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Using density-functional theory �DFT� in combination with thermodynamic considerations the morphology

change in Re�112̄1� in the presence of a nitrogen atmosphere has been investigated. In agreement with
experimental observations, we find that nitrogen adsorption causes two-sided ridges consisting of atomically

rough Re�134̄2� and �314̄2� faces to become much more favorable than the initially planar Re�112̄1�. We show

that this surface faceting is due to a strong preference of N to adsorb at specific surface sites on Re�134̄2�. Our
studies suggest that it is possible to stabilize atomically rough surfaces with high density of steps and kinks by
the adsorption of certain strongly interacting adsorbates.
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I. INTRODUCTION

Atomically rough, high-index surfaces generally show
better performance as catalysts than their close-packed
counterparts,1 which is usually caused by the high density of
low-coordinated surface sites being rather active for many
reactions. For instance, it has been shown that Ir�210� is very
active for NO decomposition with high selectivity to N2.2

Similarly, Pt�210� was found to have high catalytic activity
for the electroreduction of CO2,3 and unusually high activity
for NO decomposition has been evidenced on Pt�410�.4 Fur-
ther, a one-dimensional oxide structure that formed at steps
of the Pt�332� surface �after O2 exposure� was found to be
highly active for CO oxidation.5

Since recent years Re �hexagonally close-packed �hcp��
and Re-based catalysts have been used in many important
catalytic reactions such as the selective reduction in NOx
with NH3, the selective oxidation of methanol, thiophene and
hydrodesulfurization, or the ammonia synthesis.6–11 Never-
theless, only few studies have been devoted to the investiga-
tion of Re surfaces in the presence of simple reactants such
as nitrogen, oxygen, and hydrogen.12–17

Open surfaces with low-coordinated atoms are unlikely to
remain stable during catalytic reactions. In the presence of
strongly interacting adsorbates, atomically rough surfaces of-
ten become morphologically unstable. For instance, in the
following transformations, initially planar surfaces break up
to form nanofacets of more close-packed orientations when
covered with O and annealed at elevated temperatures: pla-
nar Rh�553�→ �331� and �111� facets,18 planar Pd�553�
→ �332� facets,19 planar W�111�→ �112� facets, planar
Mo�111�→ �112� facets, planar Ir�210�→ �110� and �311�
facets, and planar Re�112̄1�→ �101̄0� and �101̄1� facets.20

Since rough surfaces often show higher chemical activity in
comparison to their close-packed counterparts, facets con-
sisting of open surfaces can be promising candidates for vari-
ous catalytic applications.

Recently, Wang et al. have shown that in the presence of

nitrogen initially planar Re�112̄1� becomes completely fac-
eted at 900 K and a pressure of 5�10−10 atm. In their ex-
periments nitrogen was introduced by exposing the system to
ammonia at temperatures above 600 K, where it decomposes

to leave only N atoms on the surface. The facets that ap-
peared were characterized as ridgelike structures with faces

having �134̄2� and �314̄2� orientations.17 Interestingly, these
rough surfaces, which form on the facets upon nitrogen ad-

sorption, are considerably more stable than initial Re�112̄1�,
which is even more close packed. This behavior is different
compared to many other systems, where after surface facet-
ing more close-packed faces are exposed.

Motivated by these experiments, the present work aims at
an atomistic understanding of the experimentally observed

ridgelike structures that form on the planar Re�112̄1� sub-
strate after nitrogen adsorption. For this purpose, the relevant
clean and N-covered surfaces are investigated by means of
density-functional theory �DFT� calculations, providing the
most stable structures, binding energies, diffusion barriers,
and density of states. Using the obtained energies in conjunc-
tion with the ab initio atomistic thermodynamics
approach,21–24 we generate a phase diagram for surface facet-
ing, which is readily comparable to the experimental obser-
vations.

The paper is organized as follows. Section II briefly de-
scribes the DFT calculations, the ab initio atomistic thermo-
dynamics method, and conditions under which facet forma-
tion should occur. Our DFT results for Re bulk as well as for

the clean and nitrogen-covered surfaces of planar Re�112̄1�
and Re�134̄2� facets are described in Sec. III. This informa-
tion allows us to construct the corresponding faceting phase
diagram �Sec. IV�. Finally, conclusions will be given in Sec.
V.

II. METHOD

The macroscopic behavior of materials is mostly deter-
mined by the interactions at the microscopic level. Therefore,
in order to investigate the adsorbate-induced surface facet-
ing, we first employed DFT to obtain information on surface
adsorption and binding energies �microscopic scale�, which
were then used in conjunction with statistical mechanics to
bridge toward the macroscopic behavior. In particular, the ab
initio atomistic thermodynamics approach had been used to
evaluate �p ,T�-dependent surface free energies,21–24 which
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together with the facet formation condition allowed us to
draw conclusions on the surface faceting.

A. DFT calculations

All first-principles calculations were performed with the
Cambridge serial total energy package �CASTEP�,25 a periodic
plane-wave-based DFT program. We have used Vanderbilt-
type ultrasoft pseudopotentials26 to replace the core electrons
while the valence space had been expanded in plane waves
up to an energy cutoff of 380 eV, which in extensive conver-
gence tests was found to be appropriate for the present
system.27,28 Throughout this work, exchange-correlation �xc�
energies were evaluated with the Perdew-Burke-Ernzerhof
�PBE� �Ref. 29� form of the generalized-gradient approxima-
tion. However, in order to evaluate the influences related to
the density functional, some of the key systems were addi-
tionally calculated with the local-density approximation
�LDA� functional for comparison.

Adsorption of nitrogen on Re�112̄1� and �134̄2�, which
are the surface orientations relevant for the faceting, had
been studied at various surface sites, coverages, and adlayer

configurations. While Re�112̄1� had been represented by a

19-layer slab, the more open Re�134̄2� required 30-layer
slabs to ensure for layer-converged binding energies. All slab
geometries were generated on the basis of the calculated lat-
tice constants of a0=2.78 Å and c0=4.48 Å,27 with periodic
slab images separated by at least 13 Å vacuum. For

Re�112̄1� the bottom four and for Re�134̄2� the bottom 14
layers were fixed at the calculated bulk structure while all
remaining layers plus adsorbates were fully optimized �up to
�0.03 eV /Å� using the Broyden-Fletcher-Goldfarb-Shanno
method30 as implemented in CASTEP. Finally, for integrations
in reciprocal-space Brillouin zones of the �1�1� surface unit

cells of Re�112̄1� and �134̄2� were sampled with �4�4� and
�3�3� Monkhorst-Pack k-point meshes, respectively.

B. Ab initio atomistic thermodynamics approach

We assume that a surface is in thermodynamic equilib-
rium with different phases �e.g., a macroscopic bulk phase
and/or a surrounding gas phase environment� that can give
�or take� any amount of atoms to �or from� the surface with-
out changing the temperature or pressure. The appropriate
thermodynamic potential for such a system is the Gibbs en-
ergy,

G = U − TS + pV , �1�

where U is the internal energy and S the entropy. The most
stable surface structure under given temperature and pressure
conditions is the one that has the lowest surface free energy,
which can be written as

��T,�pi�,�Ni�� =
1

A�Gsurf�T,�pi�,�Ni�� − �
i

Ni�i�T,pi�	
with �i = Re,N� , �2�

where Gsurf is the Gibbs energy of a particular surface with

the area A, which consists of Ni atoms of the ith species
whose reservoir is characterized by the chemical potential
�i�T , pi�. Due to the minor temperature and pressure depen-
dence of the Re-bulk reservoir, its chemical potential can be
approximated by the Gibbs energy �or corresponding bulk
cohesive energy�. By assuming ideal behavior for the sur-
rounding gaseous reservoirs, �gas can be related to specific
temperatures and pressures. For instance, for a N2 atmo-
sphere we can write

�N
gas�T,pN2

� =
1

2
�EN2

tot + �̄N2
�T,p0� + kBT ln
 pN2

p0 �	 . �3�

Here, EN2

tot is the calculated total energy of an isolated N2

molecule and �̄N2
�T , p0� is the standard chemical potential at

temperature T, which includes all the contributions from vi-
brations and rotations of the molecule, and the ideal gas en-
tropy at 1 atm. Although the standard chemical potentials can
be calculated from first principles, for the phase diagram,
which will be discussed later, we used the corresponding
�̄N2

�T , p0� values from the JANAF thermodynamic tables.31

For solid phases the Gibbs energy, defined by Eq. �1�, can
be written as

G = Etot + Fconf + Fvib + pV , �4�

where Etot is the total energy, Fconf the configurational free
energy, and Fvib the vibrational free energy. The largest con-
tribution to Eq. �4� arises from the first term Etot, which in
the present work is obtained by DFT calculations. An exact
evaluation of Fconf needs large computational effort since
various adlayer configurations have to be studied for each
coverage. Fortunately, for sufficiently low temperatures this
term is usually much smaller than the total energy term in
Eq. �4� and can therefore be neglected. The vibrational free
energy contains the zero-point energy EZPE and the entropy
contribution Svib. For our case of N adsorbed on a Re surface
this leads to

Fvib�T,V,NRe,NN� =� d�Fvib�T,������ = EZPE − TSvib,

�5�

where ���� is the phonon density of state �DOS� and the
frequency-dependent function Fvib�T ,�� is

Fvib�T,�� =
1

2
�� + kBT ln�1 − e−��/kBT� . �6�

The vibrational contribution to the surface free energy, �vib,
is then obtained as the difference of the vibrational energy of
atoms on the surface and in the reservoirs,

�vib�T,V� =
1

A
� Fvib�T,����surf��� − NRe�Re

bulk���

−
NN

2
�N2

gas���	d� . �7�

Although the entire phonon DOS of the surfaces can be ob-
tained by DFT, in the present work we use the Einstein
model in which the phonon DOS is simply a delta function at
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one characteristic frequency �̄. If we assume that the vibra-
tional frequency of the metal atoms of the clean surface is
similar to that after N adsorption, then the vibrational contri-
butions to � coming from nitrogen can be estimated by

�vib�T� 

1

A��
i

NN

Fi
vib�T,�̄i

surf� −
NN

2
Fvib�T,�̄N2

gas�	 , �8�

where �̄i
surf is the N-surface stretch frequency of the ith ad-

sorbed nitrogen in the corresponding configuration and �̄N2

gas

is for the N2 molecule in the gas phase. Using this approach
the vibrational contributions to � were estimated for the most
stable configurations determined in our calculations. In all
cases, we found that these contributions are rather small and
they cause no modifications in the ordering of surface
phases. Therefore, in the final surface phase diagram vibra-
tional contributions have not been included.

From a dimensional analysis it can easily be seen that the
last term of Eq. �4�, the pV term, will be less than

0.001 meV /Å2 for pressures up to 1 atm and can therefore
be neglected, too. Finally, we come to the conclusion that the
temperature and pressure dependence of the solid phases
�surface and bulk� is expected to be much smaller than that
of gaseous phases, whose chemical potentials dominate the T
and p dependence of the surface free energies. Therefore, the
difference in the Gibbs energy of the slab and the bulk can be
replaced by their corresponding total energies, which then
can be evaluated by DFT calculations �see Sec. II A�.

C. Considerations on the formation of facets

Herring has made important contributions to the theory of
the thermodynamic stability of crystal surfaces.32 One of the
important conclusion of Herring’s work was: “if a given
macroscopic surface of a crystal does not coincide in orien-
tation with some portion of the boundary of the equilibrium
shape, there will always exist a hill-and-valley structure,
which has a lower free energy than a flat surface, while if the
given surface does occur in the equilibrium shape, no hill-
and-valley structure can be more stable.” Therefore, one
would expect that under certain conditions a flat surface
minimizes the overall stability, �, by converting to a “hill-
and-valley” structure, exposing new crystal faces.

Since facet formation is thermodynamically driven, the
important quantity is the formation energy, which can be
expressed as a sum of changes in the Gibbs energies, which
is mainly related to surface, edge, corner, and strain contri-
butions,

	Gform = 	Gsurface + 	Gedge + 	Gcorner + 	Gstrain + ¯ .

�9�

Assuming the facets to be large, the overall formation energy
can be approximated by the surface contribution only. On the
basis of this assumption and with the definition of Eq. �9�,
facet formation should occur if

	Gform � 	Gsurface = �
f

Af
final� f

final − Ainitial�initial � 0,

�10�

where the initial surface is characterized by the surface free
energy �initial and an overall surface area Ainitial, and the fth
face of the facets accordingly by �final and Afinal. Since in the

present case, two-sided ridges consisting of Re�134̄2� and

�314̄2� facets are formed on the initially planar Re�112̄1�
surface after adsorption of nitrogen, Eq. �10� converts into
the following condition, which has to be fulfilled in order to
show facet formation

S134̄2

cos 
134̄2
· �134̄2�T,pN2

� +
S314̄2

cos 
314̄2
· �314̄2�T,pN2

�

− �112̄1�T,pN2
� � 0. �11�

Here, S specifies the partial contribution of the different
faces to each nanoshaped facet, while 
 is the tilt angle of
the faces with respect to the initial substrate, T the tempera-
ture, and pN2

the partial pressure of the surrounding nitrogen
gas, whose adsorption induces the faceting. While all previ-
ously mentioned parameters are either given by the experi-
mental conditions �i.e., T and pN2

� or can be obtained by
geometrical considerations �i.e., S and 
�, the remaining in-
formation required for Eq. �11� are the surface free energies
of the initial substrate, as well as the faces of the final facets.
To evaluate the different surface free energies relevant to Eq.
�11�, the above-mentioned ab initio atomistic thermodynam-
ics approach can be used, which allows for evaluating the
stability of surfaces/interfaces that are in contact and in ther-
modynamic equilibrium with a surrounding atmosphere.

III. RESULTS AND DISCUSSION

A. Bulk rhenium

After extensive convergence tests, we determined that a
Monkhorst-Pack k-point mesh of �8�8�5� and an plane-
wave energy cut-off value �380 eV� led to converged results
for Re bulk.28 The obtained lattice constants, bulk modulus,
and cohesive energy that were obtained using the PBE and
LDA functionals are summarized in Table I.

Our pseudopotential results �USPP� were found to be in
good agreement with corresponding all-electron �AE� calcu-
lations. Although both PBE and LDA yielded satisfactory
results for lattice constants, the PBE bulk modulus and co-
hesive energy were expectedly closer to the experimental
values. Hence, for the present studies we used mainly the
PBE functional and recalculate the stability of the most
stable structures by LDA.

Figure 1 shows the calculated projected DOS �PDOS� of
Re bulk expressed as

D���� = �
i=1




������i��2��� − �i� , �12�

where �� is the function onto which the DOS is projected on.
In the present case �i and �i are the Kohn-Sham orbitals and
eigenvalues.
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From the PDOS plot of Re bulk, the following informa-
tion can be extracted: �1� the d band has considerably larger
contributions to the total valence DOS compared to s and p
orbitals; �2� the d band is narrower �more localized� than the
s and p bands; and �3� the integral of the d band up to the
Fermi energy is almost equal to that above the Fermi energy,
which reflects the fact that rhenium has a half-filled d band.

B. Clean Re surfaces

The hcp structures, such as adopted by metallic rhenium,
involve two interpenetrating Bravais lattices. In this kind of
material, we have two classes of atoms, which are distin-
guishable in their environment. Therefore, in most cases
cleaving the hcp crystal along a particular direction creates
two different surface structures depending on which kind of
atoms are exposed �by displacing the dividing plane�. Using
the four-index notation we label the different possible termi-
nations of Re surfaces by �ijkl�A and �ijkl�B.

1. Re(112̄1)

Figure 2 shows that Re�112̄1�A and Re�112̄1�B are mir-
ror symmetric of each other and have the same surface ter-
mination. Our DFT-PBE calculations reproduce this fact,
showing a surface free energy of 220 meV /Å2 for both

Re�112̄1�A and Re�112̄1�B. Therefore, here we continue our
studies by considering one of these configurations

�Re�112̄1�A� and for simplicity refer to it as Re�112̄1�. This
is also justified by the fact that both A and B structures are
equivalent in the sense that they have the same nearest- and
next-nearest-neighbor structures and distances.

As expected, the calculated surface free energy for

Re�112̄1� is larger using the LDA functional than with PBE
�see Table II�. Regarding the surface relaxation, our PBE
calculations show that the outermost layers are strongly con-
tracted �	d12=−14.8%, 	d23=−20.6%, and 	d34=−15.7%�
compared to the bulk layer spacings of dij

bulk=0.663 Å.
These contractions are compensated by a very large expan-
sion in the fourth interlayer separation �28.4%�. The strong
relaxations are certainly related to the high cohesive energy
of Re. Although there are no experimental or theoretical data
on this surface to compare our values with, experimental

studies on Re�101̄0� have also shown a large inward relax-
ation of the first surface layer of 
17%.34,35

2. Re(134̄2) ÕRe(314̄2)

Both terminations of Re�134̄2� are very open and have
eight layers of atoms exposed �see Fig. 3�. We found that
with the PBE functional both configurations have the same
surface free energy of 217 meV /Å2. Interestingly, this value

is only 3 meV /Å2 lower than that obtained for Re�112̄1�.
The Re�134̄2� surface is much more open than Re�112̄1� and
one might expect the former structure to be much less stable.
This behavior is probably due to the unique structure of

Re�134̄2�, which is vicinal to the �011̄1� orientation with

kinked steps and �011̄1� terraces that are more close-packed

than �112̄1�.17 This is also supported by the fact that clean

TABLE I. Calculated lattice parameters �a0 and c0�, bulk modu-
lus �B0�, and cohesive energy �Ecoh� of bulk Re, determined with
USPP and AE approaches using the PBE and LDA exchange-
correlation functionals. In addition, the experimental values are
given.

Method
a0

�Å�
c0

�Å�
B0

�Mbar�
Ecoh

�eV�

USPP �PBE� 2.78 4.48 3.65 −7.63

USPP �LDA� 2.73 4.41 4.05 −9.45

AE �PBE� 2.78 4.48 3.63 −7.70

AE �LDA� 2.74 4.42 4.06 −9.59

Expt.a 2.76b 4.46b 3.72b −8.03c

aReference 33.
bAt room temperature.
cAt 0 K and 1 atm.

FIG. 1. �Color online� Partial density of states �projected onto s,
p, and d orbitals� and total density of states for rhenium bulk. The
energy zero corresponds to the Fermi level.

FIG. 2. Top views of �a� Re�112̄1�A and �b� Re�112̄1�B. The
layers become darker with increasing depth.

TABLE II. Surface free energies �in meV /Å2� for Re surfaces as

well as two-sided ridges of �134̄2� and �314̄2� obtained using the
PBE and LDA functional.

Structure PBE LDA

Re�112̄1�A 220 255

Re�112̄1�B 220

Re�134̄2�A 217 251

Re�134̄2�B 217

Two-sided ridges 225 261
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Re�134̄2� is only 4 meV /Å2 less stable than low-index

Re�011̄1�,28 which means that the presence of kinks and

steps reduces the stability of Re�134̄2� compared to

Re�011̄1�, although their contributions to the surface free

energy of Re�134̄2� are insignificant. As we will see in Sec.

III D 2, adsorption of nitrogen at a site between Re�011̄1�
terraces causes Re�134̄2� to become energetically much

more stable than Re�112̄1�.
Because of the similar stability of Re�134̄2�A and B,

again we focus on one of these configurations �Re�134̄2�A�,
and refer to it as Re�134̄2�. Similar to the case of Re�112̄1�,
LDA yields larger surface free energies for Re�134̄2� com-
pared to PBE. The changes in the interlayer spacings of clean

Re�134̄2�A �calculated with PBE� are 	d12=−31.2%, 	d23
=−4.4%, 	d34=−35.6%, and 	d45=13.2% with respect to
the corresponding bulk distances of d12

bulk=d34
bulk=0.426 Å

and d23
bulk=d45

bulk=0.213 Å.

3. Density of states of clean Re(112̄1) and Re(134̄2)

In Sec. III A we have seen that the DOS of Re bulk is
dominated by its d states. In Fig. 4 we show the density of
states �projected onto the d orbitals� of the uppermost surface

layers of Re�112̄1� and Re�134̄2� as calculated with the PBE
functional. According to a simple tight-binding model, the
bandwidth should decrease with decreasing coordination of
the surface atoms. Therefore, as can be seen in Fig. 4, for
both surfaces the d band of the topmost surface atoms is
narrower compared to that of the bulk atoms.

Due to the increase in coordination number, the d bands
of lower-lying atoms become wider and more comparable to

bulk atoms. Although for Re�112̄1� the fifth-layer atoms re-

semble almost bulk behavior, for Re�134̄2� the sixth layer
still has a narrowed d band. This is clearly due to the fact
that the latter surface is more open and even its sixth layer is
exposed, meaning these atoms are still lower coordinated
than an atom in Re bulk.

C. Clean Re facets

Without N adsorption, the Re�134̄2� facets that have been

observed experimentally on Re�112̄1� after N adsorption
would be thermodynamically stable if the surface free ener-
gies of the planar and the faceted surface would meet the
condition given in Eq. �11�. Using the facet tilt angles �
�

and partial surface contributions summarized in Table III, we
evaluated the overall � of two-sided ridges combining
�134̄2� and �314̄2� faces �see Table II�.

Although our calculations showed that Re�134̄2� is
slightly more stable than Re�112̄1�, the overall surface free
energy of two-sided ridgelike �134̄2� facets, calculated by
the left side of Eq. �11�, is 5 meV /Å2 less stable than planar

Re�112̄1�. Here we have neglected edge and kink contribu-
tions to the surface energies since the experimentally ob-
served facets were characterized to be rather extended. In-
cluding these contributions would even further reduce the
overall stability of two-sided ridgelike structures. Even when
using the LDA functional, the two-sided ridgelike structures

turned out to be less favorable than the planar Re�112̄1�
surface �by 6 meV /Å2�. Therefore, in agreement with the
experiment, we find that without N adsorption no faceting
should occur.

FIG. 3. Top views of �a� Re�134̄2�A and �b� Re�134̄2�B. The
layers become darker with increasing depth.

FIG. 4. �Color online� Partial density of states projected onto the
d orbitals for different Re surfaces. The gray shaded areas corre-
spond to the d states of Re bulk. The energy zero was referenced to
the Fermi level.

TABLE III. Surface area A �per 1�1 unit cell �calculated��,
partial surface contributions �S�, and tilt angles �
� for the initial

substrate and two-sided ridges consisting of �134̄2� and �314̄2�
faces. For S the experimentally measured and geometrically derived
values are given �Ref. 17�.

Surface
A

�Å2� Sexp Sgeo

geo

�deg�

Re�112̄1� 22.54

Re�134̄2� / �314̄2� 46.77 0.5 0.5 15.42
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D. Nitrogen adsorption on Re surfaces

1. N ÕRe(112̄1)

Re�112̄1� is the substrate orientation onto which faceting
occurs after adsorption of nitrogen. Therefore, before inves-

tigating the faces of the experimentally observed Re�134̄2�
facets, we will discuss the adsorption of nitrogen on

Re�112̄1�. This will also allow us to clearly compare the
changes in surface stability introduced by the adsorbates that
finally lead to the observed morphology changes.

Figure 5�a� displays 13 probable binding sites that were
considered in the present work. In the following we will use
geometrical coverages �GMLs�, which are defined as the
number of adsorbed N atoms per corresponding �1�1� unit
cell �dashed box in Fig. 5�a��. We studied the adsorption of
atomic nitrogen for coverages of 0.5 GML, having either
�1�2� or �2�1� periodicity, as well as 1.0, 2.0, and 3.0
GML with �1�1� periodicity. Figure 5 presents the most
stable configurations, for which the binding energies are
summarized in Table IV. All adsorption energies reported
here are referenced to half a N2 molecule.

The most favorable adsorption site for N at 0.5 and 1.0
GML is the H4 site, where adsorbates bind to one top layer,

the nearby second layer, and a third-layer Re atom finally
resulting in a threefold binding. Our calculations reveal that
for 0.5 GML �Fig. 5�b2�� the binding energy is 0.18 eV
higher than with 1.0 GML �Fig. 5�c��. This reduction in bind-
ing energy of N when going from 0.5 to 1.0 GML cannot
solely related to N—N repulsion because: �1� even at �
=1.0 GML there is still a distance of at least 
4.8 Å be-
tween adjacent N atoms; �2� the binding energy of N with
�1�1�-1N is very similar to that with �1�2�-1N overlayer;
and �3� recent calculations have shown that the repulsive
interactions between even more electronegative adatoms
�i.e., oxygen� at �=1.0 GML are negligible.28

After comparing the geometry of �1�1�, �2�1�, and �1
�2�-1N with that of the clean surface, an interesting effect
could be observed. In the �2�1�-1N structure, Re atoms on
the zigzaglike ridges �connected by arrows in Fig. 5�b2��,
which are not bound to the adatom, reduce their interatomic
distance significantly by 
0.13 Å. This behavior, which has

also been observed for Re�101̄0�, Re�101̄1�, Ir�311�, and
Ir�110� surfaces and which seems to be more general for the
5d elements, is known as row pairing.28 Lower binding en-

ergies are obtained on Re�112̄1� for the �1�1�-1N and �1
�2�-1N adlayers, structures for which row pairing is absent.

We used the calculated binding energies of nitrogen for
1.0 GML at the various surface sites together with a cubic
spline interpolation to construct the full potential-energy sur-
face �PES�. The PES allows us to gain qualitative insights
into the trends of adsorbate diffusion. The PES in Fig. 6
shows that the largest energy barrier for diffusion along the
–H4–B3–B5–H4–direction �path �a�� is 
0.8 eV, which is
comparable to the energy barrier of 0.9 eV we have obtained

for the lower-indexed Re�101̄0� surface. In addition, diffu-
sion of nitrogen along the zigzag rows �path �b�� is hindered
by a very high barrier of 
1.6 eV.

At 2.0 GML, H4 sites are still preferred, while the second
atom binds at threefold H1 sites �see Fig. 5�d��. Increasing
the nitrogen coverage to 3.0 GML, we find the most stable
structure �Fig. 5�e�� to be similar to the one obtained for 2.0
GML with the third N atom at T4.

We will briefly discuss the binding energies versus cover-

ages for N /Re�112̄1�. As Fig. 7 shows, at 1.0 GML there is
an absolute adsorption energy decrease compared to 0.5
GML, which most probably originates from the absence of
row-pairing effects as discussed above. Clearly a decrease in
the binding energy is also observed for N in the range of
1.0���3.0 GML, which is due to N—N repulsion and the
occupation of less stable binding sites �in addition to the
most stable H4 site�. The second and third N atoms prefer
largest separation from the already adsorbed N atoms. Ad-
sorption sites that satisfy this requirement are H1 at 2.0 GML
as well as H1 and T4 at 3.0 GML. We obtained the averaged

energy for binding a single nitrogen per unit cell Ēbind and
estimated the N—N interaction by evaluating the following
difference:

	Eint = Ēbind − Ebind. �13�

For 2.0 GML, we found 	Eint=1.53−1.21=0.32 eV, which
means a relatively strong N—N repulsion. The binding en-

FIG. 5. �Color online� Top views of �a� Re�112̄1� showing all
binding sites at which N adsorption has been studied as well as the

most stable structures of nitrogen-covered Re�112̄1� with different
overlayers and coverages: �b1� �1�2�-1N and �b2� �2�1�-1N
overlayer at 0.5 GML, �c� �1�1�-1N overlayer at 1.0 GML, �d�
�1�1�-2N overlayer at 2.0 GML, �e� �1�1�-3N overlayer at 3.0
GML. The arrows in structure �b2� indicate the Re atoms that move
toward each other upon relaxation �row-pairing effect�.

TABLE IV. Binding energies �referenced to 1
2 N2� for nitrogen

on Re�112̄1� at different coverages; only the most stable structure
for each coverage is listed.

Coverage
�GML�

Ebind

�eV�

0.5 Figure 5�b1� 1.68

Figure 5�b2� 1.83

1.0 1.66

2.0 1.21

3.0 0.81
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ergy is even further lowered at 3.0 GML, since in order to
reduce the strong interaction between adsorbates the third N
atom per unit cell binds at site T4, which was an unstable site
for N at lower coverages. While these coverages might not
be stabilized by nitrogen exposure, for the O-Pd�111� system
Seitsonen et al.36 have shown that the accessibility for this N
coverage can be realized by using differential heat of adsorp-
tions.

2. N ÕRe(134̄2)

Experimentally, it was found that nitrogen adsorption

causes the Re�112̄1� surface to become completely faceted,

forming two-sided ridgelike structures. The orientations of

the faces that are exposed by the nanoridges are Re�134̄2�
and Re�314̄2�. Since both surface orientations are equivalent,
in the following we will investigate the adsorption of atomic

nitrogen on Re�134̄2� for coverages ranging from 1.0 to 6.0
GML, which are almost comparable adsorbate densities as

used on Re�112̄1� with coverages ranging from 1.0 to 3.0
GML.

Figure 8�a� shows 21 probable adsorption sites, which we
assumed as initial positions for N adsorption. Our results are
summarized in Figs. 8�b�–8�g� and Table V.

It turned out that 1.0 GML nitrogen prefers the H6 posi-
tion �Fig. 8�b��, where each adsorbate forms bonds to
second-, third-, fifth-, and eighth-layer Re atoms, finally re-
sulting in a fourfold binding. The calculated adsorption en-

ergy is higher than that obtained for Re�112̄1�.28 As men-

tioned in Sec. III B 2, Re�134̄2� is vicinal to the �011̄1�

FIG. 6. �Color online� Adsorption energy distribution �refer-
enced to 1

2 N2� for binding 1.0 GML of atomic nitrogen onto

Re�112̄1�. The arrows indicate different paths for N diffusion on the
surface.

FIG. 7. �Color online� Binding energy �referenced to 1
2 N2� as a

function of nitrogen coverage on Re�112̄1�.

FIG. 8. �Color online� Top views of �a� Re�134̄2� showing all
binding sites at which N adsorption has been studied as well as the

most stable structures of nitrogen-covered Re�134̄2� at different
coverages: �b� 1.0 GML, �c� 2.0 GML, �d� 3.0 GML, �e� 4.0 GML,
�f1� and �f2� 5.0 GML, and �g� 6.0 GML.

TABLE V. Binding energies �referenced to 1
2 N2� for nitrogen on

Re�134̄2� at different coverages; only the most stable structure for
each coverage is listed �see Fig. 8�.

Coverage
�GML�

Ebind

�eV�

1 2.35

2 2.20

3 1.89

4 1.54

5 Figure 8�f1� 1.22

Figure 8�f2� 1.20

6 0.95
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surface with kinked steps and close-packed �011̄1�
terraces.17 In comparison, binding low amounts of nitrogen

on Re�011̄1� has a 0.14 eV lower adsorption energy than

binding on Re�134̄2�. This shows that N binding to the ad-

sorption sites between the �011̄1� terraces is more favorable

than that on the �011̄1� terraces.
The PES �Fig. 9� shows that N diffusion from H6 to H1 or

B1 sites �path �a�� has a barrier of 
0.5 eV. All other ad-
sorption positions that have been considered are significantly
less stable than binding to H6, H1, and B1 sites, leading to
high diffusion barriers along paths �b� and �c� of 
1.5 eV.
Therefore, N atoms would be trapped in H6 sites at low
temperatures while they may also occupy H1 and B1 sites at
higher temperatures.

At 2.0 GML and above, N atoms start occupying sites on

the �011̄1� terraces �see Figs. 8�c�–8�g��. Interestingly, even
two and three nitrogen atoms per unit cell give a low adsor-
bate density and therefore only minor N—N repulsion is
found at these coverages. At 2.0 GML, the calculated bind-
ing energy of 2.20 eV is only 0.01 eV lower than the corre-

sponding Ēbind value. For 3.0 GML, the binding energy of
1.89 eV is again very close to the value of 1.88 eV obtained

for Ēbind. Interactions between adsorbates start to become
significant at �=4.0 GML and higher. Consequently, at 4.0
GML the binding energy of the most stable configuration is

0.14 eV lower than Ēbind=1.68 eV. The preferred configura-

tion for 5.0 GML with a binding energy of 1.22 eV �Ēbind

=1.49 eV� shows an increasing N—N repulsion. Finally, at
a coverage of 6.0 GML, a notable difference is obtained

between Ebind=0.95 eV and Ēbind=1.63 eV.
From Fig. 10 it can be clearly seen that the binding energy

decreases with increasing N coverage. As discussed above,
this decrease is low for ��2.0 GML, but becomes rapid at
higher nitrogen coverages. This trend follows the preference
in binding sites. At 2.0 GML, besides already occupied H6
sites, the second N atom per unit cell populates the H1 site,
which is only 0.28 eV less stable than binding at H6, while at
��3.0 GML the additional N adsorbates have to occupy
the remaining vacant positions that are considerably less fa-
vored. Since the interaction between nitrogen adatoms for
�=2.0 and 3.0 GML is very weak, the reduction in binding
energy for the low coverages is only due to the energy dif-
ference between different occupied sites.

The resulting atom density of 2.0 GML of N on Re�134̄2�
is comparable to 1.0 GML on Re�112̄1� since the surface
area per �1�1� unit cell of the former surface is almost
twice as large as of the latter one �see Table III�. A compari-
son between Figs. 7 and 10 shows that for all studied cover-

ages the binding energy on Re�134̄2� is much higher than

that on Re�112̄1�. This might qualitatively support the stabi-

lization of Re�134̄2� facets on the Re�112̄1� substrate after
adsorption of N. However, for a quantitative understanding
we still need to calculate the surface free energies of relevant
surfaces to compare the stability of initial and final struc-
tures. This will be the subject of Sec. IV.

3. Density of states of N ÕRe(112̄1) and N ÕRe(134̄2)

Now, we will briefly compare in simple terms the binding

of N on the Re�112̄1� and Re�134̄2� surfaces. For this pur-
pose we analyzed adsorbate-induced changes in the surface
density of states �	DOS�, which is the difference between
the density of states of the clean and N-covered surface

	DOS = DOS�Re5d + N2p� − DOS�Re5d� . �14�

Figure 11 shows the projected DOS of selected Re surface
atoms’ d bands as well as the adsorbate-induced changes,
	DOS, on the total DOS. We have chosen the structures with
1.0 GML of N in which the adsorbate—adsorbate interac-
tions are comparably small. Due to changes in the bonding

FIG. 9. �Color online� Adsorption energy distribution �refer-
enced to 1

2 N2� for binding 1.0 GML of atomic nitrogen onto

Re�134̄2�. The arrows indicate different paths for N diffusion on the
surface.

FIG. 10. �Color online� Binding energy �referenced to 1
2 N2� as

a function of nitrogen coverage on Re�134̄2�.
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states both surfaces have a large peak in the 	DOS curve
between −7 and −5 eV. The other, somewhat smaller peaks
in the 	DOS, positioned above the Fermi energy, seem to be
due to the antibonding states. Comparing both surfaces, the

bonding level for Re�134̄2� is lower in energy than the cor-

responding 	DOS peak of Re�112̄1�. In addition, on the lat-
ter surface we observe a small accumulation peak at around
−3.2 eV, where there is an overlap between Re 5d and N 2p
states, probably being attributed to the occupation of anti-
bonding states. This behavior is in agreement with the calcu-
lated adsorption energies discussed in the previous section,

where we obtained stronger interaction of N with Re�134̄2�
compared to Re�112̄1�.

IV. SURFACE PHASE DIAGRAM OF N ÕRe(112̄1)

The surface free energy for the faceted surface was calcu-
lated using the left side of Eq. �11� with the parameters for
the partial surface areas and facet tilt angles summarized in
Table III. Each term of this equation was evaluated by using
Eq. �2� together with the DFT-calculated total energies dis-
cussed in the previous sections.

Figure 12 shows the surface phase diagram including

clean and nitrogen-covered surfaces of: �1� the flat Re�112̄1�
substrate and �2� two-sided ridgelike structures with �134̄2�
and �314̄2� faces. Prior to discussing the results for

N /Re�112̄1�, we should mention that experimentally N was

deposited on Re�112̄1� using gaseous NH3, whereas our

phase diagram is based on adsorption of nitrogen from N2.
The assumption of a thermodynamic equilibrium with a N2
atmosphere is justified by the fact that all nitrogen atoms
desorbing from the Re surfaces combine to N2.

The surface phase diagram �Fig. 12� shows that, at nitro-
gen partial pressures of pN2

=5�10−10 atm and T
�1080 K, no nitrogen is adsorbed on the surface. This tem-
perature is in agreement with the experimental value of 1100
K for desorption of nitrogen from the surface, which accord-

ing to our calculations should be planar Re�112̄1�. Clean
facets of two-sided ridges �see Sec. III C� are less stable by
5 meV /Å2. As soon as nitrogen adsorbs below 1080 K, the
experimentally observed nanofacets of two-sided ridges,

combining Re�134̄2� and Re�314̄2� faces, become the ther-
modynamically preferred surface phases �phases b–e�. Over
the whole temperature range of T�1080 K these nanofacets
�envelope lines in the phase diagram� are significantly more

stable than nitrogen-covered planar Re�112̄1� �higher-lying
lines�.

As mentioned in Sec. III D 1, we used GMLs, which are
the number of adsorbed nitrogen atoms per �1�1� unit cell.
In comparison, experiments usually use physical coverages
�PMLs�, in which surface saturation is defined to be 1 ML.
Unfortunately, there are no direct measurements of the satu-

ration coverage of N on Re�112̄1�. However, by using the
highest possible nitrogen coverage phases from our phase
diagram to define saturation coverage, we obtain an adsor-

bate density on Re�112̄1� of 0.89�1015 atoms /cm−2 for ni-
trogen. This leads to the following approximate conversion

between GML and PML for the Re�112̄1� substrate:
2.0 GML-N�1.0 PML-N. Experimental observations pro-
posed that the facets start to form when the nitrogen cover-
age is larger than 0.4–0.5 PML at 5�10−10 atm and tem-

FIG. 11. �Color online� 	DOS and PDOS for N /Re�112̄1� �top�
and N /Re�134̄2� �bottom�. The energy zero shows the Fermi level.

FIG. 12. �Color online� Surface phase diagram for N-induced

faceting of planar Re�112̄1� showing the surface free energy as
function of the nitrogen chemical potential referenced as 	�N

=�N− 1
2EN2

tot .
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peratures above 700 K. Under these conditions our phase
diagram shows phase c, which has 2.0 GML of nitrogen on
each face, to be thermodynamically stable. Projecting this

coverage onto the Re�112̄1� substrate would lead to around
1.0 GML, which converts to 0.5 PML, being in good agree-
ment with the experimental value. Lowering the temperature
�at fixed pressure� does not cause the surface morphology to
change but leads to an increase in the nitrogen coverage on
the ridges.

When a metal surface is in contact with a nitrogen atmo-
sphere, bulk nitride might form under specific temperature
and pressure conditions. Thermodynamically, a bulk nitride
RexNy is stabilized when the nitrogen chemical potential
	�N is larger than 	Hf /y, where 	Hf is the heat of forma-
tion of the corresponding bulk nitride. There is experimental
evidence that a stable Re nitride cannot be obtained directly
from the elements.37 Therefore, although at lower tempera-
tures one would expect a bulk Re nitride to become thermo-
dynamically stable, such a stable compound has not been
observed.

In order to investigate the sensitivity of our results on
choosing a different xc functional, we additionally calculated
the most relevant surface structures with the LDA functional
and generated the equivalent surface phase diagram. Figure
13 shows the stability range of different phases with respect
to temperature and pressure evaluated using the PBE and
LDA functional. We find that the overall phase ordering and
therefore the conclusions drawn above remain unchanged
when using LDA.

V. CONCLUSION

In this paper we have studied clean and nitrogen-covered

surfaces of Re�112̄1� and Re�134̄2� to provide detailed in-
formation on the geometric and electronic structure. Per-
forming extensive DFT calculations, it has been shown that

binding of N to Re�134̄2� is much stronger than compared to

the more close-packed Re�112̄1� surface. This is due to the

specific surface structure of Re�134̄2� allowing strongly in-
teracting adsorbates to occupy rather specific binding sites

being located between the �101̄1� terraces. Using the ob-
tained energetics in conjunction with thermodynamic consid-

erations, we found that N /Re�134̄2� is considerably more

stable than N /Re�112̄1�, even leading to surface faceting
over the whole range of N coverages considered in this work.
Our work indicates that it is possible to stabilize facets of

rough faces on initially more close-packed substrates in the
presence of certain gases. This might have interesting impli-
cations for understanding the surface morphology and per-
formance of Re-based catalysts that are operated under
nitrogen-rich conditions.
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