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Abstract Using density functional theory, the mechanism
of surface segregation of N to the [001] Fe surface was
studied. The formation and migration energies were
decomposed into chemical bonding and strain energy
components. While the segregation energy was determined
to be —1.1 eV, the bonding and strain energy components
for segregation were —0.5 and —0.6 eV, respectively. The
results indicate that strain energy relaxation plays a major
role in surface segregation, and that there is approximately
a 7-layer transient region, which separates bulk and surface
environments. The role of the strain energy on interstitial
migration barriers was also critically evaluated.

Introduction

The interactions of adsorbed atoms with free surface
defects affect the chemical affinity of the surface, influ-
encing surface phenomena such as adhesion [1], catalysis
[2], and tribology [3]. Typically, surfaces have a different
concentration of substitutional or interstitials alloying
elements compared to the bulk. When the concentration at
the surface is higher than in the bulk, the alloying element
is said to have segregated to the surface. Experimentally,
it has been demonstrated that non-metal interstitial
defects [4] and metallic substitutional elements [5] will
migrate toward clean surfaces in high-vacuum environ-
ments. In order to control surface properties better, the
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mechanisms of surface segregation need to be better
understood. It has been proposed that the enthalpy of
segregation for an alloying element is a combination of
strain energy relief and chemical passivation of the dan-
gling surface bonds [6].

In order to understand the theoretical underpinnings of
surface segregation, researchers have used empirical
approaches such as fitting thermodynamic models to
segregation measurements [7]. The first atomic modeling
attempts (pre-1990) to predict segregation used tight
binding methods [8, 9], muffin-tin methods [10], and
density functional theory (DFT) approaches [11]. Using
tight binding predictions and preexisting experimental data,
Abraham [12, 13] developed a method based on the spe-
cific surface energy ratio and the atomic size ratio to
predict the segregating element of a binary substitutional
alloy. This was the first study in which the segregation
phenomenon was related to the strain energy created by an
alloying element in the bulk. Jellium approaches [14] later
confirmed that in a binary, substitutional, solid solution the
atom with the larger atomic radius segregates to the sur-
face. Modern pseudopotential [15-17] calculations can
routinely estimate the 0 °K segregation enthalpy for vari-
ous substitutional and interstitial alloy systems. To date,
however, there has not been a first-principles evaluation of
the strain energy contribution to segregation.

In this paper, DFT is used to map out the energies of an
interstitial N atom near the {100} surface of BCC Fe. Site
energies are determined, along with activation energies for
site-to-site migration. The formation and migration ener-
gies are separated into their bonding and strain energy
components. The results illustrate that strain energy plays a
large role in the segregation and migration barrier energies.
It was also revealed that there is a ~7-layer transient
region between the surface and bulk environments.
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Methodology

DFT calculations were carried out using the Vienna ab initio
simulation package [18]. The ion-electron interaction
was handled using Vanderbilt ultrasoft pseudopotentials
[19]. The Perdew—Burke—Ernzerhof generalized gradient
approximation was used to handle the quantum mechanical
part of the electron—electron interactions (namely, the
exchange—correlation interaction). All calculations involved
explicit treatment of electron spin. Brillouin zone integra-
tions were carried out using the tetrahedron method [20]. To
improve convergence, Fermi-level smearing via Methfes-
sel-Paxton [21] was carried out. A 0.05 eV/A force cut-off
was used during ionic relaxation, and a 0.001 eV conver-
gence criterion was used for the electronic minimization
steps. Bulk calculations (involving the primitive cell)
required a Monkhorst—Pack k-point mesh of 12 x 12 x 12,
which was proportionately decreased for the larger supercell
and slab calculations.

Table 1 summarizes the results of calculations per-
formed to validate our adopted procedure, and lists the
computed lattice parameter of Fe, its surface energy,
magnetic moment, and the N-interstitial formation energies
at two possible sites. As can be seen, the calculated bulk
quantities agree with previously determined values.

The {001} surface energy versus number of layers in the
slab was determined in order to ascertain how many layers
were needed to accurately model the [001] BCC Fe sur-
face. The convergence of the surface energy was achieved
after 4-layers, and was determined to be 2.32 J/m? with an
oscillation of 0.050 J/m”.

In order to study the N-interstitial formation energies in
the near-surface region a 10-layer {001} BCC iron slab was
used. The number of atoms per layer required in the slab
model was determined by calculating the bulk N-interstitial
formation energy versus cell size. It was determined that the
N-interstitial formation energy decreased by less than 8 %
going froma2 x 2 x 2supercelltoad x 4 x 4 supercell.
In order to save on computation time, the size of each layer

Table 1 Preliminary BCC Fe and BCC Fe 4+ N interstitial
calculations
Quantity This work Past work
Lattice parameter (A) 2.85 2.834
2.87 [22]

{100} Surface energy (J/m?) 2.32 2.47 [23]
Bulk magnetic moment (pLg/atom) 2.26 2.22 [24]
N-interstitial formation energy

(eV/atom)

Octahedral —5.27 —5.196 [25]

Tetrahedral —4.51 —4.407 [25]
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in the x and y directions was set to 2 x 2. For the migration
and interstitial formation energy calculations, this is a rea-
sonable approach because the slab calculations were com-
pared directly. The size of the slab used in these migration
calculations was 2 x 2 x 5 with a vacuum gap of 10 A.
The segregation energy for incorporating N on the surface
or in the near-surface regions was referenced to the octa-
hedral formation energy using the 3 x 3 x 3 bulk super-
cell. To directly evaluate the effect of a free surface on the
interstitial formation energy of an N atom on the octahedral
site in a 2 x 2 x 5 supercell with a 10 A vacuum gap, a
2 x 2 x 5 supercell without a vacuum gap was used to
calculate the bulk octahedral site formation energy.

The N migration activation barriers in the bulk and near
the {100} surface were studied using the nudged elastic
band (NEB) method [26]. Three images were used on all
NEB calculations except for the 1st-2nd layer in which five
images were used.

Results and Discussion

The interstitial formation energy and its dependence
on strain energy

The interstitial formation energy is given by:

Eform = Ecell+N - {Ecell + E;\?O} (1)

E . is the energy of a relaxed Fe supercell. E}\}O is the
energy of the isolated N atom, and E.. N is the relaxed
energy of the Fe supercell with an N atom inserted.

Strain energy plays a major role in the interstitial for-
mation energy whether one is doing calculations on bulk or
on surface systems. When an N atom is inserted into the
octahedral site, it produces a tetragonal distortion in the
surrounding lattice.

The associated strain energy can be determined by per-
forming a self-consistent calculation on the distorted lattice
with the N atom removed. It is important to emphasize that the
interstitials distort the supercell lattice parameters as well as
the atoms within the supercell. In the calculations herein only
the atomic distortion is considered; thus the strain energy
calculated in this study cannot be considered as the actual
strain energy caused by an interstitial. The energy of a dis-
torted cell is given by ES!. The strain energy is then given by:

cell*

Estrain = Edéﬁ - Ecell (2)

C

Thus, the interstitial formation energy has two components:
a strain component related to the distorted Fe—Fe bonding
(Esgrain) and a chemical bonding component related to
formation of Fe—N bonds (Eggnq). Therefore, in the relaxed
configuration, the interstitial formation energy is given by:
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Etorm = Ebond + Estrain (3)

Note that Eynq and Eg.,;, will have opposite signs unless
the interatomic distance is small, in which case Eyq,q Will
be positive. The bonding energy, Eyong, iS the energy
required to remove the N atom from the relaxed
configuration. This is given by:

Epond = Eceiiin — {Eosi + EX°} (4)

The strain energy is a positive quantity, which raises the
energy of the system due to the work being done. Equation
(1) for the relaxed state is recovered if (2) and (4) are
substituted into (3).

Applying the above equations to bulk interstitials using
2 x 2 x 2 Fe + N(oct.) and 3 x 3 x 3 Fe 4+ N(oct) su-
percells give the results shown in Table 2. Note that
A x B x C Fe + N(oct) means an A x B x C Fe cell
with N added to the octahedral site. A surprising result is
that the strain energy associated with the interstitial dis-
tortion in the tetrahedral location is lower than that in the
octahedral location. The higher strain energy associated with
the octahedral position is compensated for by forming
stronger Fe-N bonds during the relaxation process, which
results in a more favorable Ey.,q value for the octahedral
position. In the octahedral and tetrahedral 2 x 2 x 2
Fe + N(oct or tet) cells, the strain energy is about 16 % of
the formation energy; thus the role of strain energy in the
energetics of interstitials is important. In regards to cell size,
the amount of strain energy decreases in both octahedral and
tetrahedral interstitial symmetries as the supercell size
increases going froma 2 x 2 x 2 —» 3 x 3 x 3 cell. This
is because the Fe atoms are able to relax more completely
with a larger cell and results in a lower cell pressure. Thus,
the Epong in the 3 x 3 x 3 cells is larger due to the ability of
the Fe atoms to relax more. However, a very important point
is that no matter how large the supercell is, the strain never
disappears since the strain energy is based on the displace-
ments of the iron atoms from their lattice sites.

Bulk diffusion studies
For a BCC lattice, there are three symmetrically inequiv-

alent jump paths for octahedral-site-to-octahedral-site

Table 2 Bulk N-interstitial formation energies separated into bond-
ing and strain components

Cell EForm (CV) Estrain (CV) EBond (CV)
2 x 2 x 2 Fe 4+ N(oct)  —4.89 0.91 —5.80
2 x 2 x 2 Fe 4+ N(tet) —4.16 0.37 —4.52
3 x 3 x 3 Fe 4+ N(oct) —-5.31 0.73 —6.05
3 x 3 x 3 Fe 4+ N(tet) —4.68 0.31 —4.99

migration. The crystallographic plane and direction for
these jumps are: Path 1 {100}! [100], Path 2 {100}I [110],
and Path 3 {110}l [111]. Figure la shows these paths.
Figure 1b shows the results of the NEB calculations using
these paths as initial guesses. After relaxation, Path 1 stays
on [100] plane and in the [100] direction. Path 2 relaxes
into a path that can be made up of two Path 1 jumps: the
4th image relaxes into an octahedral site, while the 2nd and
6th images relax into tetrahedral sites. Path 3 stays on the
{110} plane and in the [111] direction. Path 1 and Path 3
give two possible saddle points, but since Path 1 has a
lower activation barrier by a factor of almost two
(0.767 eV for Path 1 and 1.414 eV for Path 3) the likely
diffusion pathway will be along {100}l [100]. The activa-
tion barrier for Path 1 is close to the 0.77 eV value deter-
mined by Domain et al. [27]. Since Path 1 is the likely
diffusion pathway in this system it is the only path con-
sidered in the migration studies close to the (001) surface.

The components of the migration energy are plotted in
Fig. 1c according to Egs. (2) and (4). As expected, the
saddle point had lower strain energy, but higher bonding
energy. This is because the saddle point is the tetrahedral
site. The strain energy was highest in the image adjacent to
the saddle point; however, the bonding energy compen-
sated for this giving lower formation energy. Thus in the
case of bulk diffusion the activation barrier is controlled by
the increase in the bonding energy at the tetrahedral site.
Reproducing Fig. 1c with the larger 3 x 3 x 3 cell
revealed that the strain energy peak at the tetrahedral site
was lower by 0.11 eV, the binding energy was lower by
0.04 eV, and the formation energy was lower by 0.07 eV.
This indicates that the cell size did not affect the profiles of
the energy components so one can still garner useful
information while using a smaller cell size at the expense
of some accuracy.

In order to directly compare a bulk environment to a near-
surface environment, a 2 x 2 x 5 Fe 4+ N(oct) bulk su-
percell as described in the “Methodology” section was used
to calculate the migration energies along Path 1 in the [001]
direction. The N formation energies were also determined for
the two symmetrically inequivalent octahedral sites (see
Fig. 2a) that are labeled as the A-sites and B-sites. An N
atom in the A-site induced a tetragonal distortion along the
[100], [010] directions, and a B-site N atom induces a
distortion along the [001] direction. Since the supercell is
elongated in the [001] direction, A-sites and B-sites are
symmetrically inequivalent. The interstitial formation
energies for A-sites and B-sites are —5.17 and —5.55 eV,
respectively; the corresponding formation energy in the
bulk for the 3 x 3 x 3 cell was —5.31 eV (see Table 2).
The activation barrier along Path 1 for the 2 x 2 x 5
Fe 4+ N(oct) cell is 0.59 eV, and for the bulk 3 x 3 x 3
cell it was 0.63 eV.

@ Springer



J Mater Sci

a Path 1 Path 2 Path 3
(a) . /.———____.._ o ° ® ®
o ° °
‘ o ® o o 2
[ E— ® .7 ® .7
" @ -H>® e © R )
(b) 16

Change in Energy (eV)

0.0 0.2 0.4 0.6 0.8 1.0
Reaction Coordinate

(©
e
!
Bt
-
E
=
=
&
=
&
a -0.5 1 - —®— Formation Energy
< Stram Energy
- ¥-- Bonding Energy
-1.0 : . . .
0.0 02 04 0.6 08 1.0

Reaction Coordinate

Fig. 1 The bulk diffusion paths and activation energies for N-diffu-
sion. a The three symmetrically inequivalent jump paths for the N
octahedral interstitial. b NEB results for each jump path. Energies are
taken relative to the 2 x 2 x 2 Fe, octahedral N cell energy. ¢ The
energy change along Path-1 broken down into bonding and strain
components

Fe slab formation energy studies

The relaxed N-interstitial formation energies versus posi-
tion in the 10-layer slab are shown in Fig. 2b. The for-
mation energy is given by (1). These values are compared
to the values calculated for the bulk 2 x 2 x5
40Fe + N(oct) supercell in the previous section. As before,
due to the asymmetry of the supercell, there are two unique
octahedral sites, which are labeled as the A-sites and
B-sites. As with the bulk supercell, the B-site is more stable
than A-site. Clearly, the N atom prefers to be on the surface
in the B-site (hollow site); the A-site (bridge site) on the
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surface was found to be an unstable position with respect to
displacements in the [001] direction and hence never
converged. Jiang et al. [28] performed calculations which
involved the adsorption of C on Fe surfaces; they too
determined that the hollow site was stable. The interstitial
formation energy on the surface was ~—6.5 eV. The
interstitial formation energies approached the correspond-
ing bulk values for the 2 x 2 x 5 Fe 4+ N(oct) bulk su-
percell (see “Bulk diffusion studies” section) as the atom
went deeper into the slab. At the 5th monolayer, the
interstitial formation energies for the A-site and the B-site
are —5.059 and —5.450 eV, respectively. These values are
close to their bulk value counterparts in the 2 x 2 x 5
bulk supercell: —5.178 and —5.553 eV. Both values are
close to 2 % of their bulk values. To determine how many
layers deep an interstitial atom needs to go in order to be in
a bulk-like environment a larger supercell was needed.
Interstitial formation energy calculations were done on a
2 x 2 x 7 Fe 4+ N(oct) slab with a 10 A vacuum gap and
a2 x 2 x 7 Fe + N(oct) bulk supercell. The interstitial N
formation energies on the 7th layer were —5.142 and
—5.515 eV for the A-site and B-site, respectively. These
values are very close (less than 1 %) to their 2 x 2 x 7
Fe + N(oct) bulk counterparts: —5.182 and —5.563 eV. It
appears that the formation energies may approach their
bulk values asymptotically as the N atom moves away from
the surface. The 0 °K heat of segregation was —1.1 eV
where the bulk reference was a 3 x 3 x 3 supercell.

The Epong (relaxed) and Egy,;, components are both
plotted against the layer position in Fig. 2b. Importantly,
the bonding energy is not a strong function of interstitial
position; as the migration driving force (the formation
energy) changes only the strain energy changes. An inter-
esting observation is that the interstitial formation energies
for layers 2-5 are higher than the bulk values. This is due
to the extra strain energy associated with the interstitial in
those locations. As can be seen in Fig. 2b, the strain energy
rises as the N atom moves closer to the surface. When the
N atom is at the surface there is zero strain energy since the
interstitial is not causing a distortion. The strain energies
also indicate why the B-site is more stable than the A-site.
For interstitial positions between layers 2-5, the strain
energy for the B-site is on average 0.310 eV lower than
that of the A-site. The interaction of the neighboring su-
percell images when the interstitial is in the A-site prevents
some relaxation of the distorted iron atoms, which artifi-
cially raises the interstitial formation energy due to the
increased cell pressure. For that reason, to determine the
segregation energy the N-interstitial formation energies of
a3 x 3 x 5 Fe 4+ N(A-site) slab (with 10 A vacuum gap)
and a 3 x 3 x 3 Fe + N(oct-site) were compared. For the
segregation energy components, there was a —0.6 eV
change in strain energy and a —0.5 eV change in bonding
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Fig. 2 The site formation (b) 1B
energies for A-site and B-site o
positions along the [001]-
direction from the surface. a,
right Interstitial formation
energy and it’s components as a . 2B
function of distance from the 38
surface of the {001} BCC Fe
slab. b, left Illustration of the
bulk 2 x 2 x 5 slab used in
these calculations. The different
interstitial locations are .
indicated on this figure

energy going from the bulk 3 x 3 x 3 Fe 4+ N(oct) su-
percell octahedral site to the 3 x 3 x 5 Fe + N slab sur-
face hollow site.

Layers 2-5 are a transient region, which separates the
surface environment from the bulk environment. The rea-
son for this transient region is that the N-interstitial inter-
feres with the surface relaxation associated with free
surfaces. Therefore, in addition to strain energy component
caused by the tetragonal distortion, there is a strain energy
component because the surface/subsurface layers cannot
fully relax. Table 3 illustrates the interlayer distances with
and without the N-interstitial inserted into the slab. Note
that the interlayer distances for the 2 x 2 x 5 Fe + N(oct)
supercell are calculated by averaging the (001) coordinate
for each atom in each layer. The differences of the aver-
aged coordinates are then determined between each layer.
It is evident that the N atom causes almost no strain in the
[001] direction when it is at the 1B-site. However, when
the N atom is in the 2A-site, most of the strain is caused
along the [001] direction—specifically between layers 1
and 2. This is because the layer spacing between layers 1
and 2 contracts the most in the N-free supercell. Hence, it is
to be expected that an N atom placed in between these
layers will cause the most distortion.

The fact that the bonding energy is not a strong function
of position in the slab is an important point to bring up.
Throughout the migration of the interstitial to the surface
the coordination number (twofold) of the N atom does not
change until it reaches the surface (fourfold). The slight
variations between sites 2-5 are due to the different
amounts of relaxations in the Fe atoms. At the 1B-site, the

(a)

—m— Position A Formation Energy
2 —w— Position A Strain Energy
—&— Position A Bonding Energy
—{- Position B Formation Energy
3 —+7—- Position B Strain Energy
—<—- Position B Bonding Energy

Site Number

bonding energy is ~0.8 eV lower than the bonding energy
in the bulk. This is due to two effects: the increased
coordination number at the surface and the near-zero strain
energy.

N migration activation energies in near-surface region

For the 2 x 2 x 5 bulk Fe-N supercell the transition
energy for the A-site-to-A-site jump is 0.591 eV. Figure 3
shows the activation barriers for N migration in the near-
surface region. Except for the 1st—2nd layer jump (B-site to
A-site), the inward migration involves A-site-to-A-site
jumps. The activation energy barrier profile for the jump
between the Ist and 2nd layer displayed a plateau and a
subsequent sharp peak. This profile was observed by Jiang
et al. for carbon migration from the {001} BCC Fe surface
to the next layer down. The activation energy barriers
approach the bulk value of 0.591 eV as the N atom goes
deeper into the slab. The activation barriers going from the
surface (in eV) are: 2.706 for 1st-2nd layer jumps, 0.715
for 2nd-3rd layer jumps, 0.667 for 3rd—4th layer jumps,
and 0.616 for 4th—5th layer jumps. Obviously, adding more
layers will allow the bulk activation energy barrier to be
more closely approached. According to Fig. 3, the rate-
limiting jump is controlled by the strain energy the N atom
injects into the surface during the transition process. The
bonding energy increase does not play a role until the atom
starts to move beyond the 2nd layer.

The rather high activation energy barrier for 1st-2nd
layer jump indicates that the initial penetration of N into
the iron crystal is the rate-limiting step for surface to bulk

@ Springer
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Table 3 Interlayer distances without N added (ref.) and with N
added to the sites along the diffusion path

Interlayer spacing

Layers 1-2 Layers 2-3 Layers 3—4 Layers 4-5

Ref  1.390

1B 1.397 (0.005)
2A  1.528 (0.099)
3A  1.400 (0.007)
4A  1.404 (0.005)
SA  1.395 (0.004)

1.464

1.458 (0.004)
1.456 (0.006)
1.569 (0.072)
1.468 (0.007)
1.476 (0.008)

1.437

1.435 (0.002)
1.420 (0.012)
1.453 (0.011)
1.523 (0.061)
1.446 (0.006)

1.406

1.403 (0.002)
1.439 (0.023)
1.417 (0.008)
1.424 (0.015)
1.479 (0.052)

The interlayer strains are provided in the parentheses. Note that the
interlayer spacing values are based on layer-averaged atomic
positions

—=#— Fomation Energy
=@ Strain Energy
—-¥— Bonding Energy

Change in Energy (eV)

r T T

1 2 3 4 5
Site Number

Fig. 3 Activation energy barriers for migration into the {001} BCC
Fe slab. Five images were used for the 1st-2nd layer transition and
three images were used for the rest

diffusion. For diffusion going to the surface from the bulk
the activation energy barriers are: 0.712 for Sth—4th layer
jumps, 0.772 for 4th-3rd layer jumps, 0.742 for 3rd—2nd
layer jumps, and 0.941 for 2nd-1st layer jumps. These
results indicate that the Ist-2nd layer jump is the rate-
limiting step for diffusion in either direction. It is inter-
esting to note that B-site is the more stable position for an
N atom, but N-diffusion along the [001] occurs by jumps
between A-sites. A near-surface lattice model modeling
diffusion would have to consider the A-site to B-site jumps
at each layer until the atom is sufficiently far from the
surface.

Surface segregation is equally appropriately viewed as a
kinetic phenomenon as it is an equilibrium phenomenon.
The large activation barrier between sites 1 and 2 caused by
the strain energy increase “trap” the N atoms on the sur-
face leading to a net accumulation of N atoms relative to
the bulk. Models used to predict surface segregation, such
as the Langmuir—-McLean relationship rely on solely
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determining the heat of segregation, which is appropriate
for equilibrium calculations. However, the physical phe-
nomenon of surface segregation is best described through a
kinetic viewpoint. Briefly consider a three-state system
where the law of mass action describes the kinetic
processes:

raB = 0aB eXp(Qap/RT) Ca (5)

where r,, is the jump rate between states A and B, Qg is
the activation barrier between states A and B, and Cj, is the
concentration in state A. At equilibrium rap = rgc and
rc = T'pa. In addition, using the extreme condition that the
enthalpies of states A and C are equal gives an expression
for the relative concentrations between those states:
Cc  opAdBC 2
Cr “CB—OCABGXP {ﬁ (Qc — QAB):| (6)
What this is implying is that even when there is no
segregation energy a concentration difference between
states A and C can exist. In this situation, surface
segregation is a consequence of the entropy increase
related to diffusion rather than an enthalpy change.
Segregation models based on surface to near-surface
activation barriers are rare, but kinetic modeling of this
type can give information on how the system evolves, and
the final state of the system.

Conclusions

A comprehensive study of the mechanisms underlying the
segregation of N-interstitials to the [001] surface of Fe has
been performed using first principles computations. Our
conclusions may be summarized as follows:

1. The N-interstitial formation energy was separated into
strain and bonding energy components. The strain
energy component was based on how much the
interstitial distorted the supercell during ionic relaxa-
tion. It was concluded that the octahedral interstitial
site was more stable than the tetrahedral site because
of the higher bonding energy contribution. The tetra-
hedral site created less strain energy than the octahe-
dral site. The tetrahedral site’s bonding energy,
however, was higher.

2. The driving force for surface segregation is a combi-
nation of bonding energy and strain energy. At the
surface, it was determined that the strain energy was
the smallest and the bonding energy contribution was
the most negative. This indicates that strain relief
contributes largely to surface segregation.

3. Between the surface environment and the bulk envi-
ronment there is a transient region where the migrating
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interstitial interferes with surface relaxation thus
causing additional strain to the system. In this region,
the interstitial formation energy is higher than in the
bulk. Within 7 layers from the surface, the interstitial
formation energy is less than 1 % of the bulk value.

4. At the saddle point in bulk interstitial diffusion, the
strain energy is at a minimum while the bonding
energy is at a maximum. The same trend follows
during the migration from the [001] surface to the
bulk; however, the strain energy profile is shifted to a
higher value than it is in the bulk while the bonding
energy remains approximately unchanged.

5. The surface to 2nd layer activation barrier, which is
dominated by an increase in strain energy, limits the
diffusion rate to the surface. As the N atom moved
deeper into the slab, the activation barrier approached
its bulk counterpart.
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