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Ab initio calculations of binary metallic systems often predict ordered compounds in contrast to
empirical reports of solid solutions or disordered phases. These discrepancies are usually attributed
to slow kinetics that retains meta-stable structures at low temperatures. The Fe-V system is an
example of this phenomenon, in which we predict two ordered stable groundstates, FesV and FeVs,
whereas a disordered o-phase is reported. We propose to overcome this difficulty by hydrogen
absorption, which facilitates metal atom mobility through vacancy formation and separation between
the two elements due to their opposite affinities towards it, thus accelerating transformation kinetics.
Hydrogen also increases the relative stability of the ordered structures compared with that of the
o-phase without affecting the shape of the phase diagram. The hydrogen-induced formation of the
ordered structures is expressed by a reversible decrease of the electrical resistivity with increasing
hydrogen pressure. Such behavior has not been reported before in thin H absorbing films. Formation
of the ordered structures is further substantiated by the kinetics of the resistivity changes upon
variation of the hydrogen pressure, where two stages are distinguished: a fast initial stage and a
much slower subsequent process in which the resistivity changes direction, associated with hydrogen
dissolution and phase transformation, respectively.

The development of efficient calculation methods based
on density functional theory (DFT) together with the
fast progress of computer technology have transformed
the ability of materials scientists to describe the prop-
erties of complex materials and apply it to the design
and discovery of new materials [1-10]. In particular,
ground-state predictions of binary crystal structures us-
ing high-throughput ab initio methods have been found
to be highly accurate, with reliability of up to 97% [10].
The comparison between predicted structures and em-
pirical phase diagrams may be difficult due to entropy
and kinetic effects. Real systems are usually measured
above room temperature, where entropy may direct the
system towards states less ordered than its ground state
when the formation-energies of several structures are
close enough. One expects that cooling down the sys-
tem will recover the ground-state structure. However,
transformation kinetics slows exponentially with decreas-
ing temperatures, which may confine the system to a
metastable state, preventing altogether the emergence of
the groundstate.

In this letter we present predictions of a high-
throughput ab initio calculation of unobserved stable
groundstates in the FeV binary system and apply an ex-
perimental method that mitigates the above difficulties to
assess them. The FeV system has attracted considerable
attention due the presence of a stable disordered o phase
and a metastable A2-B2 disorder-order phase transition
at elevated temperatures [11]. This ordering has been
recently shown to be accompanied by phonon-softening,
a behavior that has not been reported previously for any
system in which there is no change in symmetry of the

underlying parent lattice [12]. FeV multilayers have been
studied as hydrogen absorption devices due to the large
exothermic solubility of hydrogen in vanadium and its
fast diffusion and low solubility in iron [13].

The Fe-V phase diagram consists of a continuous solid
solution at elevated temperatures and an extensive o
phase that forms congruently from it near equiatomic
stoichiometry [14]. The o phase is a disordered phase
of prototype Crg49Feq 51 (space group P4y /mnm) with
30 atoms per unit cell distributed among five nonequiva-
lent Wyckoff positions. The phase diagram suggests that
the low temperature boundaries of the homogeneous o
phase converge into a stoichiometric composition FeVs.
It should be noted, however, that no experimental data
is available for this system below 600°C and the trends
shown in the diagram below this temperature are extrap-
olations based on thermodynamic data [14].

Ab initio calculations of the energies of 250 crystal
structures spanning the entire concentration range of the
FeV system were performed using the high-throughput
framework AFLOW [15] employing the Vienna Ab initio
Simulation Package-VASP [16]. Details of the calculation
method appear in [9, 10]. The detailed results for all
the calculated structures are available on the Materials
Genome Repository, www.aflowlib.org. The zero temper-
ature phase diagram, the convex hull of the system, is
made of the extremal low-energy structures at the various
concentrations. It is predicted to include, in addition to
the pure elements bece structures, two stable compounds
FesV (D03) and FeVs (A15). It is shown in Fig. 1, to-
gether with the 32 ordered realizations of the o phase
and the metastable B2 phase. According to the empiri-
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FIG. 1: (color online) The FeV convex hull showing two sta-
ble compounds (green squares), the 32 ordered realizations
of the o-phase (blue diamonds) and the metastable B2 phase.
The circles show the formation energies of the compounds and
the lowest energy o configuration in the presence of 3at% hy-
drogen loading. The dashed line is the corresponding convex
hull.

cal phase diagram Fe;3Vyg is the only stable composition
of the o phase at low temperatures [14]. This is in agree-
ment with the DFT results, that show this realization
as the lowest energy o state, just 5 meV/atom above the
FeV3-FesV tie-line. The B2 phase is 29 meV /atom above
this tie-line.

The difficulties encountered in experimentally studying
FeV alloys below 600°C, due to slow kinetics, may render
the observation of the predicted structures improbable.
However, the kinetics can be accelerated using a catalyz-
ing agent, e.g. hydrogen. It is known that dissolved
hydrogen can enhance metal atom diffusion and induce
phase separation, e.g. in a variety of Pd-rich alloys [17].
Even relatively small amounts of dissolved hydrogen al-
low phase separation to take place faster and at lower
temperatures than in its absence [18]. At low concentra-
tions, hydrogen generally dissolves interstitially in transi-
tion metals without changing their crystal structure. The
solubility of hydrogen in vanadium is relatively large and
exothermic, whereas in iron it is very small and endother-
mic. The heat of solution of hydrogen in vanadium and
iron is 0.3eV and -0.28eV, respectively [19]. The differ-
ence in the affinities toward hydrogen of iron (repulsive)
and vanadium (attractive) may further promote phase
separation since vanadium atoms tend to accumulate in
the vicinity of the H atoms whereas iron atoms are re-
pelled from them. In PdzMn, for example, it has been
found that octahedral interstices for which only Pd atoms
are nearest neighbors are preferentially occupied by deu-
terium atoms whereas those having also Mn as nearest
atoms are much less occupied [20].

To study the effect of dissolved hydrogen we calcu-

lated the energies of the stable structures with a hydrogen
atom occupying interstitial sites. We find that the octa-
hedral site is the most favorable for hydrogen in bce iron
whereas the tetrahedral site is the most favorable in bee
vanadium. In the ordered structures of Fe3V and FeVsg,
we used AFLOW, implementing a combinatorial method
described in Ref. [21], to identify 5 and 6 symmetrically
inequivalent interstitial sites, respectively. The most fa-
vorable of these are shown in Fig. 2. In the o phase,
AFLOW finds 17 possible interstitial sites, the most fa-
vorable of which is also shown in Fig. 2. Calculating the
appropriate averages of the energies in unit cells with and
without interstitials, we find that while the energies of the
structures in Fig. 2 are higher in the presence of a given
small concentration of dissolved hydrogen, as expected,
the shape of the phase diagram is not affected (see Fig. 1).
The ordered FesV and FeV3 compounds are still the most
stable and the Fe1o V5o phase is metastable, with energy
above the D03-A15 tie-line that is higher in the presence
of hydrogen, 8meV /atom compared to 5meV/atom be-
fore loading. This indicates that the predicted ordered
structures are relatively more stable and are more likely
to form following hydrogen absorption.

The qualitative difference in the disorder-order transi-
tion between the o and the ordered phases should be
easily followed by changes in the electrical conductiv-
ity [22]. Such measurements have been widely applied
for research of hydrogen interaction and hydrogen in-
duced order-disorder transitions in metals [23], especially
in thin films [24]. We measured 10nm films of Fe;_,V,
(x=0.5,0.9,1) grown on a 10 x 10 x 0.5 mm? polished sin-
gle crystal MgO(001) substrate using UHV-based mag-
netron cosputtering. The samples were deposited from
targets of iron and vanadium onto the substrate held at
573K, and capped with 5 nm of palladium after cooling
to room temperature, to facilitate hydrogen loading and
protect against oxidation. The film resistivities at 423K
were 10.582 (=0.5), 17.5Q (=0.9) and 12.4Q (z=1). A
detailed description of the experimental setup is given
in reference [25]. Fig. 3 shows results for vanadium and
Feg 5V s films. A V(001) film at 423K is used as a ref-
erence, demonstrating the characteristic increase of the
resistivity with increased concentration of dissolved hy-
drogen. The resistivity of a metal containing intersti-
tial hydrogen atoms includes a temperature-independent
contribution from electron-hydrogen scattering. For low
H concentrations the relation between this excess resis-
tivity, R, and the concentration ¢y (expressed as [H/V])
is given by the modified Nordheim equation [23]:

R=Kcyg(n—cg), (1)

where n is a limiting concentration which depends on
the geometry of the metal lattice and the type of site



FIG. 2: (color online) The conventional unit cells of Fe3V-D0s (left), FeV3-A15 (center) and FeigVao-o phase (right), with
occupied most favorable interstitial sites (light blue tetrahedrons). Iron atoms in orange, vanadium in green and hydrogen in

blue.
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FIG. 3: (color online) Relative residual resistivity vs. hy-
drogen pressure isotherms of 10nm films of (a) Vanadium at
423K; (b) Feo.5Vo.5 alloy at 310K; (¢) Feo.5Vo.5 alloy at 423K.

occupied, and K is a constant. R is thus proportional
to cg when ¢y < n. Curve (a) in Fig. 3 represents this
relation between hydrogen concentration and pressure.
At sufficiently low hydrogen concentrations, its solubility
in the metal obeys Sievert’s law [26]:

(P;IO?Y — K, (T)ex, (2)

where Py is a reference pressure, usually taken as 1bar.
K,(T) is the dimensionless temperature-dependent Siev-
ert’s constant. Thus, by combining Eqs. (1) and (2), R
is expected to increase linearly with Pp, %, as is actually
observed for the pure vanadium film. At relatively low
temperatures, the residual resistivity of a Feg 5V 5 film,
curve (b) in Fig. 3, increases with hydrogen pressure, but
with a significant deviation from linearity. Comparison
of curves (a) and (b) indicates that the H solubility in the
Fey.5Vo.5 alloy is much lower than in pure vanadium, as
expected [27]. The difference in hydrogen concentration

at the same Py, is more than an order of magnitude.
The difference at the same temperature should be even
higher, since for pure vanadium the solubility of H in-
creases as temperature decreases [25].

At a higher temperature, Fig. 3(c), the residual resis-
tivity unexpectedly decreases with increasing hydrogen
pressure right from the initial addition of hydrogen to the
system, reaching a minimum at P,,;, ~ 90Pa. Decrease
of the residual resistivity in thin metallic films has been
previously observed only following an initial increase to
a maximum, and associated with formation of ordered
structures [28]. Initial decrease of R was seen in the bulk
in only one alloy system, AgPd [29, 30]. We observed a
similar, but much smaller, negative residual resistivity in
a Feg 1 Vg9 thin film at 523K with P,,;, = 7Pa. Above
10Pa, the resistivity returns to the normal behavior, in-
creasing with hydrogen pressure. At lower temperatures,
the change in R under pressures below 10Pa was unsta-
ble. Below 370K this effect is no longer observed and R
increases linearly with P z,

The decrease of the residual resistivity of Fe;_,V, can
be explained, as mentioned above, by hydrogen acting as
a catalyzing agent for the formation of at least one of
the predicted ordered structures. An alternative expla-
nation might be related to hydrogen-induced changes in
the electronic band structure and density of states, with-
out phase transformation, that affect the scattering of
the conduction electrons. Such a phenomenological ex-
planation was proposed for the decrease of the resistivity
with increasing hydrogen content observed in Ag,_,Pd,
wires (0.5 < x < 0.7) at room temperature [29] and 4.2K
[30]. This does not seem the case for FeV. The concen-
tration of H in the Feg 5V 5 alloy is much smaller than in
the AgPd alloys, whereas the resistivity change is com-
parable. In addition, electronic structure calculations for
the Fe1pVag o-phase, without and with interstitial hy-
drogen (Fig. 4), indicate negligible hybridization of hy-
drogen s-states with the dominant d-band character of
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FIG. 4: (color online) The electronic densities of states of
Fe19Vao o-phase without and with interstitial hydrogen in
the favorable site shown in Fig. 2(c).

the Fe-V bonding. This implies that hydrogen introduc-
tion does not lead to any appreciable modification of the
electronic structure. More importantly, the differences in
the density of states in the vicinity of the Fermi energy
are negligible. Therefore it seems very unlikely that the
mechanism of enhanced electron scattering could be suffi-
cient to produce the resistivity changes actually observed
in Fig. 3(c). It should be noticed that the possible exis-
tence of ordered groundstates in the Ag-Pd system has
not been considered as an explanation in [30], since the
available empirical data shows complete miscibility of the
fcc phase for all concentrations. However, recent ab ini-
tio calculations indicate that such ordered ground states
should exist in this system, similarly to the FeV system
studied here [10].

In addition, changes in the electronic structure cannot
account for the kinetic behavior during absorption or des-
orption of hydrogen. In Fig. 5 the kinetics of hydrogen
desorption at 423K is compared for pure vanadium and
Fep.1Vo.9 alloy 10nm films (a similar effect is observed
in the Feg5Vg s film). The upper graph describes the
change in resistivity of the vanadium film, with a simulta-
neous decrease in hydrogen pressure during a desorption
step. The resistivity decreases with the pressure because
the number of scattering centers is decreased as H atoms
desorb from the film. It is obvious that the resistivity
follows closely the changes in pressure, as expected. A
quite different behavior is observed for the Feg Vg9 al-
loy shown in the lower figure. The initial behavior follows
almost exactly that of the vanadium sample, namely the
resistivity decreases with pressure. However, when the
pressure is stabilized, a second stage starts, in the op-
posite direction. This stage is slow compared with the
initial stage. Similar, but opposite behavior is observed
for hydrogen absorption at low pressures, below approx-
imately 20Pa.
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FIG. 5: (color online) Resistivity changes (diamonds) with
hydrogen pressure (squares) at 423K for 10nm films of (a)
vanadium and (b) Feo.1 V.9 alloy [31].

Hydrogen induced phase separation can account for
this peculiar kinetic behavior. The process of phase
formation associated with metal atoms diffusion is slow
compared to hydrogen dissolution in the film. Thus it is
expected that two stages will be observed as the sample is
exposed to hydrogen. Initially, the hydrogen dissolved in
the film will increase the resistivity normally by serving
as scattering centers in the metal lattice. Then, a slower
process of phase separation will take place in which the
resistivity is changed in the opposite (decrease) direc-
tion. For desorption the process is reversed as shown in
Fig. 5(b); during the first stage, H atoms dissolved in
the metal lattices of the predicted ordered phases desorb
from the film. The number of the associated scatter-
ing centers is reduced, leading to a decrease of the resis-
tivity with the pressure, similar to the behavior of the
reference pure vanadium film (Fig. 5(a)). Near the min-
imum in resistivity the phase separation is reversed, due
to the higher entropy of the disordered o-phase and the
smaller formation-enthalpy differences in the absence of
absorbed hydrogen, leading to an increase in the residual
resistivity. Additional discussion of this measurement is
provided in the supplementary material [31].

In conclusion, this work presents evidence that using
hydrogen as a catalyzing agent could help overcome the



kinetic restrictions preventing the transformation of a bi-
nary alloy system from its high temperature structure
to ground state crystal structures. This method is ap-
plied to the FeV system in which calculated ground state
structures differ from the high temperature experimen-
tally observed one. This method may be applied to other
systems and bridge some of the current discrepancies be-
tween available experimental data and predictions of ab
initio calculations [9].
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