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The structural and electronic properties of dimers, bulk, and alloys of Fe and V upon loading with hydrogen
have been investigated using the density-functional method Spanish Initiative for Electronic Simulation of
Thousand of Atoms. We have calculated the hydrogen-induced modifications of both the geometrical structure
and the magnetic properties, which have been found to be closely related to each other. The general trends
derived from our results are in good agreement with those found in the experimental characterizations of
hydrogen-loaded Fe/V multilayer systems. In particular, we have found that hydrogen prefers a V environment
when inserted in the alloy systems at high concentration; it occupies octahedral positions leading to a strong
anisotropic expansion of the lattice accompanied by an increase in the local Fe magnetic moments. We have
found that the main trends obtained in the extended systems were already present in the most stable geometri-
cal and spin isomers of the freestanding FeVH clusters.
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I. INTRODUCTION

The understanding and prediction of the structural and
electronic properties of systems composed by a ferromag-
netic �FM� and an antiferromagnetic �AFM� �or nonmagnetic
�NM�� metal is one of the hot topics in materials science and
nanotechnology. Such systems can be grown at present in a
variety of forms, ranging from the finite-size regime �binary
clusters� to the extended regime �overlayers, multilayers, and
alloys�. The fundamental knowledge of their structural
properties—which depend on the relative concentration, type
of bonding, and possible mismatch, as well as their elec-
tronic properties �magnetism, optical properties,
transport�—is one of the aspects that justifies the interest in
these systems. Besides, the possibility of tailoring those
properties for technological purposes has opened new pros-
pects in the development of nanostructured devices that im-
prove our daily life.

Examples of the above phenomena are, for instance, the
cooperative effect in clusters composed by FM and AFM
elements that give rise to an enhancement of the magnetic
moment when whole cluster has FM order �depending on the
relative concentration of the FM and AFM elements� with
possible application as magnetic units in dense magnetic
storage devices or, in the context of spin-dependent trans-
port, the giant magnetoresistance �used in spin filters, mag-
netic random access memories, among other systems�, which
is related to the interlayer exchange coupling �IEC� across a
spacer.1–3 The possibility of tuning the magnetic and trans-
port properties of these systems provides a way to design
more specific devices. This has been shown for instance in
the multilayers through either alloying4,5 the spacer with an-
other metal or inserting hydrogen.6 The hydrogen loading
opens a route to tailor real two-dimensional magnetic sys-
tems as it is suggested through neutron reflectivity
measurements.7 In Fe2 /V13 multilayers, where small amount
of hydrogen �less than 5%� is inserted, a change in sign of
the IEC �J�� from FM to AFM takes place for a critical H
concentration. At the critical FM to AFM transition, J� is

expected to cancel out, and the magnetic coupling is con-
fined within the two-dimensional Fe layers, which are decou-
pled to each other. Furthermore, the insertion of H is also
accompanied by an increase in the total moment localized on
the iron atoms.8 Last but not least, the H loading is shown to
be a reversible process.

A calculated chemical binding energy of a pair of hydro-
gen atoms, located at tetrahedral �T� sites in V, shows a
strong H-H repulsion when they are at first nearest neighbor-
ing positions; the stability is obtained when the two atoms of
hydrogen are at fourth nearest neighboring positions.9 These
results are in accord with Switendick criterion,10 which states
that in metal hydride solid solution two hydrogen atoms can-
not come closer than 2.1 Å. The position of H seems to play
an important role in the behavior of the system, and some
trends have been experimentally established.11 The H loading
at high concentration produces an expansion of the lattice in
the direction perpendicular to the interface plane.12 Hydro-
gen atoms are absorbed in interstitial positions within the
vanadium layers; they occupy octahedral �O� sites in the va-
nadium layers enforced by the mechanical constraints in the
films. Hydrogen atoms stay far from the iron layers. The
vanadium layers are also suggested to undergo a structural
phase transition to the � phase of vanadium hydride as in-
creasing the H content, according to the extended x-ray ab-
sorption fine structure �EXAFS� data.13

On the theoretical side concerning Fe/V systems, most of
the studies have focused on the magnetic profiles in
multilayers,14,15 and few of them have considered the pres-
ence of H. Ostanin et al.16 using full-potential linear muffin-
tin orbital �FP-LMTO� studied the magnetic behavior at the
interface and the resistivity as a function of the H concentra-
tion in the V layer. The moment at the interface is supposed
to decrease due to the important tetragonal distortion subse-
quent to the H absorption, although structural relaxation was
not considered. Duda and co-workers17 combined a FP-
LMTO study with x-ray emission spectroscopy �XES� at the
L edge of vanadium in Fe14 /V13 to show that H states hy-
bridize with the 3d electrons of V. The FP-LMTO calcula-
tions were also carried out without relaxation. Full relaxation
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was considered within the pseudopotential plane-wave Vi-
enna Ab Initio Simulation Package �VASP� calculations of
Meded and co-workers18 to derive information on the con-
ductivity. They concluded that the change in the conductivity
was solely caused by a volume change. The above density-
functional theory �DFT� studies considered ideally smooth
interface. Uzdin et al.19 used the periodic Anderson model to
analyze the role of Fe-V intermixing on the increase in the
magnetic moment at the interface �without structural relax-
ation�. Due to intermixing, the global magnetic moment was
lower than expected in H-free superlattices. On the contrary,
the addition of H leads to a magnetic moment larger than the
one predicted if assuming ideally smooth interfaces.

In view of the above results, it is evident that the general
trends experimentally observed in Fe-V systems �i.e., the
preference of H to locate itself in a V environment rather
than in a Fe environment, the increase in the Fe moment, and
the lattice expansion upon H loading� are closely related to
each other, and a systematical theoretical study of Fe-V-H in
different environments is pertinent to provide theoretical
support. Moreover such theoretical study should be prefer-
ably carried out within state of the art DFT approach and
considering full relaxation in order to search for the most
stable structural and electronic configuration, from which
those trends should be evidenced. The DFT code Spanish
Initiative for Electronic Simulation of Thousand of Atoms
�SIESTA� fulfils such requirements, although its use, in the
fully unconstrained version, for a full systematic study of the
complex superlattices experimentally grown as a function of
H loading is at present a huge computational task due to the
large supercells required and the many input configurations
to test, particularly for intermediate H concentrations. The
aim of the present work is to show how the general trends
described above in the case of Fe/V multilayers can be found
in Fe-V-H systems with different environments, like in the
finite-size regime of freestanding clusters or in the bulk limit
of alloys. The Fe-V dimer can be seen as the molecular re-
alization of a B2 alloy, and the study of these systems is
possible to be performed in the framework of a fully uncon-
strained DFT approach.

In the next section we describe the DFT approach used for
the calculation. Section III is devoted to the freestanding
clusters FeVH for which we determined all possible struc-
tural and spin isomers. In Sec. IV we discuss the results
obtained for the B2 FeV alloy upon H loading, in which we
also determined all the possible structural and spin configu-
rations. The last section summarizes our main conclusions.

II. THEORETICAL MODEL AND COMPUTATIONAL
DETAILS

In the present calculations for the freestanding clusters
and extended systems of Fe and V, we have used the DFT
pseudopotential code SIESTA �Ref. 20� which employs linear
combination of pseudoatomic orbitals as basis sets. we have
used for the exchange and correlation potential the GGA
parameterized by Perdew, Burke and Ernzerhof.21 The
atomic core has been replaced by a nonlocal norm-
conserving Troullier-Martins22 pseudopotential that is factor-

ized in the Kleinman-Bylander form.23 The ionic pseudopo-
tentials were generated using the following electronic
configurations: 3d7, 4s1, and 4p0 for Fe and 3d3, 4s2, and 3p6

for V. Notice that the semicore 3p states have been taken out
of the V core �and considered explicitly in the basis� since
this has been shown to considerably improve the description
of the magnetic trends in semi-infinite V systems.24,25 In ad-
dition, the insertion of this semicore states in the pseudopo-
tential generation improved our evaluation of the V-V dis-
tance that has been found otherwise to be too short and
physically inconsistent. The Fe pseudopotential was gener-
ated from an excited electronic configuration of the atom.
This pseudopotential is known to reproduce the experimental
moment of Fe2 as previously reported by Izquierdo et al.26

The s,p, and d cutoff radii were 2.00, 2.00, and 2.00 a.u. for
Fe and 2.50, 2.17, and 0.90 a.u. for V. We have included
nonlinear core corrections to account for the overlap of the
core charges with the valence d orbitals. The matching radius
for the core corrections was 0.70 a.u. for Fe and 1.2 a.u. for
V.27 We have tested that these pseudopotentials reproduced
accurately the eigenvalues of different excited states of the
respective isolated atoms.

Concerning the basis set and the energy cutoff to define
the real-space grid for numerical calculations involving the
electron density, a detailed and careful test has been per-
formed. Finally, we have described the valence states using
double �-polarized basis functions, further referred to as
DZP, with two orbitals having different radial form to de-
scribe both the 4s and the 3d shells of Fe, being the 4s single
polarized. In the case of V, two orbitals having different ra-
dial form were taken to describe the 3p, 4s, and 3d valence
states, being the 4s single polarized. Notice that polarization
of the 4s states leads to the inclusion of one orbital of 4p
type in the basis set. We have considered an electronic tem-
perature of 15 meV and a 350-Ry energy cutoff to define the
real-space grid for numerical calculations involving the elec-
tron density. �We have tested triple � basis set, larger cutoffs,
and lower electronic temperature for particular cases and
verified that they do not substantially modify the results.�

The code allows performing, together with the electronic
calculation, structural optimization using a variety of algo-
rithms. To optimize the geometrical structures in the free-
standing Fe-Fe, V-V, and Fe-V dimers, with and without H,
we have performed a full relaxation using the conjugate gra-
dient algorithm, starting from all the possible initial struc-
tures, with axial and triangular shapes and with H at the
different possible positions. We have also considered both
parallel �P� and antiparallel �AP� magnetic couplings within
the clusters. In the case of the bulk and alloys, we have also
performed a relaxation considering the H located in the dif-
ferent tetrahedral and octahedral interstitial sites in the sys-
tem. The structural optimization was stopped when each
force component at each atom was smaller than 1 meV /Å.

Spin-orbit interaction is not considered in the calculations
so that the possible magnetocrystalline and interface
anisotropies are not taken into account. Therefore, the abso-
lute direction of the local magnetic moments is not defined,
but only their relative orientation.
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III. FREESTANDING ATOMIC CLUSTERS

In order to better understand the structural and magnetic
behavior of the Fe-V dimer upon H loading, we have first
calculated the most stable configurations of the H-free
dimers Fe-Fe, V-V, and Fe-V. In Fig. 1 we show the ground
state, as well as the different isomers of these systems. As
expected, they have shrunk interatomic distance with respect
to the bulk. The ground state of the homonuclear dimers P
magnetic coupling. The AP excited state of the Fe dimer is
about 1548 meV less stable than the P ground state, whereas
in the V dimer the difference amounts to 90 meV. By con-
trast, the ground state of the Fe-V dimer has clearly AP mag-
netic order, the P state is not found as solution, and the NM
configuration is 500 meV above the AP one. Therefore, in the
atomic limit we already find the magnetic trends experimen-
tally observed and theoretically calculated in the multilayers,
i.e., ferromagnetic coupling in Fe and antiferromagnetic cou-
pling at the Fe/V interface.14,15 But we also obtain some
differences such as the larger local magnetic moments char-
acteristic of the atomic limit, which in the case of homo-
nuclear V dimer lead to a magnetic ground state by contrast
to the paramagnetic state of its bulk counterpart.

Let us now present the results obtained for the H-loaded
dimers. We have considered all the possible positions of the
H atom with respect to each dimer, and we have fully relaxed
the system. Here we also considered the P, AP, and NM

configurations. In Fig. 2 we show the ground state, as well as
the five lowest energy isomers of the clusters FeFeH, VVH,
and FeVH. The following general trends can be inferred �see
Figs. 1 and 2�:

�i� the H atom stays in a V-rich environment.
�ii� no change in the magnetic order in the dimers is ob-

tained upon H loading.
�iii� the H loading in the dimers leads to an increase in the

interatomic distance and to an enhancement �reduction� in
the local magnetic moment of the Fe �V� atom.

The general trend �i� is supported by the following results.
The most stable position of H in the Fe-Fe dimer is the one
which minimizes the interaction with Fe by forming an axial
trimer with H outside the dimer. Less stable isomers are
found with H located in between the Fe atoms. On the con-
trary, in the V-V dimer, the H atom maximizes its interaction
with both V atoms forming a triangle. Finally, in the Fe-V
dimer, H stays at the vanadium side rather than at the Fe
side. Here we found several isomers close in energy but
those with H located between Fe and V are considerably less

FIG. 1. �Color online� Structural and magnetic configurations
obtained for the freestanding dimers Fe-Fe, V-V, and Fe-V repre-
sented in the first, second, and third column, respectively. The Fe
atoms are represented by the orange filled circles and the V by the
blue empty circles. Inside the circles are given the local magnetic
moments in units of Bohr magneton and the couplings represented
with arrows. In each column �E gives the total energy difference
�in units of meV� with respect to the ground state �bottom of the
column�. Interatomic distances �in Å� are indicated between the
circles representing the atoms.

FIG. 2. �Color online� Structural and magnetic configurations
obtained for the freestanding H-loaded dimers Fe-Fe, V-V, and
Fe-V, represented in the first, second, and third column, respec-
tively. Orange filled, blue empty, and small black circles represent
the Fe, V, and H atoms, respectively. Inside the circles are given the
local magnetic moments in units of Bohr magneton and the cou-
plings represented with arrows. In each column �E gives the total
energy difference �in units of meV� with respect to the ground state
�bottom of the column�. Interatomic distances �in Å� are indicated
between the circles representing the atoms.
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stable. These results are consistent with the experimentally
observed tendency of H to be absorbed in the V layers of
FeV multilayers instead of in the Fe layers or at the
interface.11 In Fig. 3 we show the orbital-projected densities
of states for the ground-state H-loaded dimers. In the
H-loaded V dimer, we find a structure at −5 eV in which the
3d states of V hybridize with the 1s state of H �Fig. 3�b��.
This feature is not obtained when we have a Fe atom �Fig.
3�a� and 3�c��. A similar feature was experimentally observed
at about −8 eV through XES in Fe13V14 multilayers and was
interpreted as a result of the hybridization of the 3d states of
vanadium and the 1s state of hydrogen,17 an indication of the
H insertion within the V layers.

Concerning the magnetic order in the H-loaded dimers,
general trend �ii�, we see from Figs. 1 and 2 that the most
stable isomers of the H-loaded Fe-Fe dimers have P magnetic
coupling with AP isomers 640 meV above the P one. The
strong P coupling in Fe is reflected in the fact that a triangu-
lar P isomer �with H bonded to both Fe atoms� is more stable
than an AP axial isomer �with H outside the dimer�. Thus,
magnetism is a driving force in the Fe dimers. V has no such
strong magnetic coupling and the structural contribution
dominates. The P one being the ground state also when H is
attached �as in the H-free dimers� but becomes the axial iso-
mer with P coupling considerably less stable. The importance
of the structural contribution is further illustrated by the
greater stability of the NM V-V-H triangle as compared to
the P configuration of the axial cluster. Finally, in the
H-loaded Fe-V dimer, the AP coupling between Fe and V is
preserved.

These results give further support to the close relation
between structure and magnetism in low-dimensional sys-
tems, and show that the relative contribution of the magnetic

effects to the total energy of the system depends on the in-
volved transition-metal elements. Besides, it proves that a
full-relaxed electronic structure calculation is required in or-
der to find the most stable structural and spin isomer. It is
remarkable that again these general trends are consistent with
those experimentally observed in both H-free and H-loaded
Fe/V multilayers, for which strong AP magnetic coupling
was found at the Fe/V interface.

The general trend �iii�, concerning the influence of H on
the interatomic distances and on the magnetic moments, is
illustrated in Fig. 2. The Fe-V interatomic distance in the
ground state of the H-loaded Fe-V dimer is larger than in the
H-free Fe-V dimer, and this is accompanied by an increase in
the local moment in Fe. The enhancement of the local mag-
netic moment in Fe occurs for all the configuration with AP
magnetic order. The increase in the Fe-V distance is more
pronounced when H is adsorbed on the V side. This general
trend obtained for the H-loaded Fe-V dimers is consistent
with the experimentally observed increase in the lattice pa-
rameter in Fe/V multilayers upon H loading at intermediate
and high concentrations.11

IV. BULK ENVIRONMENTS

Similar trends as those obtained in the freestanding clus-
ters can be discussed in the extended regime of bulk and
alloys. In Table I we summarize the results for these systems.
Let us consider at first the case of Fe and V bulks upon
hydrogen insertion in either the T or O sites. In all cases we
have fully relaxed the structures. Within V bcc, H is found to
be absorbed preferentially in the T site, which leads to an
isotropic expansion of the unit cell. For the same H concen-
tration of x=0.5 the computed expansion coefficient that
amounts to 11% compares remarkably well with the experi-
mental expansion coefficient of 10% �see Fig. 4 of Ref. 11�.
This is at odd with the results obtained for Fe bcc in which
the O position of H is favored over the T one, and it is
accompanied by a large anisotropic tetragonal expansion.
The insertion of H atoms in V is a long standing issue as it is
possible to store a great amount of H within bulk V or V
slabs.28 A complex sequence of the H insertion and related
phase transitions is described by Bloch et al.29 who studied
the H absorption in a 50-nm V film deposited on a Fe buffer
supported on a MgO substrate. The insertion of H in the T
sites �as obtained in our calculations� was observed experi-
mentally in the first stage of the H absorption. For higher H
concentration, the H-H interaction seems to favor the inser-
tion of H in O sites. A subsequent huge lattice expansion of
roughly 10%, characterized through x-ray diffraction �XRD�,
seems to be associated with the insertion in the O site. The
insertion in the O sites is triggered once the H concentration
has reached x=H /V�0.15–0.30.29,30 This latter type of in-
sertion has been described as unstable against a phase tran-
sition toward the � phase of vanadium according to EXAFS
data.13 We note that in this � phase of V2H the O site is
highly distorted, being the H atom no longer aligned with the
V atoms in the plane. Such local structure resembles the
triangular configuration obtained as the ground state in the
H-loaded V dimer. Our results for the clusters are thus con-
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sistent with the instability of the tetragonally elongated regu-
lar octahedra. In the case of the H-loaded Fe bcc, the issue of
the strong magnetic coupling is relevant. The insertion of H
atoms leads to an increase in the Fe magnetic moment. In the
T configuration the increase amounts to 0.15 �B per Fe
atom, while in the O configuration �with two inequivalent Fe
atoms� the increase amounts to 0.13 �B per Fe atom �see
Table I�.

Let us now discuss the trends for the B2 FeV alloy, which
can be also viewed as a Fe1 /V1 multilayer along the �001�
direction. We have considered the H absorption, with a rela-
tive concentration of one H atom per unit cell, in different
interstitial sites: the T site and the two O sites, as illustrated
in Fig. 4. Here, the two O configurations differ as regards the
local chemical environment. In the first one, referred to as
O1, H is coordinated with four Fe atoms and two V atoms. In
the second one, named O2, H is coordinated with two Fe
atoms and four V atoms. H in the T configuration is coordi-
nated with two Fe atoms and two V atoms. Two different
structural optimizations have been performed. The first one
consists in a relaxation of the unit cell so as to minimize the
stress. In the second one, we simulate a pseudomorphic
growth of the Fe1 /V1 multilayer along the �001� direction by
keeping fixed the in-plane interatomic distances �a=b� and
relaxing the out-of-plane distance �c /a�.

Let us first discuss the results obtained when relaxing the
unit cell. In the H-free sample �Table I�, the magnetic cou-
pling between Fe and V is AP, with an average moment per
atom of 0.95 �B, very similar to the value obtained in the
Fe-V dimer �1.0 �B�, as well as to the value obtained
through ab initio all-electron calculations by other authors at
the interface of Fe/V multilayers.14,15 In Fig. 5 �left column�

and Table I we show the results after H insertion in the
different interstitial sites. The configuration with H in O2
sites is the most stable one, with a total energy 67 meV lower
than in the O1 sites and 247 meV lower than in the T sites.

TABLE I. Optimized cell parameters �in Å� and local magnetic moments �in �B� obtained in the bulk
systems. The first row concerns the pure Fe bulk, followed by the results for the H-loaded Fe bulk for the
different interstitial sites of H. The fourth, fifth, and sixth rows concern the pure V bulk and the H-loaded V
bulk. B2 �Fe+V� indicates the H-free B2 alloy. The six last rows concern the H-loaded alloy, the first three
of which correspond to the cell-relaxed case, while the three others are for the optimized cell when fixing the
in-plane distance. In the last column we give the total energy difference �in meV� with respect to the ground
state in each case.

Bulk systems

Cell parameters �Å� �local ��B�

�E �meV�a b /a c /a �Fe �V �H

Fe 2.88 1.00 1.00 2.33

Fe+H �T� 3.10 0.97 0.98 2.52 −0.04 7

Fe+H �O� 2.76 1.00 1.30 2.47 −0.04 0

V 3.06 1.00 1.00 0.00

V+H �O� 3.00 1.00 1.16 0.00 139

V+H �T� 3.17 1.00 1.00 0.00 0

B2 �Fe+V� 2.97 1.00 1.00 1.83 −0.89 0.00

B2+H �T� 3.09 0.99 1.03 2.33 −0.40 0.01 247

B2+H �O1� 2.62 1.00 1.51 0.73 −0.34 0.00 67

B2+H �O2� 2.81 1.00 1.30 2.22 −0.62 0.00 0

B2+H �O1� 2.97 1.00 1.09 2.32 −0.60 0.03 585

B2+H �T� 2.97 1.00 1.07 2.00 −0.14 0.01 51

B2+H �O2� 2.97 1.00 1.08 1.91 0.04 −0.01 0

FIG. 4. �Color online� Illustration of the different interstitial
positions of H upon absorption in the B2 FeV system. In the tetra-
hedral site �t�, the H coordinates �in units of the cell parameter� are
�1/2 1/4 0�. In the two different octahedral sites, referred to as O1
and O2, the H coordinates are �1 /2 1 /2 −1� and �0 0 1/2�, respec-
tively. The O1 position is plotted with a shift of −c not to be mis-
taken with the T insertion site.
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This ground state is referred to as octahedral z site in the
literature and is proposed to be the most stable position of H
in Fe/V multilayers in the intermediate and high concentra-
tion limit according to elastic considerations derived from
XRD data.11 Notice that our investigated systems correspond
to the high concentration limit �x=1.0�. The preference of
the octahedral sites in the alloy contrasts with the preference
of the tetrahedral configuration in V bcc for this H concen-
tration. It is pertinent to analyze the nature of the stress that
can be either compressive or tensile. Due to the Fe-V lattice
mismatch, the stress is compressive. The amount of H in-
serted in T sites within the V layers has been shown to de-
pend on the epitaxial stress; the more compressive the stress,
the lower the H insertion in T sites. Evidence of the influence
of the stress comes out from the experiments on H-loaded

V/Fe and V/Mo multilayers. The relative concentration of H
in T sites amounts to x=0.15 in the case of thin V films29 on
the Fe buffer �compressive stress�, whereas it increases up to
x=0.25 in the case of V/Mo multilayers30 �tensile stress�.

Coming now to the magnetic trends, the AP coupling be-
tween Fe and V is preserved after H insertion, as obtained in
the freestanding clusters. For the ground state, H in O2 sites,
as well as when H inserts in T sites, the magnetization in-
creases as compared with the H-free alloy due to the en-
hancement of the Fe moments, while the magnetization de-
creases when H locates in the O1 sites. The Fe-V interatomic
distances are larger upon H insertion, but when H locates in
O1, the in-plane Fe-Fe distance �distance a, see Table I� is
considerably shorter than in the other two configurations. In
general, the shorter the in-plane Fe-Fe distance, the smaller
the magnetic moment of the Fe atoms.

In order to simulate a pseudomorphic growth of the
Fe1 /V1 system along the �001� direction, as indicated previ-
ously, we have also performed the structural optimization by
keeping fixed the in-plane interatomic distances a=b and
relaxing the out-of-plane distance �c /a�. The value taken for
a=b=2.974 Å corresponds to the average of the cell param-
eter of Fe bcc and V bcc as computed with SIESTA �Table I�.
As shown in Fig. 5 �right column� and Table I, now the
distances are very similar whatever the H location within the
system �T, O1, O2�, which help us to extract conclusions
about the preferential location of H as regard to its chemical
environment. H prefers a rich-V environment since the sta-
bility of the system increases as H increases its V coordina-
tion relative to Fe. Thus, the O2 configuration is still the
ground state, but followed now by the T configuration �51
meV less stable� and by the O1 one �585 meV less stable�.
Besides, the stability correlates with the increase in the Fe
magnetic moments �see Fig. 5�; that is, the more stable the
configuration, the more noticeable the enhancement of the
local moments on the Fe atoms as compared to the H-free
alloy.

V. CONCLUSIONS

The effect of H on the structural and electronic properties
of Fe-V systems has been investigated using the density-
functional method SIESTA. Both finite and bulk systems have
been investigated to better understand the general trends ex-
perimentally observed in H-loaded FeV systems. In the
finite-size limit we have studied freestanding homonuclear
and heteronuclear dimers with and without H, performing a
full relaxation starting from all the possible initial structures.
In the bulk and alloys, we have also performed a relaxation
considering the H located in the different tetrahedral and
octahedral interstitial sites.

The ground state of the homonuclear dimers has parallel
�P� magnetic order while the Fe-V dimer has antiparallel
�AP� magnetic order. For the H-loaded dimers, the following
trends have been obtained: �i� the H atom stays in a V-rich
environment; �ii� no change in the magnetic order in the
dimers is obtained upon H loading; �iii� the H loading in the
dimers leads to an increase in the interatomic distance and to
an enhancement �reduction� of the local magnetic moment of

FIG. 5. �Color online� Structural and magnetic configurations
obtained for the H-loaded FeV alloy with H in the different inter-
stitial sites T, O1, and O2 �indicated on the top-left side of each
configuration�. Left column corresponds to the relaxation of the unit
cell and right column to the relaxation, simulating a pseudomorphic
growth of the Fe1 /V1 multilayer along the �001� direction; that is by
keeping fixed the in-plane interatomic distance and optimizing the
out-of-plane distance. Orange filled, blue empty, and small black
circles represent the Fe, V, and H atoms, respectively. Inside the
circles are given the local magnetic moments in units of Bohr mag-
neton and the couplings represented with arrows. In each column
�E gives the total energy difference �in units of meV� with respect
to the ground state �bottom of the column�. Interatomic distances
�in Å� are indicated between the circles representing the atoms.
More information is provided in Table I.
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the Fe �V� atom. It is remarkable that these general trends are
consistent with those experimentally observed in Fe/V
multilayers.11

Similar trends as those obtained in the freestanding clus-
ters have been discussed in the bulk and alloys. Within V
bcc, H is found to be absorbed preferentially in the tetrahe-
dral site, which leads to an isotropic expansion of the unit
cell, while the octahedral site is preferred in Fe bcc, accom-
panied by a large anisotropic expansion. In the B2 FeV alloy
we have performed two different structural optimizations.
The first one consists of a relaxation of the unit cell so as to
minimize the stress and in the second one, we simulate a
pseudomorphic growth of the Fe1 /V1 multilayer along the
�001� direction by keeping fixed the in-plane interatomic dis-
tances and relaxing the out-of-plane distance.

The magnetic coupling obtained between Fe and V in the
H-free alloy is AP with an average moment per atom very
similar to the value obtained in the Fe-V dimer, as well as to
the value obtained by other authors at the interface of Fe/V
multilayers. The ground state of the H-loaded alloy presents
also AP coupling but the magnetization increases due to the
enhancement of the Fe moment, as compared with the H-free
alloy; H locates in an octahedral site, which maximizes its V
coordination. This site, which is referred to as octahedral z
site in the literature, is proposed to be the most stable posi-

tion of H in Fe/V multilayers in the intermediate and high
concentration limit.11 When the in-plane interatomic dis-
tances are kept fixed in the relaxation, the interatomic dis-
tances are very similar whatever the H location within the
system. The stability of the system increases as H increases
its V coordination relative to Fe. Besides, the stability corre-
lates with the enhancement of the Fe magnetic moments; that
is, the more stable the configuration, the more noticeable the
enhancement of the Fe moments as compared to the H-free
alloy.

The present study provides further support for the reliabil-
ity of H loading as a means to improve the performance of
Fe/V system in magnetic devices. We expect that our study
will stimulate experimental investigations to confirm that the
trends observed in H-loaded Fe/V multilayers are general
and can be found in other geometrical environments such as
in Fe-V clusters and other complex nanostructures.
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