth layer.
For the AFMD case, all three interlayers displayed a contraction, ie. A = —4.08%,
A23=—8.57% and Azs= —3.33%. Clearly, the magnetic ordering of the Fe atoms impacts on the
sign and magnitude of the interlayer relaxation. However, a discrepancy is present between the
reported experimental data and our calculated values, with experiments demonstrating an
expansion in all levels for FM fcc Fe thin films [30]. This difference, however, can be ascribed to
the growth of fcc Fe films in the experiments occurring epitaxially on fcc Cu(100), in which the

induced becc—fec transformation may result in localised stresses, whereas in our simulations we



use a pure Fe slab. The contraction observed in our calculations between the first two layers is
expected for FM atoms due to the lowered coordination number, resulting in tighter binding
between the first and second layers. There would then be a compensatory expansion in between
the second and third layers. Similarly, the first two layers contract for all magnetic states. The
reduction of the contraction manifested in the values of A2 for FM, AFM1 and AFMD relative to
NM may be attributed to the magnetically reduced surface stress [55]. The presence of a free
surface induces a higher magnetic pressure at the surface, leading to a normal force component
on the surface Fe atoms in the direction of the magnetic moment [55]. This reduced surface stress
state also decreases the surface energy with respect to the NM state. We calculated surface
energies, y, for the four magnetic states of 3.38, 2.27, 2.80 and 2.59 J m? for the NM, FM,
AFMI1 and AFMD states, respectively. The exchange interaction for opposing spin states
between the surface and subsurface layers [56] may work to cancel this effect on the surface
stress state, due to a switch in the sign in the magnetisation energy between the surface and
subsurface Fe atoms according to the spin direction, which results in a lower “effective magnetic
pressure” on the surface Fe atoms. This lowered magnetic pressure leads to the smaller reduction
in both the interlayer relaxation and the surface energies for the AFM1 and AFMD cases relative
to the FM case.

For all magnetic cases, the surface layer displays an enhanced magnetic moment, with
respect to the bulk Fe moment, when averaged over all surface Fe atoms, with values of
u1=2.67,2.29, 2.81 up for the FM (bulk 2.42 ug), AFMI1 (bulk 1.53 ug) and AFMD (bulk
2.24 up) cases, respectively. These values drop close to the bulk values of the Fe magnetic
moment already in the second layer. The d-band width, wa, drops for all magnetic cases at the
surface layer with respect to the bulk, see Table 1. This decrease in the d-band width is related to

the lowering in the coordination number at the surface, resulting in an enhancement in the
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localised states in the d-band in the Fe atoms [57]. This enhancement in the magnetic moment at
the surface to a value of 2.85 ug has previously also been observed experimentally [58]. We have
also reported an analogous effect in our previous DFT study of the (110) surface of
ferromagnetic bee a-Fe [59].

3.2. Magnetocrystalline effect on hydrogen adsorption and diffusion through y-Fe

Mesh grids were placed at two different heights above the (001) surface to find the preferential
adsorption sites of hydrogen for the four magnetic states. All three types of high symmetry
adsorption sites were sampled, namely the on-top (ot), two-fold (2f) and four-fold (4f) sites. In
all four magnetic cases, the 4f site was determined to be the preferential adsorption site. This site
is in between four identical Fe atoms, and is characterised by a fourfold rotational symmetry.
The adsorption energies (4.07, 4.12, 4.03 and 4.05 eV/H atom for the NM, FM, AFMI1 and
AFMD cases) do not vary significantly, and the magnetic state seems to only have a nominal
effect on the adsorption energy of hydrogen on the surface. These results are in contrast with our
recent DFT calculations on the non-magnetic (110) and (111) Fe surfaces, where the adsorbed H
prefers to reside at either the short-bridge site or the threefold site, with adsorption energies of
3.92 eV and 4.05 eV, respectively [47].

The potential energy surfaces (PES) for diffusion were calculated via a series of energy
minimisations, where a single hydrogen atom was placed on the intersections of a regular 6 % 6
mesh grid at nine selected depths (from the surface through to the fourth layer in half-layer
intervals); the Fe atoms in the top four layers and the hydrogen atom were allowed to relax in the
xy plane. This resulted in 324 individual geometry optimisations for each quarter of each layer
and magnetic state, such that we determined the energy minimum at each depth. While we are
not predicting whether the minima at each depth are minima or maxima along the MEP, it is a

valid assumption that these extrema along the MEP are either in, or between the layers
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containing Fe atoms (i.e. within the layers we are probing), such that we are confident not to
miss any extrema. We obtained the MEP by connecting the position of the minima at each depth.
While the nudged elastic band (NEB) method [60] may give a better representation of the MEP
by probing a number of images between the minimum and maximum, our grid method has the
added advantage of probing the energy landscape away from the MEP. A plot of the energies of
these minima as a function of depth leads to the overall potential energy curves shown in Fig. 3.
We note that while we have not calculated energies between the minima and maxima along the
MEP as NEB would do, the energy variations in each separate layer in Fig. 3 allow us to
conclude that the energy minima and maxima in our grid method are not out by more than
0.02 eV. A recent DFT study of hydrogen diffusion on 23 (non-magnetic) metal surfaces also
concluded that the difference in estimation of the activation barrier based on the PES and the
NEB profiles was less than 0.01 eV [61]. In the four cases reported in our work, a relatively
large energy barrier is present for hydrogen entering from the surface to the first subsurface
layer. This is expected, as the H-Fe chemisorption bond has to be broken. The initial penetration
of the H atom into the Fe slab hence seems to be the rate-determining step. Once the H enters the
subsurface, the energy barriers for the H atom passing from one layer to the next remain fairly
constant for both the FM and AFM1 magnetic cases. Crucially, this is not the case for the AFMD
case, which is likely due to the switch in the spin direction between the first and second (same),
and third and fourth layers. We found that the hydrogen atom tends to diffuse from one
octahedral site to the next. This is in excellent agreement with the recent neutron diffraction
work by Machida et al., who experimentally identified the octahedral sites within non-magnetic
fce iron crystals as the preferential sites for deuterium atoms, whereas the minor occupation of
tetrahedral sites occurs by interstitial thermally-driven diffusion of deuterium atoms along the

<111> direction [62]. However, in addition to the experimental work, our DFT calculations
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show that the preference for diffusion along the octahedral sites persists for all magnetic cases,
with only marginally different diffusion pathways for the four systems; this shows that the
magnetism does not have a noticeable effect on the exact MEP for diffusion, see Fig. 4a. On the
other hand, magnetism does have a significant influence on the energy barriers for diffusion. The
surface-to-subsurface diffusion barrier, i.e. the initial step from the surface to the first sub-
surface layer, is 1.34, 0.90, 1.32 and 1.25 eV for the NM, FM, AFM1 and AFMD states,
respectively. Thus, the H atom may enter from the surface into sub-surfaces for the FM case with
relative ease. The bulk-like diffusion barriers for hydrogen were found to be 0.6, 0.2, 0.4 and
0.3 eV for the NM, FM, AFM1 and AFMD states, respectively. The experimental value of the
activation energy for bulk diffusion, based on tritium injection and diffusion in non-magnetic
SUS-316 austenitic stainless steel with a clean surface, was reported to be ~0.66eV [63]. Earlier
experimental work on the permeation and diffusion of hydrogen and deuterium in 310 austenitic
stainless steel yielded a value for the bulk energy barrier for diffusion of ~0.5¢V [64]. Our
estimated value of 0.6 eV for H bulk diffusion in the NM case lies close and in between the
experimental values reported for non-magnetic SUS-316 and 310 austenitic steels, ~0.66 eV and
~0.5 eV respectively. This provides confidence in our grid methodology not over- or
underestimating the energy barrier for H diffusion in fcc Fe. Furthermore, recently DFT
calculations derived a value of ~0.35eV for bulk H diffusion in AFMD fcc Fe [65], which is
close to our estimated value of 0.3 eV for the AFMD case. Our novel comparative DFT results
considering the four aforementioned magnetic states have implications for the hydrogen
embrittlement (HE) of Fe-based alloys. If an austenitic alloy was selected which may have
ferromagnetic ordering of the Fe atoms, then the H atoms may very readily diffuse through the

surface and into the bulk. As a result, ferromagnetic alloys appear to be more susceptible to
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hydrogen embrittlement as compared to the antiferromagnetic, and even more when compared to
non-magnetic states.

As the hydrogen diffuses through the metallic lattice, electrons in the s orbital of H atoms
interact with the itinerant d electrons of Fe. This is a two-way process, thus an effect on the local
Fe magnetism is observed as the fingerprint of hydrogen diffusion into and through the fcc Fe
lattice. The hydrogen has four minima as it passes from the surface to the fourth layer, all
corresponding to octahedral sites. The H atom causes a local reduction in the magnetic moment
in the nearest Fe atoms, and this shift in magnetic moment has a “cascade” effect on the next
layer below, as shown in Fig. 4b-d. This is observed as a local reduction in the magnetic moment
on two Fe atoms and an asymmetric reduction in the magnetic moment of two further Fe atoms.
It was noted that the average of the four values of the magnetic moment in the second layer value
has an identical value to the magnetic moment for the Fe atoms in the second layer of the H-free
slab, for each magnetic case. Therefore, the H atom induces a perturbation in the exchange
interaction of itinerant d electrons between the Fe atoms in the second layer, though it does not
induce a net electron transfer towards the H atom, likely due to shielding effects from the surface
layer by the electrons which transferred from the nearest-neighbour Fe atoms. Recent DFT
calculations have also reported a reduction in the magnetic moment of only the nearest-
neighbour Fe atoms in an Fe; cluster immersed in a Cu(l111) surface, due primarily to an
increased population of minority spin d states near the Fermi level [66]. Interstitial H atoms are
also over screened by the charge transfer from their nearest neighbour atoms in ferromagnetic
fcc Ni; in this case, new H-induced electronic states mainly due to 1s—3d hybridization appear at
~10 eV below the Fermi level [67]. It is to be noted that only a single H atom is diffusing
through the slab in our DFT simulations, therefore any observed effects on the magnetic

moments are expected to be relatively small. However, local effects are clearly observed in our
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DFT calculations. These local effects are investigated via tracing shifts in the d-band width by
computing wy for a specific single Fe atom belonging to the surface layer as the H atom diffuses
through the slab, see Table 2. The w, value was calculated for a surface Fe atom, as the H atom
occupies successively each of the minimum positions illustrated in Fig. 4. The d band width wy
varies by a small amount for every magnetic state. In general, the wy value decreases from the
first minimum to the last. The reduction corresponds to an enhancement in the magnetic moment
as explained earlier. Therefore, the presence of hydrogen near an Fe atom results in a reduction
in the magnetic moment. The variation in values in-between also generally corresponds to the
enhancement (decreased wy) or reduction (increased wy) in the magnetic moment. When the H
atom is at the fourth minimum position (i.e. furthest away from the surface in our simulations),
then both the magnetic moment |u| and the d band width wy of the surface Fe atom approach the
values of the surface Fe atom in the H-free slab for each magnetic state; this is likely due to
shielding of the surface layer by the electron transfer primarily with the nearest-neighbour Fe
atoms.

4. Conclusions

We investigated the mutual interplay between the local Fe magnetism and the diffusion of H
atoms through y-Fe(001) using spin-polarised density functional theory (s-DFT). Four magnetic
configurations were considered, namely the non-magnetic (NM), ferromagnetic (FM), and
antiferromagnetic single (AFM1) and double-layer (AFMD) structures. The fourfold site was
found to be the preferential adsorption site for each magnetic state, with a minimal effect of the
magnetic ordering on the H adsorption energies. Equally, we observed only a negligible
influence of the magnetic state on the actual MEP as the H atom diffuses from one octahedral
site to the next. However, and overall barrier of 1.34, 0.90, 1.32 and 1.25 eV (for the NM, FM,

AFMI1 and AFMD magnetic states) and a bulk-like diffusion barrier of 0.6, 0.2, 0.4 and 0.3 eV
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were calculated, respectively; this demonstrates a relatively large influence of the magnetic
ordering on the diffusion energies. Furthermore, the H atom reduces the magnetic moment of the
nearest neighbour Fe atoms, whilst causing perturbations in the exchange interaction of itinerant
d electrons of Fe atoms in the next-nearest neighbour sites. This study demonstrates the
significant effect that magnetic ordering exerts on diffusion of hydrogen, which may increase the
susceptibility of magnetic austenitic Fe alloys to hydrogen embrittlement. It appears that in order
to reduce the chances of HE, structural components should be fabricated preferentially from non-
magnetic austenitic steels.
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Tables

Table 1. The d-band width, wg, computed for the clean surfaces for different spatial orbital
contributions for all magnetic states, at the surface and bulk layers.

Magnetic d-band width, wi/eV
Layer
state dyy dy, d,> d,y dy2_y2 | Average
Surface 2.26 2.33 2.36 2.37 2.80 2.42
FM
Bulk 2.31 2.72 2.34 2.57 2.79 2.55
Surface 2.14 2.03 2.01 2.06 2.14 2.08
AFM1
Bulk 2.23 2.32 2.17 2.37 2.36 2.29
Surface 2.07 1.96 1.98 1.89 2.03 1.99
AFMD
Bulk 2.14 2.24 2.08 2.20 2.19 2.17

Table 2. The average d-band width, w4, computed for H at the four minimum positions for the
FM, AFMI1 and AFMD cases. The magnetic moments of a surface Fe atom are in brackets. The
H-free surface value is provided as a reference value.

d-band width, ws/eV (Surface magnetic moment, u1/ug)

Magnetic Minima index
state H-free
1 2 3 4
surface
FM 2.42 (2.67) 2.49 (2.67) 2.44 (2.72) 2.42 (2.68) 2.40 (2.68)
AFM1 2.08 (2.29) 2.15(2.32) 2.10 (2.34) 2.10(2.27) 2.07 (2.28)
AFMD 1.99 (2.81) 2.00 (2.70) 2.04 (2.83) 1.94 (2.76) 1.98 (2.81)
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Figures
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Fig. 1. The bulk y-Fe unit cells for the three magnetic cases: (a) ferromagnetic (FM), (b)

antiferromagnetic single- (AFM1) and (c) double layer (AFMD) structures. The axial ratio c/a is
listed for each case, where ¢ is magnitude of the crystallographic z axis. The arrows indicate the

direction of the magnetic moment on each Fe atom.
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Fig. 2. The (2 x 2) y-Fe cell surfaces for the: (a) NM, (b) FM, (c) AFMI and (c) AFMD
structures. The arrows indicate the direction of the magnetic moment on each Fe atom, and the
average magnetic moment per Fe atom, u;, for each layer i is given. The interlayer relaxation A;
(forj =i+ 1 and i = 1,2,3) in between the top four layers is indicated. Only the four relaxing

layers are displayed.
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Fig. 3. The 2D potential energy surface at local minima and energy profile for hydrogen
diffusion through the surface for (a) NM, (b) FM, (c) AFM1 and (d) AFMD cases. The dotted

line between stationary points is only a guide to the eye.
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Fig. 4. The minimum energy path (MEP) for hydrogen diffusion through the (001) surface of y-
Fe for the (a) NM, (b) FM, (c) AFMI and (d) AFMD cases. The dotted line is a guide to the eye.
For each magnetic case, the four minima positions for the H atom are labelled 1-4 according to
the corresponding figure index (a-d), with corresponding sketches of the four layer (2 x 2) slab
for each given minima, with the magnitude of the magnetic moments on each Fe atom indicated.
The direction of the magnetic moment is signified. A single value for any given layer indicates

all the Fe atoms have that particular magnetic moment in that layer.
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