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We investigate the effect of finite size on phase boundaries of hydride formation in ultrathin metallic
films, using Fe=V(001) superlattices as a model system. The critical temperature is determined to scale
linearly with the inverse thickness of the V layers. The decrease of the ordering temperature with decreasing
layer thickness arises from the missing H neighbors at the interfaces, analogous to observed finite-size
effects in magnetic layers and nanosized ice crystals.
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The physical properties of condensed matter can be
affected by the actual size of the material, for instance when
the size is comparable to the interatomic distances.
Investigations of finite-size and interface effects can, e.g.,
be performedby sandwiching a ferromagnetic layer between
paramagnetic materials. This approach has been used to
investigate the effect of finite size on the magnetic ordering
temperature (in thin films) [1,2], the influence of boundaries
on the magnetic ordering [3], and the influence of exchange
coupling on ordering in magnetic superlattices [4]. Finite-
size and boundary effects are not restricted to man-made
materials. Strong effects are seen in the nucleation of
ice [5] and the effect of the air-ice boundaries can even
be experienced in everyday life through the low friction
encounteredwhen skating. The early scientific debate on the
friction of ice was based upon the known bulk properties
and a pressure or heat induced melting of the near surface
layer. This view was later rejected and profound boundary
effects emerged as the correct description: A near surface
region of a liquidlike state is formed, even at temperatures
well below freezing [6,7]. Hydrogen absorbed into certain
metals has a phase diagram that is topologically similar
to a fluid [8]. The H-H interaction is of long range, which
makes the thermodynamic properties highly susceptible to
finite-size effects [8–10]. The effect of finite size is, for
example, seen in the shift of the phase boundaries and/or a
narrowed miscibility gap [11] and studies of Nb grown on
Al2O3 [12,13] substrates demonstrated substantial changes
in the critical temperature with thicknesses of the Nb layers.
Reversible charging and uncharging at moderate

temperatures together with a high gravimetric density is
required for the utilization of hydrogen as an energy carrier.
Tuning the absorption potential in metal hydrides, complex
hydrides, and porous materials by finite-size effects has
been suggested as a route to achieving this goal [10]. The
most recent efforts focus on confinement and the influence
of micro- and nanostructures to tune the kinetic and
thermodynamic properties of metal hydrides [13–20].
This approach complements the search for new complex
[21,22] and intermetallic hydrides [23], where the hydrogen

absorption properties are mainly related to the electronic
structure [24].
In this Letter we quantify the finite-size dependence of

the order-disorder phase transition of hydrogen in ultrathin
metallic vanadium (001) layers. The ordered V2H phase
has a lower density than the disordered state, resembling
the density differences of water and ice. We will show that
the results are general by comparing them to magnetic
phase transitions and emphasizing the similarities with the
water-ice phase diagram. The results show that finite-size
effects only become prominent on the nanometer length
scale, which has strong implications on the applicability of
the approach for hydrogen storage.
Transition metals can be viewed as the archetype for

interstitial hydrides [25–27].We therefore chose to use single
crystal vanadium (001) layers confined by iron (001) in
Fe=V(001) superlattices for exploring the effect of confine-
ment on hydrogen uptake. The hydrogen absorption is
exothermic in V (−0.3 eV=H atom [28]) while it is endo-
thermic in Fe (þ0.3 eV=H atom [29]). As a result, hydrogen
is absorbed exclusively in the V layers. The low concen-
tration (smaller than 0.07 H=M) phase (α phase) is charac-
terized by tetrahedral occupancy (see Fig. 1) of the hydrogen
while the hydrogen occupies octahedral sites in the ordered β
phase. For a thoroughdescriptionof thebulk vanadiumphase
diagram, see Ref. [27]. The strain state of the absorbing
material also needs to be included due to profound influence
on the hydrogen uptake [30–32]. In Fe=Vð001Þ superlattices,
the V(001) is under a biaxial compressive strain, making the
octahedral z sites more favorable for hydrogen occupancy,
even at low hydrogen concentrations. As a consequence,
the site occupancy of H in Fe=Vð001Þ resembles that of the
bulk β phase [33]. As a consequence, the disorder to order
phase transition of H in Fe=Vð001Þ superlattices takes place
without a change in hydrogen site occupancy. Fluctuations
in the hydrogen density near the critical point are therefore
possible [34], in stark contrast to unstrained bulk [26].
The critical temperature of the disorder to order transition
of H can, therefore, be used to determine the influence of
confinement on the ordering, as described below.
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The benefits of using a metallic superlattice is twofold:
The sample quality can easily be determined using x-ray
scattering techniques [35] and the use of many repeats
improves the accuracy of the experiments. The Fe=V super-
lattices were grown epitaxially on a 10 × 10 × 0.5 mm3

MgO(001) single-crystal substrate by magnetron sputtering
under ultrahigh vacuum conditions. The lattice parameters
of Fe (d0Fe ¼ 2.87 Å) and V (d0V ¼ 3.03 Å) are close
enough to allow epitaxial growth on suitable substrates,
such as MgO [36]. The difference in the lattice parameter of
the constituents is used to obtain close to perfect matching
to the substrate [2.98 Å ¼ ð4.211= ffiffiffi

2
p Þ Å], by the choice

of the Fe to V ratio. The in-plane lattice parameter of both
Fe and V are the same (2.98 Å). The investigated samples
consisted of ½Fe1=V7�25; ½Fe3=V16�25, and ½Fe3=V21�25,
where the number outside the brackets refers to the number
of repeats of the bilayers, and the subscripts signify the
average number of atomic layers of each material. The
nominal strain in the respective vanadium layers was con-
firmed with the measurement prescription in [37] for two of
the superlattices, and a detailed discussion of the structural
quality of the ½Fe1=V7�25 sample is found inRef. [35].A 5nm
Pd layer is used to protect the samples from oxidation and
catalyze the hydrogen absorption or desorption.
The hydrogen uptake of the samples was determined in a

chamber reaching a base pressure of 5 × 10−9 mbar, using
a silica tube surrounded by a heating jacket (300–570 K), in
the pressure range 1–105 Pa. The external hydrogen pres-
sure pH2

was monitored by two pressure gauges (0–133 Pa,
0–133 kPa) as described in Ref. [38]. The isotherms were
determined by extracting the hydrogen concentration from
the optical transmittance at 639 nm for preset temperatures
and pressures. The onset of ordering of hydrogen as well as
the point when the sample had reached equilibrium with the

gas phase was obtained from simultaneous resistivity mea-
surements as described in Ref. [38]. The resistivity consis-
tently returned to the prehydrogenated values which allowed
us to conclude that no irreversible changes occurred during
the hydrogen absorption or desorption process. Figure 2
depicts representative p-c-T isotherms. The coefficient used
to convert the changes in optical transmission to concen-
tration is obtained from a combination of neutron scattering
[39] and optical measurements on a (ðFe0.5V0.5Þ6=V21

superlattice.
In order to quantify the finite-size dependence of the

phase transition, the spinodal (Tsp) and critical (Tcrit)
temperatures were extracted in the following way: First,
the chemical potential, μ − μ0 ¼ kBT lnðp=p0Þ, with μ0
the standard chemical potential, was determined from the
applied hydrogen pressure (p), using 1 bar as a reference
(p0 ¼ 105 Pa). This equation relates the pressure of the
external hydrogen to the chemical potential of hydrogen in
the metal hydride [27]. Thereafter, we plot the chemical
potential versus temperature for all concentrations (van’t
Hoff plot) [27], as shown in Fig. 3. The derivative of the
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FIG. 1 (color online). Sketch of the sample design. 25 bilayers
of Fe=V(001) are grown as a single crystal on a MgO substrate,
with a Pd capping protecting against oxidation and catalyzing the
hydrogen uptake. The panels on the right-hand side show two
types of interstitial sites that hydrogen (red spheres) can occupy:
Oz (octahedral z site) and Tz (tetrahedral z site). Light blue and
dark blue spheres symbolize the V atoms and the Fe atoms,
respectively.
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FIG. 2 (color online). Pressure-composition isotherms of hy-
drogen in the V layers for the Fe3=V16 sample. The concentration
is in units of atomic ratio.
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FIG. 3 (color online). Representative changes in the chemical
potential as a function of temperature for the Fe1=V7 sample.

PRL 113, 046103 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
25 JULY 2014

046103-2



chemical potential with respect to concentration is plotted
in Fig. 4 versus concentration and temperature. The insets
in Fig. 4 show that the derivative of the chemical potential
of hydrogen with respect to concentration can be described
by the Curie-Weiss law. This demonstrates that any temper-
ature dependence of the entropy must be small [40]. The
spinodal and critical temperatures can be obtained from
the measured slope of the chemical potential isotherms for
each concentration at the point when ð∂μ=∂cÞ ¼ 0 (marked
by the circles in the three panels of Fig. 4).
By evaluating the equation of state, including the con-

figurational entropy [27], μ ¼ −ucþ kT ln½c=ðr − cÞ�, the
spinodal temperature can be linked to the (pairwise) H-H
interaction u, the concentration of hydrogen c, and the
blocking parameter or maximum concentration r:

Tsp ¼
ucðr − cÞ

kBr
: ð1Þ

Excellent agreement between Eq. (1) and the extrapo-
lated experimental data is found (see Fig. 4), although we
have neglected the entropy contributions from acoustic,
optical, volume, and electronic sources. The critical tem-
perature Tcrit can be extracted from the fit of the spinodal
line. This leads to a direct link of the critical concentration
and the blocking parameter, ccrit ¼ ðr=2Þ. The extracted
values for Tcrit, u, and ccrit are summarized in Table I.

The critical concentrations are smaller than previously
obtained for bulk (0:25 H=V [41]). Furthermore, the H-H
interaction (Table I) is considerably larger than that
obtained for bulk vanadium (0.2 eV [27]). These findings
are in line with earlier measurements and calculations on
tetragonally distorted vanadium films [30,33]. The strength
of the H-H interaction was determined using the concen-
tration dependence of the enthalpy ΔH, obtained by van’t
Hoff analysis of the isotherms (see inset in Fig. 5). At low
concentrations the slope, i.e., the H-H interaction
(u ¼ ð∂ΔH=∂cÞ), is substantially larger in the strained
V layers than for bulk, in line with the results above. The
enhanced interaction energy is a direct consequence of the
polarization of the local strain field [35], as defined by
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FIG. 4 (color online). Changes in the chemical potential with respect to hydrogen concentration as a function of temperature and
concentration are shown as a color map. The solid lines are isolines of the second derivative of the chemical potential with respect to
concentration. The yellow circles follow from the Curie-Weiss analysis and mark the spinodal temperature. Note that Δμ below 320 K is
extracted based on an extrapolation of the linear fit of the van’t Hoff plot. The solid line represents a fit to the spinodal line. The insets in
the figures depict the Curie Weiss analysis. Note that all phase diagrams were measured at the same strain values in the vanadium layers.

TABLE I. Obtained fitting results.

Sample Fe1V7 Fe3V16 Fe3V21

Critical concentration: ccrit ½H=V� 0.12(1) 0.12(1) 0.15(1)
H-H interaction: u ½eV� 0.36(2) 0.59(2) 0.48(2)
Critical temperature: Tcrit ½K� 252(22) 403(17) 445(11)
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FIG. 5 (color online). The figure illustrates the inverse thick-
ness dependence of the ordering temperature for hydrogen in
ultrathin biaxially strained V lattices [Fe=V(001) superlattices
(present work)], thin V layers, and the magnetic ordering
temperature of Ni on Cu(001) and Cu(111) [1]. The dashed
lines are fits using Eq. (2). n is the number of atomic layers.
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Alefeld [8]. In the limit of zero concentration the enthalpy
is independent of thickness in the V layers and finite-size
effects are therefore not apparent at the lowest concen-
trations. This is expected, as finite-size effects arise from
the changes in interaction in the direction perpendicular to
the surface of the confined layers.
When addressing finite-size effects upon hydrogen

absorption, the presence of depletion regions near surfaces
and interfaces needs to be taken into account [39,42,43]. To
accomplish this we use a simple model based upon missing
(H-H) neighbors at the Fe=V interfaces [42], analogous to
the interface effects in magnetic layers [9]:

Tcrit ¼ Tcrit;∞

�
1 −

1þ 2Δn
n

�
: ð2Þ

Here, Tcrit;∞ denotes the critical temperature extrapolated for
an infinitely thick strained film, n is the number of vanadium
layers, and Δn is the thickness of the depleted layers,
assuming these to be hydrogen free. The change in the critical
temperature (Table I) with inverse thickness of the V(001)
layers is shown in Fig. 5. The critical temperatures for 10 and
50 nm films are included for comparison [44] as well as
the magnetic ordering temperature of Ni on Cu(100) and
Cu(111) [1]. Using this representation highlights two impor-
tant features: Tcrit;∞ follows directly from the linear extrapo-
lation to infinite sample thicknesses and the extension of the
interface regions can be extracted at Tcrit ¼ 0. The dashed
lines represent fits to the data using the equation above with
Δn ¼ 1.4þ0.6

−0.1 andTcrit;∞ ¼ 533þ46
−13 K.The obtainedTcrit;∞ is

larger than the value reported for bulk and thin films (see
Fig. 5), which is a direct result of the imposed polarization of
the strain field, increasing the effective H-H interaction [34].
In the thick film limit, the scaling of the magnetic ordering
temperature with inverse thickness holds well for Ni on both
Cu(111) and Cu(100), while the extrapolated Tcrit;∞ displays
similar shifts as observed forH in the thinV layers. The root of
this shift is not known, but a contribution from strain induced
magnetic anisotropy is most likely of importance. We also
note the changes in the slope in the few monolayer limit,
which can be argued to arise from the changes in the strain
state of Ni, are caused by the nonideal lattice matching
between Ni and Cu.
We therefore conclude that the critical temperature of

hydride formation scales inversely with the layer thickness
and that profound finite-size effects are only observed on
the nm length scale. As a consequence, one would not
expect ordering for H absorbed in a single monolayer of
vanadium. These results are directly comparable to the
thickness dependence of magnetic properties [1,2], where a
suppression of the critical temperature is found. The results
can also be related to surface and interface effects in ice
where premelting at the surface is reported [6,7]. The
results, therefore, add an important angle to the generality
of the influence of extension on thermodynamic behavior.
The results also have important implications with respect to

the use of hydrogen as an energy carrier: Phase transitions
in metal hydride systems can be suppressed by tuning of the
critical temperature via a change in thickness. This implies
a possible route for reversible charging and discharging,
completely avoiding hydrogen induced embrittlement in
wide temperature and concentration ranges. The results
also unambiguously demonstrate that nanometer-sized
materials are needed to exploit real finite-size effects.
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