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We investigate the insertion of hydrogen in ultrathin V films with three monolayers in which we consider a
substitutional doping impurity of Ca, Sc, Ti, V, Cr, Mn, and Fe. Calculations are conducted within the density-
functional theory, as implemented in the SIESTA code, to analyze the impact of the different doping impurities
on the structural shape and, in particular, on the different local environments available for hydrogen insertion,
as well as on the electronic structure. The impurities located on the left side of vanadium in the periodic table
induce a volume expansion in their neighborhood while elements located on the right side induce a contraction.
The embedding energy of the H atom indicates that the impurities at the left act as trapping centers. In general,
H prefers tetrahedral interstitial sites in the presence of substitutional impurities at the left of vanadium,
whereas octahedral interstitial sites are favored when the substitutional element is at the right. In addition, an
increase in the density of states is obtained at the Fermi level when H sits on a tetrahedral site. This H effect
can be related with experimental observations of transport properties. Finally, a bonding state is obtained at an
energy position that depends on both the substitutional impurity and the symmetry of the interstitial site.

DOI: 10.1103/PhysRevB.81.094110

I. INTRODUCTION

Understanding the physics of hydrogen in different geo-
metrical and chemical environments is a relevant issue in
material science from both the fundamental and the techno-
logical viewpoints. The bonding of hydrogen with its neigh-
borhood can be of different kinds and it can strongly modify
the host’s structure and electronic properties such as magne-
tism due to structural relaxation, charge transfer, and hybrid-
ization effects. The possibility of modifying the exchange
coupling of a magnetic system through hydrogen insertion or
the capability of certain host materials to store H are two
clear examples of the technological relevance of this topic in
the context of spintronics and environmental-clean fuel cell
design, respectively.

Concerning the hydrogen storage, many metal-based ma-
terials have been studied both experimentally and theoreti-
cally, such as the hydrides with alkaline-earth,! the
borohydrides,>* or the Li-amide-imide compounds.* They
offer promising weight-storage ratios with hydrogen percent-
age values as high as 20.8% for the Mg(BH,),.> All these
compounds in crystalline form display a complex sequence
of phase transitions, the most interesting structure being only
accessible under pressure. Many of them desorb hydrogen at
high temperature, like in the highly exothermic chemical re-
action of H, absorption in Li-amide-imide which leads to a
high desorption temperature. Albeit these light-metal hy-
drides are capable of storing a high density of H, their use is
limited by thermodynamical conditions that put in question
their suitability for practical applications. In the case of Li-
amide-imide host, in order to improve these conditions and
performance, substitutional doping with transition metal
(TM) atoms is proposed as a mechanism to reduce the reac-

1098-0121/2010/81(9)/094110(10)

094110-1

PACS number(s): 71.20.Be, 75.10.Lp, 75.75.—¢

tion enthalpy*> and, therefore, the H desorption temperature.

TM atoms not only play an important role as substitu-
tional impurities in a variety of hosts but they can also form
interesting alloys or heterostructures with H storage capabil-
ity. As far as alloys are concerned, Ti-Cr ones incorporating
an homogeneous distribution of V atoms,® as well as LaNis
ones,” exhibit promising H storage capability. Other efforts
have been devoted to find systems with particular geometry
and interfacial properties that allow to control the H absorp-
tion. In this context, a recent experimental investigation has
shown that Pd-Pt nanoparticles with core-shell structure ab-
sorb H atoms particularly at the interface.® Remarkably, two
elements such as Pd and Pt that display opposite absorption
properties in their respective bulks and cluster limits, can
form such nanoparticles with interesting storage capability.
In general, the geometry and the dimensionality appear as
prominent factors when dealing with TM heterostructures in
many respects.

Concerning the magnetic properties, superlattices (SLs) of
TM/V with TM=Fe, Cr, Mo, have been thoroughly studied
both theoretically and experimentally. Specifically, the Fe/V
SLs have been investigated to understand the behavior of the
interlayer exchange coupling (IEC), e.g., when doping the V
spacer with a magnetic element,’ or through H insertion.'%!!
In the latter case, the H insertion inside the V spacer of
Fe, V3 SLs leads to a switch of the IEC coupling from par-
allel to antiparallel between the Fe layers, in the low H con-
tent limit H/V <0.05. In the high H content limit H/V>1,
H loading gives way to a global moment increase.!? This was
explained later on through x-ray measurements at the Ly
absorption edge of V, that led to no change in moment at V
atoms.'3 Consequently, the global increase in magnetic mo-
ment upon H loading was attributed essentially to Fe. An
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outstanding expansion of the Fe/V superlattice upon H inser-
tion was also observed.'* Another aspect of the relation be-
tween H absorption, lattice distortion, and changes in the
magnetic properties of these systems was discussed in a re-
cent theoretical study.'>!¢ It was demonstrated that if a mag-
netic moment as high as 1.1up is artificially induced on V,
then the H dissolution is favored.!> Moreover, it has been
clearly stated that the H insertion (necessarily accompanied
by a volume expansion) is more favorable when the shear
modulus of the material is low.'® Elements such as Ti, Ca,
and Mg are suggested, as they exhibit low shear modulus and
low H bond enthalpy. Low shear modulus guarantees a high
H absorption whereas low H bond enthalpy guarantees a low
temperature for H release.

H loading in TM/V SLs also affects the evolution of the
resistivity as a function of the H content, especially the ratio
Ape. For TM=Cr and Mo, the 82 \was found to increase up to
a maximum value for H/V=0.5 to finally decrease for higher
H uptake.!” Fe/V SLs displayed a very different behavior
since the resistivity was continuously increasing as H/V in-
creased up to 1. The absence of maximum for the 22 ratio in
Fe/V was addressed in a theoretical study.'® It was then con-
cluded that the ¢/a ratio and the volume change AV/V in the
vanadium spacer during hydrogenation were the most impor-
tant factors governing the change in resistivity. The Cr/V SLs
were further investigated by Eriksson et al.!” The c/a ratio
and the volume change AV/V are similar in Fe/V and Cr/V
SLs, hence the structural argument invoked so far is no
longer relevant and some complementary theoretical work is
needed to explain this behavior.

In summary, the following conclusions can be drawn on
the basis of the experimental and theoretical studies: (i) tran-
sition metal substitutional impurities can favor the H
absorption-desorption mechanisms of certain host materials.
(ii) Transition metal-based heterostructures, particularly
TM/V ones, are exciting systems in the context of H absorp-
tion and its impact on the electronic properties and structural
changes, (iii) the local geometrical and chemical environ-
ments can play an important role, (iv) H absorption and H
release can be different in different neighborhoods and it
should be favored if the shear modulus of the host and the
X-H bond enthalpy could be reduced.

In a previous work we focused on hydrogenated Fe/V
systems belonging to the two limiting dimensionalities of the
free-standing clusters and the bulk regime (Fe-V-H trimers
and B2 FeV alloys)."” In the present work we complement
this investigation by conducting calculations in the ultrathin
film regime and we further study the effect of doping with a
variety of substitutional atomic impurities which may affect
the H storage properties and the electronic properties. For
this purpose, we have built up a system composed of three
monolayers of vanadium in which a transition metal doping
atom replaces a V one at the central layer. This thin-film
configuration belongs to an intermediate dimensionality (be-
tween the trimers and the B2 alloys investigated previously).
The substitutional impurities preserves the nearest-neighbor
atomic coordination of the B2 alloys and, at the same time,
finite-size effects typical of free clusters are present due to
the surface-vacuum interfaces.

We have chosen to span the fourth row of the Mendeleev
table around V, since Ca, Sc, Ti have smaller shear modulus
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TABLE 1. The values of the shear moduli, the H bond enthalpy,
and the atomic weight for the investigated elements [source: www-
.webelements.com and Cordero et al. for the atomic radius (Ref.
20)]. No data have been found for the shear modulus of Mn.

Shear X-H bond Atomic Atomic

modulus enthalpy weight radius
Element (GPa) (kJ mol 1) (g mol™!) (A)
Ca 7.6 167.8 40.0 1.76
Sc 28.9 180.0 45.0 1.70
Ti 43.9 204.6 47.9 1.60
\Y% 46.7 208.7 50.9 1.53
Cr 115.3 190.0 52.0 1.39
Mn 234 54.9 1.39(1.61)
Fe 81.8 180.0 55.9 1.32(1.52)

than V, whereas Cr and Fe display a much higher one. All the
data concerning the shear modulus, the bond enthalpy, the
atomic weight, and the atomic radius are gathered in Table 1.
These particular elements are chosen because they cover a
broad range of shear modulus and atomic radius around
those of V in the 3d row.

The essential technical details of the calculations carried
out in this work are described in Sec. II. In Sec. III we
discuss the effects of X substitution of a V atom obtained
before H loading. Section IV is devoted to the study of the H
adsorption and absorption at the different positions close to
the substitutional impurity and its relation with the electronic
and structural properties. In Sec. V we summarize our main
conclusions.

II. THEORY AND COMPUTATIONAL DETAILS

Our calculations have been performed using the ab initio
density-functional theory (DFT) code SIESTA (Refs. 21-23)
which employs linear combination of pseudoatomic orbitals
as basis sets. We calculated the exchange and correlation
potential with the generalized gradient approximation (GGA)
as parameterized by Perdew, Burke, and Ernzerhof.>* The
nonlinear core corrections® are included to account for the
significant overlap of the core charge with the valence d
orbitals and to avoid spikes which often appear close to the
nucleus when the GGA approximation is used. We replaced
the atomic core by a nonlocal norm-conserving Troullier-
Martins pseudopotential®® which was factorized in the
Kleinman-Bylander form.?’

All the data for generating the pseudopotentials is gath-
ered in Table II. The 3p semicore states have been taken out
from the cores of Ca, Sc, Ti, V, and Cr to achieve a more
realistic description of the properties of the system.’* In the
case of V atoms, this has been shown on the one hand to
considerably improve the description of the magnetic trends
in semi-infinite systems®'3> and on the other hand it im-
proves the interatomic distance of the dimer."”

We also note that the electronic configuration used to gen-
erate the Fe pseudopotential corresponds to an excited state
(see Table II) because this pseudopotential is known to re-
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TABLE II. Valence configuration and cutoff radii (in bohr) for
the generation of the Troullier-Martins pseudopotentials used in this
work, all within the nonlocal exchange-correlation functional of
Perdew-Burke-Erhezenof (Ref. 24). The nonlinear core corrections

are included at radius r,.,.

Atom Configuration s p d Tlce
Ca [Ne 352]3p®3d%s? 2.80 1.40 1.60 2.45
Sc? [Ne 352]3p®3d'4s? 2.57 1.08 1.37
Ti [Ne 352]3p®3d%4s? 2.50 2.20 2.20 1.10
vb [Ne 352]3p®3d%45? 2.50 2.17 0.90 1.20
Cr [Ne 352]3p®3d°4s! 2.33 1.30 1.49 0.80
Mn°® [Ar]3d%4s524p° 1.98 218 1.88
Fe® [Ar]3d74s'4p° 2.00 2.00 2.00

dReference 28.
PReference 19.
‘Reference 29.

produce the correct spin state of Fe dimers.’> We have tested
that these pseudopotentials accurately reproduced the eigen-
values of different excited states of the respective isolated
atoms.

Concerning the basis sets, we have described the valence
states using double { polarized pseudoatomic orbitals, further
referred to as DZP. The basis set of Fe and Mn included two
orbitals having different radial form to describe both the 4s
and the 3d shells, being the 4s polarized to include a single
orbital for the empty p shell. In the case of Ca, Sc, Ti, V, and
Cr, we considered two orbitals having different radial form to
describe the 3p, 4s, and 3d valence states, being the 4s single
polarized. A 350 Ry energy cutoff defines the real-space grid
to compute the exchange and correlation potential and to
perform the real-space integrals that yield the Hamiltonian
and overlap matrix elements. We also smoothed the Fermi
distribution function that enters in the calculation of the den-
sity matrix with an electronic temperature of 300 K. The
same theoretical approach was used in our recent study of
free-standing Fe-V-H trimers and B2 FeV alloys.!”

A (001) bec ultrathin film of three vanadium monolayers,
called TL*V, has been modeled using a supercell with 48
nonequivalent atoms (49 when the H atom is inserted) and
periodic boundary conditions, inserting enough vacuum
space along the (001) direction to avoid interaction between
the surfaces of neighboring cells. The estimation of the re-
quired vacuum space to separate the surfaces of the V films
of neighboring cells =15 A is done in terms of the length of
the basis functions which are strictly localized in SIESTA. We
used a 8 X8 X 1 Monkhorst-Pack &k grid in the reciprocal
space. Using a conjugate gradient method, the atomic and
electronic degrees of freedom of the films, with or without
H, were allowed to relax simultaneously and self-
consistently until interatomic forces were smaller than
0.01 eV/A. The forces on ions were computed using a vari-
ant of the Hellmann-Feynman theorem that includes Pulay-
type corrections to take into account the fact that the basis
sets are not complete and move with the atoms.?' Both para-
magnetic and spin-polarized calculation were carried out.

For the calculation of both the substitution energies in the
TL*X systems and the H absorption energies at the different
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FIG. 1. (Color online) The upper plot shows the top view of the
unit cell of our TL*X systems. White balls are V atoms, whereas the
red ball is the substitutionnal impurity X (X=V, Ca, Sc, Ti, Cr, Mn,
and Fe). The horizontal and vertical double arrows, a and b, define
the cell parameters for the simulations. The lower plot shows a
lateral view of the same systems.

positions, we have considered the ghost atom method to cor-
rect the basis set superposition error (BSSE) that arises due
to the different dimension of the Hilbert spaces associated to
the initial and final systems whose energy difference is com-
puted, which otherwise would imply different degrees of
freedom in the variational determination of the energy of
each system. The ghost atom means additional basis wave
functions centered at the atomic position where it is located
but without any atomic potential. The use of ghost atoms has
been shown to be very efficient for correcting the BSSE in
other systems such as, for instance, benzene adsorbed on
carbon nanotubes®* or pentacene physisorbed on gold
(001).% To calculate the energy required to create a vacancy
in the three monolayers of V atoms, we calculate the differ-
ence between the total energy of the thin film and the sum of:
(i) the total energies of the isolated V atom represented by
the same system built of ghost atoms except the real V one
and (ii) the three monolayers with a ghost atom located in the
vacancy site.

III. EFFECT OF DOPING ON THE INTERSTITIAL SITES

The unit cell used for modeling the TL*X system is illus-
trated in Fig. 1. It corresponds to a low impurity concentra-
tion of about 2%. In Fig. 2 we show the different sites for H
inserted or anchored to the surface. H can occupy different
tetrahedral (T) or octahedral (O) positions. The H atom has
been inserted in the neighborhood of the doping impurity.

First of all we substitutionally inserted the doping atom
inside the three monolayers to form the TL*X system and
fully relaxed it. The substitution impurity preserves the te-
tragonal symmetry of the system.

The substitutional energy of one vanadium atom by the X
impurity AEy_,y is calculated as the sum of the substitutional
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FIG. 2. (Color online) The sites with different symmetry avail-
able for H insertion in TL*X (upper plot). The color convention is
the same as in Fig. 1 for V and X, and the H atom appears as a light
blue ball. The surface adsorption sites are called TOP, BRIDGE,
and HOLLOW. The reduced coordinates of the tetrahedral (T1, T2)
and octahedral (O1, O2) sites are given in parenthesis. 1 and 2
labels in V balls designate a first and second neighbor of impurity X
that pertain to the polyhedron of coordination of H.

energy of one vanadium by a vacancy AE,,. .y and the sub-
stitutional energy of this vacancy by the X impurity AEy_,, 4

AE, v =[E(TL*®) + E(V)]- E(TL") (1)

AEy .= E(TL*™) = [E(TL™) + E(X)]. (2)

E(TL*V) is the energy of the pure V film, E(TL*’) and
E(TL*X) are the energies of the film system in which a V
central atom is substituted by vacancy and X impurity, re-
spectively. These energies are calculated using BSSE correc-
tion and full structure relaxation around the impurity.

The substitutional energy

AEX~>V = AEvuc~>V + AEX~>vuc (3)

normalized to one unit cell, is listed in the last line of Table
III for the different substitutional atoms. The pure vanadium
film is nonmagnetic and only when doping it with Fe, it
becomes magnetic, with 1ug in the Fe impurity and 0.03 up
in the nearest V neighbors (antiparallel coupling between Fe

TABLE III. Distances between the impurity X and its first, sec-
ond, third, and fourth V neighbors (d;, d,, d3, and d,). All distances
are given in angstrom. Results in parenthesis are for the paramag-
netic solution when X=Fe. The energy of substitution is added in
the last line and is given in electron volt.

Ca Sc Ti v Cr Mn Fe
d; 2.84 275 262 253 249 247 2.50(2.50)
d, 3.04 302 3.01 301 298 295 2096(2.95)
d; 433 428 426 425 424 422 4.234.22)
dy 500 499 497 495 493 491 4.90(4.90)
AEy_ .y 6.048 2.116 0.048 0.000 1.565 1.171 0.511
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and V). This solution is about 0.5 meV/atom more stable
than the nonmagnetic one. No significant structural change is
observed. For a low impurity concentration, these results are
consistent with recent Green’s-function calculations in the
coherent-potential approximation,” in which V layers doped
with TM magnetic impurities (TM=Fe,Co,Cr,Ni) were
paramagnetic for impurity content below 10%. Furthermore,
structural differences are minimal between both solutions, as
we will see later. Although in all cases the process is endo-
thermic, the energy cost for the Ti substitutional doping is an
order of magnitude lower than that of all the other TM con-
sidered (two orders of magnitude lower than that of Ca).
Table III also reports the distances between the impurity and
its different V neighbors up to the fourth one, d,, d,, d3, and
dy.

Doping with Ca, Sc, or Ti increases the neighbor dis-
tances, particularly the nearest-neighbors’ ones (see Table
III). On the contrary, doping with Cr, Mn, or Fe decreases the
neighbor distances. These results correlate with the differ-
ences in the respective atomic radius (Table I). We note that
Ca (the only element here not belonging to the 3d series)
generates important local distortions, both in the octahedral
and tetrahedral environments. For instance, the difference
d,—d, reported in Table III is minimum for Ca (0.20 A)
whereas the maximum value is obtained for Cr (0.49 A).
This explains why the Ca substitution is so endothermic; it
costs a considerable energy to displace the vanadium atoms
in the surrounding of the substitutional Ca atom. On the
other side, we note that doping with Cr and Fe, two elements
that crystallize in the bce structure like V, leads to small and
comparable structural changes. The case of the X=Sc ap-
pears as intermediate between Ca and the other TM ele-
ments.

As regards the H insertion in the TL*¥ system (this will be
discussed in the next section) it is worth to quantify the
changes in the local volume (H) available for the H inser-
tion in the different interstitial sites upon X doping. In Fig. 2
we illustrate the different positions for H insertion. Two tet-
rahedral and two octahedral insertion sites exist in the TL™*
system, named T1, T2, O1, and O2. Possible interstitial sites
at different distances from the impurity are shown in Fig. 3.

The variation in (H) induced by the substitutional im-
purity is plotted in Fig. 4. We have found that changes in the
local volume are strictly localized close to the doping atom
for the O1 and T1 sites, independently of the doping element,
whereas they are more delocalized for the O2 and T2 sites,
with even marked oscillations in T2. An increase in Q(H) is
obtained after substitutional doping with Ca, Sc, and Ti,
whereas substitution with Cr, Mn, or Fe leads to a decrease
in Q(H). Therefore, the decrease in electron density when
substitutionally doping with Ca, Sc, and Ti (at the left of V in
the periodic table) correlates with an increase in the volume
available for H insertion, whereas the opposite occurs with
an increase in the electron density when substitutionally dop-
ing with Cr, Mn, and Fe (at the right of V in the periodic
table).

The variation in ((H) is less than 1% for H-X distances
larger than 5.0 A when X =Ti, Cr, Mn, and Fe. We note that
this critical distance fits the three monolayers vanadium re-
gion depleted of H, experimentally observed?® and theoreti-
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FIG. 3. (Color online) A top view of an eighth of the unit cell of
TL*X is shown for symmetry reasons. O1, 02, T1, T2 correspond to
different octahedral and tetrahedral sites of the symmetry depicted
in Fig. 2. The X atom appears as a red ball, the interstitial sites are
depicted as light blue diamond. The light gray balls are V atoms at
the central layer and the dark gray ones are V atoms at the surface
layer. The smaller the number within the diamond, the smaller the
distance to the impurity atom X. The symbol 1/4 indicates that the
T1 interstitial sites are located 1/4c¢ above the central layer.

cally obtained'® in Fe/V and Cr/V multilayers. Although the
local environments are different in the interfacial Fe/V and
Cr/V films and in our diluted doped system, the trends are
consistent. We also obtain that the distortion induced by Ti is
opposite to the one induced by Cr doping.

We have calculated the densities of states projected on the
different substitutional impurities, which show that for the 3d
transition metal elements, the 3d character of the bonding
prevails. For X=Ca, however, the 4s state has a larger con-
tribution at the Fermi energy. This outer delocalized 4s shell
of Ca might have an impact on the substantial changes ob-
tained in the V film after doping.

In summary, from the structural point of view, the main
contribution of doping is to increase or decrease the available
volume for H insertion especially in the immediate vicinity
of the X impurity. This volume is not uniform along the
whole system and might be tuned by an appropriate choice
of the doping elements.

IV. H-LOADED SYSTEMS

The energy cost of H insertion or adsorption in a given
position within the TL*X films is calculated using the follow-
ing expression:

AEy . =E(TL** + H) - [E(TL™®) + E(H)], (4)

where E(TL**+H) stands for the energy of the relaxed three
monolayers (doped or undoped) loaded with the H atom. On

PHYSICAL REVIEW B 81, 094110 (2010)
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FIG. 4. (Color online) Change of the volume available for H

insertion after substitutional doping of the V film with impurity. A
positive (negative) variation means a volume increase (decrease).
The left panels correspond to the doping with X=Ca, Sc, and Ti.
The open black circle is for Ca, the open red square for Sc, and the
open green triangle for Ti. The right panels correspond to the dop-
ing with X=Cr, Mn, and Fe. Full black circle is for Cr, full red
square for Mn, and finally full green triangle for iron. The dotted
line at 0 in all panels is the reference of the different tetrahedral and
octahedral volumes within the undoped TL*V system, that is, with
no volume change.

a surface, H can either occupy TOP, BRIDGE, or HOLLOW
sites. In the volume, H is on O1, 02, T1, or T2 sites (Fig. 2).
As indicated previously, E(TL*¥) is the energy of the H free
V film doped with Ca, Sc, Ti, V, Cr, Mn, or Fe. E(H) is the
energy of the isolated H atom.

A. H loading in the undoped V film

Let us analyze first the H insertion in the undoped V film.
In Table IV we list the values obtained for the different en-
ergy costs of H insertion or adsorption AEy;_,, changes in the

TABLE IV. Results are given for the H insertion energy in the
different sites of the undoped TL*V system; the in-plane distortions
(Aa,Ab) the charge transfer of the H atom and the distance of H
with its first and second V neighbors (in angstrom) when this dis-
tance does not exceed 3 A.

AEy_, Aa Ab 80y dyy
H position (eV) (pm)  (pm) (e) (A)
TOP -2.104 -5 -5 +0.30 1.773
BRIDGE -2.704 -5 -2 +0.20 1.876
HOLLOW -2.727 0 0 +0.10 1.943,2.193
(0] -1.394 +1 +8 -0.49  1.700, 2.026
02 —1.489 -13 -13 -0.20 1.776, 2.077
T1 Unstable
T2 -1.578 0 0 =035 1.743, 1.774
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in-plane cell parameters (Aa and Ab), resulting charge trans-
fer in H, and distance of H with its nearest V neighbors. For
the surface adsorption, the energetically preferred position is
the hollow site which leads to a negligible structural change
together with a very favorable AEy_,. All surface sites are
more stable than internal ones. Among the internal ones, the
most favorable site for H insertion is the tetrahedral position
T2, for which we obtain the smallest structural reconstruc-
tion. Both internal T2 and surface HOLLOW sites present a
bonding of H with a pair of vanadium atoms that is reminis-
cent of the stable configuration of the V+V+H trimer, found
in our previous work," in which H forms an isosceles tri-
angle with the V-V dimer and sits on the summit of the
triangle. The results for T2 site are in agreement with bulk
data for vanadium bcc.! Inserting H in the octahedral sites
produce larger structural distortions, as illustrated by the
variation in Aa and Ab (Fig. 1). Therefore, it costs more
energy to insert H in an octahedral site than in a tetrahedral
site, whereas the insertion in T1 results unstable and the H
atom comes out of the system as if no diffusion barriers to
the surface existed at this position.

H has a trend to capture charge at the surface where it
hybridizes with the dangling bonds of the vanadium atoms.
On the contrary, when inserted in the V matrix, H donates a
noticeable amount of charge to its vanadium neighbors what-
ever the insertion site. This charge transfer in the ultrathin
film configuration exceeds the charge transfer found by Duda
et al’’ in their combined x-ray absorption spectroscopy
(XAS) and full-potential linear muffin-tin orbital calculations
of the Fe/V SLs. These authors estimated a charge transfer
from H to the V matrix of about 0.25¢".

In Fig. 5 we plot the local 3d-projected density of states
of V and the ls-projected density of state of H in the H-free
and H-loaded V films of three monolayers. The insertion of
H gives rise to a bonding state around =-8.0 eV below the
Fermi energy. This peak is =5.0 eV below the bottom of the
3d bands. This peak is at —=7.98 eV for the O1 site and it is
found at —7.73 eV for the T2 site. This difference of energy
partially explains the broadening of the peak observed
through XAS in H-loaded V systems. H atoms first sit in
tetrahedral sites and then in octahedral sites. In the experi-
mental work of Duda et al.,’’ the pressure used leads to a
ratio of H/V of 0.5 that compels the H atom to share octahe-
dral an tetrahedral sites.’® Thus, the XAS data exhibits a
broad peak that may result from the average contributions
from the two kind of insertion sites. The energy difference
between the location of the peak for the T2 and O1 H inser-
tion sites (0.25 eV) should be measurable with photoelectron
spectroscopy techniques and the T2 to Ol site transition
should appear in the spectra. A low-energy shoulder of the
original H ls peak should emerge and progressively consti-
tute the main contribution.

The densities of states in Fig. 5 also show that H insertion
in the Ol site do not appreciably modify the V states,
whereas if inserted in T2 and O2 sites, it increases the num-
ber of 3d states of its nearest V neighbors at the Fermi level.
This is due to a shift of the main peak of this local density of
states toward lower energies, which in turn reflects the gain
of electronic charge in the surface V atoms at the expense of
H. The increase in the density of states at the Fermi level for
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FIG. 5. (Color online) Density of states projected on the 3d
states of V and on the Is state of H in the H-free (upper plot) and
H-loaded (lower plots for different insertion sites) undoped three
monolayers of V atoms, TL*V. The lower the plot, the lower the
energy cost of H insertion. The thick black lines correspond to the
3d states of the central V atom, the thin red lines correspond to 3d
states of the first V neighbor of H (located at the surface), and the
dashed blue lines correspond to the 1s state of H.

the T2 and O2 sites suggests a possible magnetic instability,
following the Stoner criterion.

Coming back to Table IV, insertion in T1 sites is unstable
and insertion in O2 sites is characterized by a strong contrac-
tion of the in-plane simulation cell and an expansion in the
out-of-plane direction. This is perhaps the reason why albeit
H insertion in O2 sites were computed for all TL*X systems,
it failed to converge. Consequently in which follows, de-
voted to discussing H insertion in the doped TL*X systems,
we will focus on the insertion sites Ol and T2.

B. H loading in the doped V film

Let us analyze now the H insertion in the doped TL™¥

film. Figure 6 shows the data obtained for the H insertion in
the O1 or T2 sites closest to the doping atom in the different
TL** films. In Fig. 6(a), the computed insertion energies
AFEy;_, are displayed for both T2 and Ol sites. The T2 site is
the most favorable insertion site for all impurities except Fe.
In the case of Mn, T2 could not be stabilized. For X=Ca, Sc,
and Ti, the insertion energies in the T2 interstitial site result
smaller than the corresponding ones in the pure V thin film.
Thus, atoms located on the left side of V in the periodic table
exhibit a trend to trap an H atom in their close vicinity. If we
disregard X=Fe, atoms at the right of V, such as X=Cr and
Mn, seem to repel the H atom. Hence, there is a correlation
between the volume expansion created by X=Ca, Sc, and Ti
(as illustrated in Fig. 4) and their ability to act as trapping
centers for H. On the contrary, for X=Mn or Cr, a contrac-
tion of the volume in the neighborhood of the impurity cor-
relates with the less favorable AEy_ .. As far as X=Fe is
concerned, the O1 site has a very low insertion energy that
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FIG. 6. (Color online) For each doping impurity X and H inser-
tion in O1 and T2 sites we plot: (a) the calculated insertion energy
AEy_., (b) the energy of the bonding state E|, discussed in the text,
and in (c) and (d) the variation in the distance between the X im-
purity and its first and second V neighbors in the doped trilayer of
vanadium, loaded with H (TL*¥+H).

amounts to AEy_,=—1.81 eV. The structural arguments used
with X=Cr and Mn are not valid with X=Fe, and other ex-
planations are to be found. It is worth to mention a recent
theoretical work by Dziekan et al.,'’> who followed the evo-
lution of the H dissolution energy in the V layers of a Fe/V
SL system. By applying a uniform magnetic moment to the
V layers, they observed an increase in the dissolution energy
of H. In the present case, magnetism could not be invoked to
explain the higher stability of the Ol interstitial site. Indeed,
the Ol site is favored for both the paramagnetic and the
magnetic solutions, this latter solution showing a low-spin
state for Fe, with a moment of 1ug. Moreover, for the B2
alloy system loaded with a H atom, the equivalent position to
O1 corresponds to the ground-state configuration in which
the Fe moment amounts to 2.2uz."” The H+Fe+V trimers'®
have an environment that may help to understand the higher
stability of the Ol site. In fact, as evidenced in Fig. 2 of Ref.
19, H prefers the vicinity of V instead the one of Fe. In a Ol
insertion site, H encounters 5 V neighbors and 1 Fe neighbor,
thus increasing its number of V neighbors as compared with
the T2 site.

The shift of the energy of the bonding state, E|,, is dis-
played in Fig. 6(b). This bonding energy shifts toward higher
energies when the 3d band of the doping element empties.
Thus, for X=Ca and Sc, the computed E is lower than for
X=Mn or Fe. Indeed the electronic configurations of Ca
[Ar]4s23d° and Sc [Ar]4s?3d' have no 3d electrons or just
one, respectively. The H 1s-X 3d character of the bonding
state is therefore reflected in the position of E |, for the dif-
ferent doping impurities. Consequently it should be possible
to identify, using photoelectron spectroscopy, the regions of a
doped V system that are rich in a certain impurity close to
which the H atoms were located. The projected densities of
states are plotted in Figs. 7-9 for X=Ti, Cr, and Fe, respec-
tively. The most striking feature is the appearance of this
bonding state.
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FIG. 7. (Color online) Projected density of states of the TL*T!
system with H inserted within the film, the lower the panel the
lower the energy. The thick black line is for the Ti 3d states, the
dotted red line corresponds to the V 3d states of the Ti first neigh-
bor, and the thin green lines to the V 3d states of the Ti second
neighbor. H 1s state are shown with a dashed blue line.

The behavior of the density of states at the Fermi level,
D(Ep), for V and the impurity atom deserves some com-
ments. In fact, for X=Cr and Ti, D(Ey) increases for the
nearest V neighbors of X (V at the surface) when H is in-
serted in the stable T2 site. For X=Fe, D(E}) also increases
for the T2 site although, as mentioned earlier, H prefers in-
serting in a O1 site, for which D(Ej) keeps constant.
Besides, contrary to what happens for X=Ti or Cr, a peak at
~-3.0 eV of the density of states projected on the 3d states
of Fe, is redistributed after H loading in both T2 and Ol
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FIG. 8. (Color online) Projected density of states of the TL*C"
system with H inserted within the film, the lower the panel the
lower the energy. Here X=Cr. The color convention is the same as
Fig. 7, the thick black lines being reserved for the 3d states of Cr.
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FIG. 9. (Color online) Projected density of states of the TL*F
system with H inserted within the film, the lower the panel the
lower the energy. Here X=Fe. The color convention is the same as
Fig. 7, the thick black lines being reserved for the 3d states of Fe.

sites. Two elements such as Fe and Cr that induce a compa-
rable deformation of the cell (see Table III and Fig. 4) favor
different interstitial sites, namely, T2 for X=Cr and Ol for
X=Fe. This remark is relevant in the context of transport
properties reported for the Fe/V and Cr/V SLs systems. Two
opposite behaviors for the variation in the resistivity 20 were
observed as the content of H within the V layer increased up
to H/V=1. The Fe/V SLs exhibit a monotonic increase of
the 22 ratio, whereas the Cr/V SLs reach a maximum of e
for H/V ~0.5 and latter on decreases substantially.!” In the
Ohmic regime, the conductivity is a linear function of the
density of states at the Fermi level.!® In the limit H/V=1,
the H atoms that enter in the V layers suffer the repulsion by
the already inserted H atoms. Thus, the inserted atom in the
high concentration limit should sit in the depleted zone and
strongly interact with the interface. In view of the present
results, it is likely that getting closer to the V/Cr and V/Fe
interface, the inserted H atoms modify the transport proper-
ties through the variation in the D(Ey). An increase in D(Ep)
for the stable T2 site in the TL*“"+H system should correlate
with an increase in the conductivity while the no change in
D(Ey) for the stable O1 site in the TL*™+H system should
correlate with no change in the conductivity as compared
with the H-free TL*F® system.

Finally, in Figs. 6(c) and 6(d) we plot the change in the
distances between the X-doping atom and a first and a second
V neighbor, referred to as d; and d,, respectively. Those V
atoms form part of the polyhedron of coordination of H in
the tetrahedral or octahedral sites. They are labeled as 1 and
2 in Fig. 2, respectively. It is obvious from these two panels
that H insertion in a T2 or Ol interstitial site locally in-
creases d, and d,. Weaker increase is obtained for the ele-
ments located at the left side of the V atom in the periodic
table, at least for the stable T2 insertion site, whereas for
X=Cr, Mn, and Fe stronger variation is found whatever the
insertion site. For X=Ca, Sc, and Ti, the original expansion
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due to X substitution seems to diminish the expansion gen-
erated by H insertion, especially for the T2 insertion site
which is the most stable one. On the contrary, a substitution
of X=Cr, Mn, and Fe contracts locally the cell. The H inser-
tion in T2 and O1 sites thus leads to a larger expansion, as
quantified by the variation in the distances d; and d,. The
process implies a volume expansion for the coordination
polyhedron of H and gives way to an increased energy cost
according to elastic considerations, as invoked in the work of
Meded and Mirbt.!'

Gathering all previous results, it is possible to infer which
substitutional element is better suited to improve the H stor-
age capability of V films. Elements located at the left side of
V in the periodic table offer space in their neighborhood as
they do expand locally the cell and lead to smaller energies
of H insertion. In this respect, X=Ca, Sc, and Ti seem prom-
ising doping elements for substitution. However, the high
substitution energy computed for X=Ca put in question the
use of this element at high impurity concentrations. In addi-
tion, substitution of V by X=Ca, Sc, Ti decreases the weight
of the system and, accordingly, increases the H weight ratio.
Concerning Cr, Mn, and Fe as impurity, they seem to prevent
hydrogen to sit in their vicinity on the basis of structural
considerations (local volume contraction). This structural
trend is confirmed in the case of Cr and Mn by the computed
values of the insertion energy and the energy of the bonding
state. For X=Fe, this remark must be contrasted since the
insertion energy is small in the O1 site and compares to the
value of H insertion in T2 site when X=Sc.

V. CONCLUSIONS

We investigate the insertion of hydrogen in ultrathin V
films with three monolayers in which a substitutional doping
impurity X=Ca, Sc, Ti, V, Cr, Mn, or Fe is introduced. We
use the DFT SIESTA code to analyze the impact of the differ-
ent doping impurities on the structural shape and different
local environments available for the hydrogen insertion, as
well as on the electronic structure. The main results are sum-
marized as follows: (i) doping with Ca, Sc, or Ti increases
the distances between the impurity and its V neighbors, par-
ticularly the nearest neighbors. On the contrary, doping with
Cr, Mn, or Fe decreases the neighbor distances. These results
are consistent with the differences in the respective atomic
radius. As a consequence, an increase in the local volume
available for H insertion, )(H), is obtained after substitu-
tional doping with Ca, Sc, and Ti, whereas substitution with
Cr, Mn, or Fe leads to a decrease in )(H). Therefore, the
main contribution of doping is to increase or decrease the
available volume for H insertion especially in the immediate
vicinity of the impurity. This volume is not uniform along
the whole system and might be tuned by the appropriate
choice of the doping elements.

(ii) Q(H) is no more affected for distances H-X larger
than roughly 5.0 A when X =Ti, Cr, Mn, and Fe. We note
that this critical distance fits the three monolayers vanadium
region depleted of H experimentally observed?® and theoreti-
cally obtained'® in the Fe/V and Cr/V multilayers.

(iii) The insertion of H in the pure V thin film gives rise to
a bonding state, E,, around =-8.0 eV. The energy differ-
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ence between the location of this peak for the tetrahedral
(T2) and octahedral (O1) insertion sites (0.25 e¢V) should be
measurable with photoelectron spectroscopy, and the T2 to
Ol site transition, experimentally observed, should appear in
the spectra. A low-energy shoulder of the original H 1s peak
should emerge first and progressively constitute the main
contribution.

(iv) The T2 site is the most favorable insertion site for all
substitutional impurities, except Fe and Mn. The insertion
energies in the T2 site result smaller than the corresponding
ones for the V atom. Thus, atoms located on the left side of
V in the periodic table, i.e., X=Ca, Sc, Ti, exhibit a trend to
catch an H atom in their close vicinity, that is, they are trap-
ping centers.

(v) The shift of the energy of the bonding state, E,, in-
creases with decreasing the d-band filling of the doping im-
purity. Consequently it should be possible to identify, using
photoelectron spectroscopy, the regions of a doped V system
that are rich in a certain impurity close to which the H atoms
were located.

(vi) Different behavior of the density of states at the
Fermi level, D(Ey), is obtained for the tetrahedral and the
octahedral insertion sites. H insertion in a the octahedral site
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leads to no change in D(Ey), whereas an increase in D(Ey) is
obtained upon H insertion in the tetrahedral site. This can be
relevant in the context of recent experiments of transport
properties.

This work is the first step in the understanding of the
complex behavior of hydrogen insertion in transition metal
doped V systems. It would be also of prime importance to
understand how the doping affects the H-H interaction by
considering the loading with higher hydrogen concentrations.
Work in this line is currently undertaken.
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