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The absorption of H in 50 nm V�001� films under pressures of 1–104 Pa H2 and at temperatures between
310 and 530 K was studied using in situ combined x-ray diffraction �XRD� and electrical resistivity measure-
ments. The H-induced XRD peak shifts clearly indicate a fully reversible and nondeteriorating first-order phase
transformation for the film. The H-induced residual resistivity changes in the V film demonstrate several
extreme points �maxima and minima� apparently associated with some special points on the pressure isotherms
of the film both below and above the critical temperature �Tc=460±20 K�. Correlating these extreme points
with the known V�bulk�-H phase diagram indicates that, in addition to the first-order transformation, two
additional reversible second-order transitions exist in the film. The enthalpy and entropy of this transformation,
obtained from the temperature dependence of the plateau pressures, are −39±1 kJ/mol°K, and −60±2 J/mol,
respectively. The thermodynamic constants and the lattice parameters of the phases for the first-order transfor-
mation in the film closely correspond to the �→� phase transformation in bulk V.
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I. INTRODUCTION

Hydrogen reacts readily with the metals of group V �Nb,
Ta, and V�, in which the hydrogen is located interstitially,
yielding a variety of structures.1,2 The thermodynamics of a
M-H system �where M is a hydride-forming metal� is
strongly affected by the shape as well as the structure. For
example, amorphous or glassy states, nanostructures, thin
films and multilayers, and of course the bulk material all
have their features as reflected by, e.g., the thermodynamic
properties. Thus, both the crystalline ordering as well as the
physical shape of the absorbing material affect the uptake.

The interaction of thin films and multilayers of group-V
metals with hydrogen has been extensively studied during
the last three decades.3 When comparing the thermodynamic
properties of hydrogen in thin films of these metals with the
bulk material, significant differences are revealed. For ex-
ample, the solubility of hydrogen in thin Nb-Ta�110� super-
lattices is dramatically increased as compared with the solu-
bility in bulk Nb or Ta.4 For thin epitaxial Nb�110� films, on
the other hand, the hydrogen solubility is considerably re-
duced compared to that in bulk Nb.5 Similarly, the hydrogen
absorption in the vanadium layers in Mo/V�001� �Ref. 6�
and Fe/V�001� �Ref. 7� superlattices strongly depends on the
layer thickness of both the constituents. Furthermore, the
critical temperature Tc depends strongly on the film thick-
ness. For example, the critical temperature of the �→�’
phase transition in Nb�110� decreases with decreasing film
thickness.8,9 It is noteworthy that most of the research in
hydrogen absorption in thin films and multilayers is limited
to the range above the critical temperature. The reason for
this restriction is that thin epitaxial as well as polycrystalline
metallic films may be severely damaged due to the large
volume and structure changes associated with a phase tran-
sition. Damage is already visible upon cycling films under
hydrogen absorption and desorption within a single phase.
Highly adhesive thin films, in contrast to the bulk metal, are
not free to expand, due to the elastic boundaries provided by
the substrates. Since the films are clamped to a rigid sub-

strate, the in-plane expansion is limited and the films can
only expand reversibly along the out-of-plane direction. For
relatively low hydrogen concentrations �� phase� of the
group-V metals, hydrogen resides in tetrahedral interstitials
of the bcc metallic lattice.1 In the bulk form, the hydrogen
absorption induces linear isotropic expansion of the mea-
sured lattice parameter. Such an isotropic expansion is im-
possible for a film, due to the elastic boundaries provided by
the substrate, which leads to a highly anisotropic lattice re-
sponse. For Nb�110� on sapphire, for example, an out-of-
plane expansion almost four times bigger than the bulk
value,10 and an in-plane compressive strain exceeding by at
least a factor of 10 the elastic limit of the bulk metal,11 were
observed.

In both the � and � phases of Nb and Ta, hydrogen oc-
cupies tetrahedral sites.1,2 However, the transition involves a
considerable volume change1 and the expansion is energeti-
cally costly in a clamped thin film, due to the restoring elas-
tic forces. Consequently, the �-� transition is suppressed and
no precipitation of these more concentrated phases could be
observed12 at relatively high concentrations. Furthermore,
when an �-� transition is enforced in thin films of Nb, irre-
versible structural changes are observed.5,9,13

Preferential octahedral �O� occupation, as compared to
tetrahedral �T� sites, is observed with decreasing lattice pa-
rameter in bcc structures.14 This effect allows for a dual �O
and T� site occupancy in the � phase of vanadium. Indeed,
up to 10% of the deuterium occupies octahedral sites in the �
phase of V.15,16 The application of uniaxial stress can also
trigger the occupation of O sites.17

In contrast to Nb and Ta, the hydrogen atoms enter the
octahedral �Oz� sites of the vanadium body-centered tetrago-
nal �bct� hydride phases. Comparing the lattice constants of
�-vanadium and �-hydride shows large tetragonal distortion.
c0 of the � phase is expanded by 9% whereas the contraction
of the basis axis a0 of the bct structure is less than 1.2%.18,19

The large anisotropic strain makes hydrogen atoms in the Oz
sites sensitive to uniaxial stress compared with the T sites
�Nb and Ta hydrides�, the nearly isotropic strain of which
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makes the hydrogen atoms respond only to the hydrostatic
stress component. This effect is seen in the hydrogen uptake
in Fe/V�001� superlattices, in which the V layers are initially
in a compressed biaxial strain state, resulting in an Oz site
occupation in the � phase.20 Based on these data we pre-
dicted that it is conceivable to obtain a reversible �-� phase
transition in V�001� oriented thin films without degradation.
The in-plane biaxial stress will be significantly smaller if
only O sites are occupied, resulting in an expansion perpen-
dicular to the film plane.

Here we present the results of in situ measurements of the
lattice parameter and resistivity changes in thin vanadium
films during exposure to hydrogen in a wide range of pres-
sure and temperature. A fully reversible �-� phase transfor-
mation will be demonstrated, and the influence of the elastic
boundaries on the thermodynamic properties will be dis-
cussed.

II. EXPERIMENT

The vanadium films were grown on polished MgO�001�
single-crystal substrates with iron buffer layers below and
above the V layer and a palladium cap layer using dc mag-
netron sputtering from separate Fe �of 99.95% purity�, V �of
99.95% purity�, and Pd �of 99.95% purity� targets. The
growth conditions and sample characterization have been de-
scribed in detail elsewhere.21

A specially designed x-ray scattering chamber was used
for in situ resistivity and x-ray diffraction �XRD� measure-
ments. The chamber body is made of UHV-compatible stain-
less steel. The x-ray beryllium windows are glued to the
chamber body. A chromel-alumel thermocouple in contact
with the sample surface is used to measure and control the
sample’s temperature �±0.1 °C� using a Eurotherm 2208 PID
controller connected to a low-resistance radiative heater

mounted inside the chamber. The pressure of the highly pure
hydrogen was measured using two Inficon capacitance dia-
phragm gauges having full scales of 10 and 1000 torr �1.33
�103 and 1.33�105 Pa�, respectively. The accuracy of the
pressure determination is 0.1% at full scale, and the precision
was typically better than 0.1%. The resistivity of the sample
was determined using a four-point probe and a Keithley 2400
sourcemeter in combination with a Keithley 2182 nanovolt-
meter. The accuracy of the measured resistivity changes was
governed by the temperature stability. X-ray reflectivity and
diffraction were performed using a Bruker-AXS D8 Discover
with a Cu source x-ray tube. The primary beam optics con-
sists of a Göbel mirror in combination with a V-groove beam
compressor, resulting in a parallel x-ray beam with a diver-
gence smaller than 0.007° and a monochromatization ��� /��
better than 0.01%. The diffracted beam was defined using an
ordinary slit system. This system does not allow measure-
ments of the in-plane diffraction. In-plane diffraction was
made on the film after it was removed from the reactor. No
significant changes were observed upon repeated hydrogen
exposure.

Figure 1 demonstrates an XRD pattern of the 50 nm film
at 400 K. All the relevant high-angle components of the film
are represented: The MgO�001� oriented substrate �a�, the
�001� oriented Fe buffer and top layers �c�, the Pd�001� tex-
tured capping �b�, and the �001� oriented V layer �d�. The
MgO�002� peak was used as an internal reference for the
determination of the peak positions for V, Fe, and Pd, which
were within 0.6% of the values cited in the literature, 3.027,
2.8665, and 3.8898 Å, respectively.

As the H pressure in the chamber is increased, the V�002�
peak is shifted, whereas all the other peaks remain un-
changed, because only vanadium absorbs any significant
amount of hydrogen under these experimental condition. The
peak �e� represents the change in the vanadium diffraction
line under hydrogen pressure of 27 Pa.

FIG. 1. XRD spectrum of the 50 nm V film at 400 K and under vacuum conditions. The peaks are assigned as follows: �a� the substrate
MgO�002�; �b� 5 nm Pd�001� cap; �c� 5 nm Fe�002� buffer layer; �d� 50 nm V�001� layer; �e� the same V�001� shifted under H pressure of
27 Pa.
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III. RESULTS

A. Hydrogen-induced structural changes

The hydrogen-induced shift of the V�002� XRD line was
measured in situ as a function of the hydrogen applied pres-
sure for several temperatures. Some representative results are
shown in Fig. 2. The first peak on the right of each spectrum
series represents the initial �desorbed� state obtained by heat-
ing the sample and evacuating the scattering chamber. For
each of the other XRD peaks, the hydrogen equilibrium pres-
sure is indicated. It should be emphasized that the vanadium
diffraction lines shown in Fig. 2 were completely reproduc-
ible. Each measured peak was obtained by first changing the
H pressure, or the sample temperature, and then waiting until

equilibrium was established. The time span required to reach
equilibrium varied significantly. A small change in pressure
in the vicinity of the plateau pressure required hours for
reaching equilibrium, while otherwise equilibrium was ob-
tained within a few minutes.

Figure 2�a� shows the pressure-dependent shift of the
XRD peaks at 380 K, well below the ordering temperature
for the bulk hydride. Maintaining the H pressure around
3 Pa, the peak above 60° gradually disappears while a peak
below 60° simultaneously appears and increases in intensity.
This is a clear indication of a phase transformation in the
hydrogen-absorbing film. The difference between the lattice
parameters of the pure vanadium and the new phase obtained
from Fig. 2�a� corresponds to 0.22 Å, which is comparable
to the expansion involved in the �→� phase transformation
of bulk V, i.e., 0.24 Å.18 Figure 2�b� illustrates the corre-
sponding changes close to the ordering temperature. Here,
the separation between the two phases is less pronounced
and a coexisting region is clearly seen. The observation of a
two-phase region is ideally not expected under the present
experimental conditions, i.e., equilibrium under excess of H
gas. The existence of a two-phase region could result from a
difference between the near-surface �and interfaces� and the
interior regions of the film,7 which is consistent with the
decreased coherence length as seen by the broadening of the
peaks. For even higher temperature, no two-phase region is
found, though the peaks at the transition region are lower,
wider, and asymmetric compared with the �-phase peaks as
shown in Fig. 2�c�. This may be the result of some overlap-
ping of two wide but separated lines. The last series of
pressure-dependent V�002� peaks shown in Fig. 2�d� was
taken at 530 K, high above the critical temperature of the
bulk phase. The peaks are shifted along with the H pressure,
representing the disordered solid solution of hydrogen in va-
nadium, the �� phase.

B. Pressure isotherms based on the H-induced lattice
expansion

The H-induced shifts of the V�002� XRD peaks shown in
Fig. 2 are presented in Fig. 3 in the form of isotherms of the
H pressure as a function of �H, the relative out-of-plane in-
terplanar expansion of the film, for several temperatures.
Here, �H is given by �H= ��d /d0� f, where �d is the
H-induced expansion and d0 is the H-free interplanar dis-
tance. Clearly, the data in Figs. 2 and 3 illustrate expansion
below and above a critical temperature Tc. Above 480 K, the
curves represent the isotherms for the disordered solid solu-
tion of H in the V�001� film, with a continuous shift of the
�002� peak with pressure, corresponding to an �- �� transi-
tion. At and below 440 K, the isotherms demonstrate clear
plateaus corresponding to an �→� phase transition. Thus,
the ordering temperature can be estimated as Tc
=460±20 K, with Pc=400±200 Pa and �Hc=0.05.

This determination is highly inaccurate and can easily be
improved by additional measurements, which is beyond the
scope of the current paper. However, the results are consis-
tent with the data obtained for bulk V, for which the ordering
temperature, obtained from differential thermal analysis

FIG. 2. Effect of hydrogen pressure and film temperature on the
V�002� XRD peak of the 50 nm film. The intensity is in counts/s.
The first peak on the right of each spectrum series was taken under
vacuum conditions. Above each of the other peaks, the H pressure
�in Pa� under which the spectrum was measured is shown. The
temperatures of the film were �a� 380, �b� 440, �c� 480, and �d�
530 K.
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measurements, is determined as 470°K, at �H� / �V�=0.5.22

The ordering temperature for hydride formation in thin films
is typically lower than that of the bulk metal due to the
limitations imposed on the volume expansion upon hydrogen
absorption.23 For a 100 nm Nb film9 and for a 122 nm Pd
film23 the critical temperature decreases by 20%, whereas Nb
films exceeding 500 nm,9 and a 300 nm Pd film,24 demon-
strate bulklike behaviour. Hence, it is noteworthy that
V�001� films as thin as 50 nm are rather bulklike concerning
the V-H ordering temperature.

The plateau pressures P�� shown in the isotherms of Fig.
3 below 440 K are associated with the phase transition

2�1 − 2x�−1VHx �� phase�

+ 1
2H2 � �1 − 2x�−1V2H �� phase� . �1�

Here x is the terminal solubility of hydrogen in the saturated

�-phase V metal. The temperature dependence of these pla-
teau pressures is given by25

R ln�P��/P0�1/2 = �H��/T − �S��. �2�

Here, �H�� and �S�� are the enthalpy and entropy of the
transformation, respectively. The temperature dependence of
the plateau pressures below the critical temperature is pre-
sented in Fig. 4 together with some cited representative data
for bulk vanadium. The values obtained for �H�� and �S��

are −39±1 kJ/mol K and −60±2 J/mol, respectively. These
values are in good agreement with those obtained for bulk V
by several other authors,26 which averaged to
−38±3 kJ/mol K for �H�� and −53±5 J/mol for �S��.
Thus, the similarity of the temperature dependence of the
plateau pressures and the thermodynamic parameters for the
hydride phase transition between bulk vanadium and the
50 nm film confirms the assigned phase transition in the film.

FIG. 3. Pressure isotherms for
the 50 nm V film based on the
H-induced out-of-plane lattice ex-
pansion. The experimental data
points are calculated from the
XRD shifts �see Fig. 2�. The tem-
peratures of the isotherms are �a�
380, �b� 400, �c� 420, �d� 440, �e�
480, �f� 530, and �g� 570 K.

FIG. 4. van’t Hoff temperature
dependence of the plateau pres-
sures in the V-H system for the
following cases: �a� 50 nm V film:
�, XRD results �Fig. 3�; �, from
resistivity measurements; �b� bulk
V: �, from Ref. 34; �, for
500 nm film �Ref. 26�.

BLOCH et al. PHYSICAL REVIEW B 75, 165418 �2007�

165418-4



C. H-induced changes in the residual resistivity

The thermodynamic data presented in the previous section
are solely based on the obtained XRD results. The changes in
the resistivity have previously been used to determine the
hydrogen concentration.27,28 The maximum residual resistiv-
ity change, ��max, was determined to correspond to
�H� / �V�=0.5.28 Solubility isotherms for concentrations up to
about 0.5 in �H� / �V� were constructed using the relation28

cH = 0.5 ± 0.5�1 − ��/��max�1/2. �3�

The assumption that thin metallic films strictly obey Nor-
dheim’s rule is not always justified. Song et al. measured
both P and �� versus �H for Nb thin films above Tc.

29 By
comparing the pressure isotherms to the residual resistivity
changes a pronounced deviation from the Nordheim rule was
found. The evident asymmetry of the resistance curve pro-
duced ��max at H concentrations much higher than at half the
saturation concentration. Thus, they used a modified
equation30 to describe the concentration dependence of the
resistivity:

�� = A�a + �1 − a�cH�2�cH�1 − cH�� �4�

with A and a as free parameters. The parameter a is related
to the electron density in the H interstitial site.30 Its value
determines the degree of asymmetry of the excess resistivity
for H in the metallic system. The smaller the value of a, the
higher is the asymmetry. For a=1, the excess resistivity is
symmetric about cH=0.5 and Eq. �4� is substituted by Eq.
�3�. In Fig. 5, the pressure �P vs �H� and relative resistivity
��� /��max vs �H� solubility isotherms of the V 50 nm film
for two representative temperatures above Tc are compared.
The excess resistivity maximum overlaps the point of inflec-
tion of the pressure isotherm. Assuming that the inflection
point coincides with about half of the H saturation concen-
tration and that the saturation concentration is cH=1, it is
obvious that the resistivity is symmetric about cH=0.5, in
contrast to the Nb case. The experimental data points of the
resistivity isotherms shown in Fig. 5 were fitted using Eq. �4�
with a=1.04, and a=1.19 for 480 and 530 K, respectively. It
should be noticed that for Nb films the values obtained for a
were very small: a=0.01 for 29 nm and a=0.1 for 140 nm
films.29 For H in Pd wires, Greeken and Griessen30 have used
the calculated value of the charge for the H site in the pure
metal a=0.21.31 There are two important conclusions from
our results.

�1� The use of Eq. �3� �Nordheim’s rule� for the analysis
of thermodynamic parameters of H in thin V films27,28 is
justified.

�2� The equivalence of the thermodynamic behavior of a
50 nm V film to that of V bulk is confirmed.

It should be noted, however, that the assumption made
above that the saturation concentration is cH=1 is not
straightforward. Comparison of the isotherms of V thin
films27 based on this assumption with isotherms of H in bulk
V around 240,32,33 190, and 170 °C Ref. 34 shows that for
bulk V the H concentration at the inflection point is cH
=0.35, 0.28, and 0.28, respectively, which is considerably
smaller than cH=0.5 assigned in the current results. This

does not change the first conclusion above. Only the value of
cH at the maximum resistivity of the film �the inflection point
of the pressure isotherm� should be calibrated to make the
film and the bulk isotherms coincide.

The relation between the resistivity maximum and the in-
flection point pressures �above Tc� or the plateau pressures
�below Tc� for the film is shown in Fig. 6 which presents the
pressure dependence of the excess resistivity of the 50 nm V
film at different temperatures. Our results are in agreement
with those of Andersson et al.27 �curves d and e in Fig. 6�.
The inflection points of the pressure isotherms above Tc are
indicated by arrows pointing upward. Arrows pointing down-
ward denote plateau pressures associated with isotherms
taken below Tc �see Fig. 3�. There is an excellent match
between the arrows �both above and below Tc� and the resis-
tivity maxima.

The resistivity maximum ��max is highly temperature de-
pendent. Above the critical temperature it increases slightly
with temperature as found also by Andersson et al.27 Below
Tc, however, the temperature effect is significantly stronger,
reducing ��max by a factor of 2 for a temperature drop from
480 to 380 K �compare curves �a� and �e� in Fig. 6�. Before
discussing this subject in detail let us explore the results
obtained for the 50 nm film below Tc. As noted above, a
special feature of the system V�film�-H is the reversibility.
This enables measurements over wide range of pressure and

FIG. 5. Combined pressure �P vs �H� and resistivity ��� /��max

vs �H� solubility isotherms of the V 50 nm film for 480 �upper
graph� and 530 K. Both cases are above Tc. The lines describing the
resistivity isotherms were fitted using Eq. �4� with a=1.04, and
A=4.0 for 480 K, and a=1.19 and A=3.35 for 530 K.
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temperature as seen in Fig. 7, illustrating results obtained at
temperatures below Tc. The two curves are complex: Three
maxima and at least two minima are observed. The low-
pressure maximum of the 370 K curve is a member of the
series of maxima shown in Fig. 6, since it corresponds to the
plateau pressure at this temperature. The origin of the higher-
pressure peak is revealed in Fig. 8, in which the extended
pressure �P1/2 vs �H� and resistivity ��� /��maxvs �H� iso-
therms at 380 K are combined. Assuming that the relative
lattice parameter change, �H, is proportional to the H con-
centration cH,9 the pressure isotherm �P1/2 vs �H� can be
divided into three regions: �1� the low H concentration range
�up to �H=0.02� corresponding to H solubility in the �
phase; �2� the plateau range �0.02��H�0.085� associated
with a phase transition; and �3� a higher-concentration range,
above the plateau, corresponding to H dissolution in the new
phase, giving rise to a characteristic high-temperature �above
Tc� isotherm.

It is clear from Fig. 8 that the second maximum of the
resistivity coincides with the inflection point apparent in the
third region of the pressure isotherm.

D. The �\� phase transition

The reversible phase transition demonstrated in Figs. 2
and 3 for T�Tc is attributed to a bulklike �→� phase trans-
formation because the observed plateau pressures and Tc are
similar to those of bulk V. Further confirmation is presented
in Table I, comparing lattice parameters of some V-H phases
for the 50 nm film and for bulk V at 380 K.

The values for bulk V were retrieved from Maeland18 ei-
ther directly or by using the reported temperature coefficients
of expansion where possible. The lattice constants for the
50 nm V film were obtained using the MgO�002� peak as an
internal reference �see Sec. II�. The lattice parameters of the
film and the bulk V are almost the same, as shown by the
values of dbulk /dfilm, which are very close to unity. The dif-
ference is less than 1% for the � phase and is much smaller
for the other structures. Considering experimental errors it
seems evident that the V-H system is identical for the bulk
and the 50 nm film. The value of cH=0.15 for the �saturated
case is obtained from Maeland �Fig. 3 in Ref. 18�. This value
is in agreement with the result for the 50 nm film. The ter-
minal H solubility reported for V bulk35 is lower than in the

FIG. 6. Residual resistivity change as a func-
tion of the H pressure for the V 50 nm film for �a�
380 K, �b� 400 K, �c� 420 K, �d� 440 K �the light
colored line was taken from Ref. 27 at 443 K�,
�e� 480 K �the light colored line was taken from
Ref. 27 at 483 K�, and �f� 530 K. The vertical
arrows pointing upward show the pressure of the
inflection point in the pressure isotherms and the
arrows pointing down show the plateau pressures.

FIG. 7. Relative change of the
residual resistivity as a function of
the H pressure in the V 50 nm
film for two indicated tempera-
tures below the �→� critical
temperature. The maxima and
minima are assigned according to
the V phase diagram �Ref. 22�. �a�
Initiation of the �→� phase
transformation at the solvus line;
�b� the complete formation of the
� phase; �c� half of the Oz2 inter-
stitial sites are occupied; �d� and
�e� see text.
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film �around 0.1�. In Table I, however, the lattice expansions
are compared for the same H concentration. The values pre-
sented for the lattice expansions of the � phases in the bulk
V are for 300 K.18

For the film the expansion was measured from the � peak
which is the first to appear at the initiation of the transfor-
mation �see Fig. 2�a��. The composition of the � phase is
believed to be VH0.5.

1,2,18 In order to obtain a better evalua-
tion we correlated and scaled that part of our �P1/2 vs �H�
isotherm at 380 K shown in Fig. 8, which comprises the
concentration range above the plateau, with P1/2 vs cH iso-
therms reported for bulk V at 343 �Ref. 36� and at 373 K.35

Good agreement between the bulk V and 50 nm film iso-
therm is obtained assuming cH=0.46 for the pure � phase.
According to the above correlation, the highest H concentra-
tion achieved was cH=0.72 �at 300 K Maeland18 assigned
cH=0.8 for the � saturation concentration�. We have used
this value to compare the bulk V and the film lattice expan-
sions of the �saturated structure.

In conclusion, the data shown in Table I indicate very
small differences between the absolute values of the lattice
parameters in the bulk and the 50 nm V film.

IV. DISCUSSION

The similarity of the bulk and 50 nm V film regarding the
H absorption thermodynamics and the hydride lattice struc-
ture can be used to clarify some of the features of the

multiple-maxima resistivity isotherm ��� /��max vs P1/2�
shown in Fig. 7 and the combined pressure �P1/2 vs �H� and
resistivity ��� /��max vs �H� isotherms shown in Fig. 8. We
explain those features according to previously published data
concerning the thermodynamics and the phase diagram of
the bulk V-H system. Below 400 K and under 1 bar H2, two
plateaus are observed in the pressure-composition isotherms
of H in bulk V. The first is extended up to cH�0.5, and
corresponds to the �→� phase transformation. The second
plateau has an inflection point at around cH=0.65,36 and is
completed near cH�0.8.26,34,36 We assume that this second
plateau coincides with our second plateau of the �P1/2 vs �H�
isotherm shown in Fig. 8. This plateau is associated with the
�→�� �or �� order-disorder transition,2,19 sometimes as-
signed as �1→�2 transition.37,38 Above around 480 K the
first and second plateaus join together.35,39 It has been shown
above �Figs. 5 and 8� that the �a� maximum of the resistivity
curve in Fig. 7 coincides with inflection point above Tc or
with the first appearance of the plateau below Tc. Similarly,
the �c� maximum of the resistivity curve in Fig. 7 probably
coincides with the inflection point of the second plateau as
shown in Fig. 8.

Another source of data available for explaining the sig-
nificance of the features shown in Figs. 7 and 8 is the V-H
phase diagram22,37 constructed with the results of several
workers using thermal desorption and neutron and x-ray dif-
fraction techniques. Drawing isothermal lines at 370 and at
310 K along the H concentration axis on the V-H phase

TABLE I. Lattice parameters �in Å� of some V-H phases in the forms of a 50 nm film and bulk V �Ref.
18� at 380 K.

Phase cH ��H� / �V�� dbulk �Ref. 18�
dfilm

�±0.002 Å�
dbulk/dfilm

�±0.003 Å� �d /d0 �bulk�
�d /d0 �film�

�±0.01 Å�

� 0 3.028 3.018 1.003

�saturated 0.15 3.064 3.060 1.001 0.01 0.01

��c0� 0.5 3.302 3.274 1.009 0.09 0.09

�saturated 0.72 3.380 3.362 1.005 0.12 0.11

FIG. 8. Combined pressure
�P vs �H� and relative resistivity
change ��� /��max vs �H� solubil-
ity isotherms of the V 50 nm film
at 380 K.
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diagram22 reveals the following vertical boundaries.
�1� The �-phase solvus separating the � and the �+�

regions at around cH�370 K�=0.09 and cH�310 K�=0.025. The
solvus line has significant temperature dependence. For the
film the values of the terminal solubility are higher, as shown
above �cH�370 K�=0.13 and cH�310 K�=0.05; see Fig. 8�.

�2� The phase boundary �+�→� between the two- and
the single-phase regions at around cH�370 K�=0.47. This
boundary line is almost temperature independent.22

�3� A phase boundary �→�� at around cH�370 K�=0.65.
Here the temperature dependence is also relatively weak.
Notice that, in contrast to the �→� first-order phase transi-
tion, the �→�� transition is a second-order transformation,
in agreement with the p-c-T data showing an inflection point
instead of a real plateau in this range.

�4� The first-order ��→��+	 transformation where 	 is
the VH2 fcc phase. The location of the boundary is uncertain,
but it must be around cH=1.

To analyze the resistivity-pressure curve according to the
p-c-T and phase diagram data, it is assumed that H atoms
randomly added into an ordered system such as a metal crys-
tal may increase its resistivity, because the arbitrarily distrib-
uted H atoms serve as scattering centers. On the other hand,
when H interstitials are incorporated in an ordered way, the
resistivity is decreased. A minimum will appear in the �R vs
P1/2 isotherm when the ordered occupation of the interstitials
is completed.

Based on this description the complex multiple-maxima
structure of Fig. 7 can be explained.

�1� Initially, the resistivity is increased because of H dis-
solved in the � phase. The H atoms randomly occupy the
tetrahedral interstices. The first maximum, �a� in Figs. 7 and
8, appears as the � terminal solubility is reached and the �
phase starts to form. Thus, this maximum is associated with
the �→�+� phase transition.

�2� The sharp drop from the �a� maximum to the �b� mini-
mum in Fig. 7 corresponds to the phase transformation
�→� along the �+� two-phase region. The change is sharp
because this transition is taking place under constant �equi-
librium� H pressure at T�Tc. In the � phase the H atoms
occupy the Oz1 interstices in an ordered way; hence the re-
sistivity is decreased. A minimum is achieved at the com-
plete formation of the � phase. The value of �� /��max at the
�b� minimum is still almost two times higher than that of the
pure metal. Pryde and Tsong40 have found a similar sharp
minimum in the resistivity-concentration curve of tantalum
filament around TaH0.5, attributed to the formation of a su-
perlattice of H atoms �comparable to the V � phase� in the
metal. The formation of such a superlattice in a very thin
film, like ours, is likely as well. This minimum is expected to
overlap with the far edge of the �→� transition plateau. In
Fig. 8, however, it is shown that it is somewhat shifted be-
yond the end of the plateau. Apparently, H atoms continue to
occupy periodic sites in the � phase immediately after its
formation. This shift may indicate increase of the H concen-
tration from cH=0.47 to cH=0.5.

�3� At the �b� minimum the formation of the ordered �
phase is complete. Next, H atoms randomly enter the Oz2
interstices, increasing the resistivity toward the �c� maxi-
mum.

�4� At the �c� maximum all the Oz1 and half of the Oz2
interstices are occupied by H atoms. The maximum coin-
cides with the isotherm’s inflection point as shown in Fig. 8.
Again, a similar maximum has been found for the Ta-D
system,40 associated with the occupation of half of the avail-
able H sites between TaD0.5 and TaD. Around this concen-
tration, however, the Ta filament has failed. Comparing the
resistivity-pressure isotherm of the 50 nm film with p-c-T
data34,36 of bulk V suggests that the �c� maximum coincides
with the inflection point corresponding to the �→�� transi-
tion at cH�370 K�=0.65.

�5� Following the �c� maximum the resistivity decreases
because, when more than half of the available interstices are
occupied, the system is approaching the ordered V state, in
which all the available octahedral �both Oz1 and Oz2� inter-
stices are occupied.

�6� The �d� minimum and the �e� maximum in Fig. 7 have
no counterpart in the bulk V phase diagram and are charac-
teristic of the 50 nm film. According to the phase diagram
one would expect the resistivity to go down to a point around
cH=1 where the 	 phase �VH2� is formed. However, the
plateau pressure for the ��→��+	 transformation at 310 K
is 5�105 Pa,41 much higher than the pressure 4�103 Pa
shown for the �d� minimum at 310 K in Fig. 7. Thus, it
cannot be attributed to the VH→VH2 transformation. It
should be mentioned that Asano et al.38 assumed that the H
atoms in the �� phase are distributed in all the Oz interstices
with equal probability, because the �� phase is the high-
temperature form of the � phase. For the 50 nm V film,
however, the isothermal transition from the � �VH0.5� to the
�� �VH� phase involves another order-disorder transition.
We suggest that, when the Oz2 interstices are filled to a cer-
tain temperature-dependent concentration, some H atoms
move from Oz1 to Oz2 interstices along with the penetration
of H atoms from the gas phase, increasing the number of
randomly distributed H atoms and hence the film resistivity.
The �e� maximum is then achieved when the maximum de-
gree of random distribution of the H atoms in both Oz1 and
Oz2 interstices is accomplished.

According to a simple model developed by Pryde and
Tsong40 for high-concentration interstitial alloys, the maxi-
mum value of the excess resistivity, ��max, occurs at cH
=1/2cH max. Here cH max=Ns /Nm where Ns is the total num-
ber �filled and empty� of interstitial sites per unit volume and
Nm is the number of metal atoms per unit volume. Thus
��max is given by

��max = KNmcH max. �5�

K is a constant depending among other things on the differ-
ence between the potentials within the occupied and empty H
interstitial sites. For the Ta-D system40 it has been assumed
that minima in �� occur at the ordered compositions TaD0.5
and TaD, and a maximum rises between them at TaD0.75, the
height of which is one-half of ��max for the high-temperature
disordered �-phase region, because cH max is reduced from 1
to 0.5. For the 50 nm V film the value of ��max at the �c�
maximum above Tc �around 460 K� is weakly temperature
dependent.27. This is shown in curves �e� and �f� of Fig. 6. At
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this temperature range there is only one plateau, cH max=1,
and ��max appears at cH�0.5. Below Tc, however, the �c�
maximum corresponds to the difference between the
amounts of interstices in the ordered phases � �VH0.5� and
�� �VH�, i.e., cH max=0.5. Hence, the height of the maximum
should be one-half of the high-temperature maximum, in ac-
cordance with the change in cH max from 1 to 0.5 in Eq. �5�.
This change with temperature is evident in Fig. 6 and it is
similar to the results obtained for the Ta-H system men-
tioned above.40 It is expected that, for temperatures lower
than those shown in Fig. 6, ��max will approach a constant
value.

The similarity of the values of ��max of the �a� and �c�
maxima below Tc as shown in Fig. 7 suggests that cH max is
approximately 0.5 for the �a� maximum. It is tempting to
relate this value to the � �VH0.5� phase. However, it seems
that the �a� maximum corresponds to the unclear value of
cH max in the � phase. Theoretically there are as many as 6
tetrahedral sites in the bcc lattice. However, experimental
thermodynamic results at high temperatures could be fitted
only with much smaller cH max values, ranging from 0.78
�Ref. 32� to 0.35,27, in agreement with the value found for
the 50 nm V film.

V. SUMMARY AND CONCLUSIONS

The thermodynamics of H absorption and the associated
structural changes were studied using combined XRD and
residual resistivity changes for a 50 nm V�001� film grown

on MgO�001� with a Fe�001� buffer layer. A thin film of a
single element was found which exhibits completely revers-
ible hydrogen-induced phase transformations.

�1� A bulklike first-order �→� �VH0.5� transformation.
The critical temperature for this phase transformation is
460±20 K.

�2� A second-order �→�� transition corresponding to the
occupation of Oz2 interstitials.

�3� An unidentified additional second-order transition tak-
ing place at 0.67�cH�1.0. This transition has not been ob-
served in bulk samples to our knowledge.

The thermodynamic constants for the �→� phase trans-
formation in the film are �H��=−39±1 kJ/mol °K, �S��

=−60±2 J/mol, and Tc=460±20 K, similar to those of bulk
V �38±3 kJ/mol °K for �H��, and −53±5 J/mol for �S��,
and Tc=470 K�.

The H concentration dependence of the residual resistance
change of the V film generally includes several minima and
maxima. The first maximum, �Rmax, coincides with the in-
flection point of the pressure isotherm for temperatures
above Tc of the �→� transformation, and with the initiation
of the �-phase formation below Tc. Thus, �Rmax corresponds
to the terminal solubility of H in the � phase. The value of
�Rmax increases with temperature as the value of cH max, the
maximal H concentration, is changing from 0.5 below to 1
above the critical temperature. These results clearly show
how thin films can be used to explore the hydrogen-induced
changes in the physical properties of metals.

*Permanent address: Nuclear Centre-Negev, P. O. Box 9001, Beer-
Sheva, Israel.
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