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Abstract

Hydrogen-induced elastic/plastic deformation was studied in V1�xFex (x = 0.02–0.08) films with thicknesses between 10 and 400 nm
and prepared at different temperatures. The combination of several in situ techniques such as X-ray diffraction, acoustic emission, elec-
tromotive force and substrate curvature techniques allows sensitive studies of defects generated in these thin films. As well as conven-
tional out-of-plane linear elastic film expansion and in-plane compressive stress increase during hydrogen absorption, the
investigations uncovered new details: as soon as hydrogen predominately solved in interstitial lattice sites, discrete stress relaxation
(DSR) events were detected, after which the film continued to behave in a linear elastic manner. DSRs were interpreted by uncorrelated
movement of pre-existing dislocations. Particularly in the case of films deposited at higher temperatures, in-plane tensile stress was found
at very small H concentrations of less than 0.005 H/V. Upon further H uptake, this turned into compressive stress. However, this stress
increase differed from theoretical predictions. This behavior is explained by the generation of superabundant vacancies. Dislocation emis-
sion and plastic deformation are linked to the formation of the hydride phase in the V1�xFex films.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Hydrogen (H) absorption in bulk metals usually causes
volume expansion of typically �10% [1]. Ideally, this vol-
ume expansion occurs in the x, y and z directions. For
thin films fixed to rigid plane substrates, the constraint
condition allows hydrogen-induced lattice expansion only
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in the z (film normal) direction [2,3]. Thus, a compressive
biaxial stress of several GPa is observed [4,5]. This
compressive stress response in the H-solution regime has
been well described via linear elasticity theory [4,5]. To
date, the H-induced biaxial stress developments in various
metallic films like Nb [5], Pd [6] and Y thin films [7] have
shown good agreement with this theory, demonstrating a
linear elastic expansion behavior with increasing hydrogen
concentration. However, above the yield stress the
films can relax via plastic deformation, accompanied by
dislocation generation, and a smaller stress increase is
measured. This was further verified by scanning tunneling
microscopy [8,9]. In addition, deviations from this linear
relationship might occur when hydrogen changes its local
position in the lattice [10]. With increasing hydrogen
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concentration, the compressive stresses usually continue
to increase. Stress can also partially be released by film
buckling [11]; the film thereby detaches from the sub-
strate. This happens above a certain critical stress,
depending on the adhesion between the film and the sub-
strate [11].

The solubility of hydrogen in bulk metals is described by
Sieverts’ law [12], such that the hydrogen concentration is
proportional to square root of hydrogen pressure. Sieverts’
law implements that hydrogen is ideally solved on regular
interstitial lattice sites, being either of tetrahedral (T) or
of octahedral (O) type. Deviations from this law in a pres-
sure–composition isotherm (p–c–T) also manifest the solu-
bility limit and the onset of hydride formation.

In case of thin film systems, generally, deviations from
the Sieverts’ type behavior are expected, as the microstruc-
ture significantly contributes to the H solubility. The H sol-
ubility in thin films often exceeds that of bulk systems [13].
Such excess solubility is ascribed to “H trapping” at dislo-
cations, grain boundaries (GBs), surfaces and vacancies
because hydrogen atoms preferentially accommodate at
such open volume defects with tensile stress fields [13].
Therefore, such preferential segregation of hydrogen may
cause a deviation from the Sieverts’ relationship, even in
the solid-solution regime.

The impacts of hydrogen on the plastic behavior of
vanadium bulk have recently been demonstrated by
nano-indentation and micropillar compression measure-
ments, verifying an enhanced formation of dislocations
by the presence of hydrogen [14–18]. However, defect–H
interactions in vanadium thin films have not yet been
addressed in detail.

In this contribution, we have studied the H-related
elastic and plastic behavior of vanadium thin films of dif-
ferent film thickness, ranging from 10 to 400 nm. A small
content of iron (2–8 at.%) was homogeneously added to
the films. It will be shown that the stress response deviates
from theoretical linear elastic theory predictions and
directly shows the effects of hydrogen on the defect gener-
ation and distribution in the films. For defect analyses,
the results of in situ stress measurements by substrate cur-
vature measurements and electromotive force (EMF) were
combined with the results of in situ X-ray diffraction
(XRD) and in situ acoustic emission (AE) technique. Only
the combined approach through these measurements
allows tracing dislocation motion and defect generation
in thin films incorporated with hydrogen absorption
behavior.

2. Experimental

2.1. Sample preparation and characterization

V1�xFex (x = 0.02–0.08) films with thickness of 10–
400 nm were deposited on sapphire (11�20) substrates
(30 mm � 7 mm � 0.2 mm) at 297 K by ion beam sputter-
ing with Ar gas. As will be shown later, the small difference
in the Fe content did not clearly contribute to a variation
of the results. Films subjected to AE measurement were
deposited on smaller sapphire (11�20) substrates (10 mm
� 7 mm � 0.2 mm). For the purpose of stress measure-
ment, some films with 100 nm thickness were deposited
also on sapphire (0001) substrates of a beam shape
(30 mm � 7 mm � 0.2 mm) at temperatures between
297 K and 1073 K. The deposition was carried out at a
background pressure of 1 � 10�8 Pa and an Ar pressure
of 2 � 10�2 Pa. The major residual gas was H2 in the depo-
sition chamber. But since the standard molar Gibbs free
energy change (DG0) of the V–H solid solution is �12 kJ
(mol H)�1 [19], H solubility in V at 297 K and at 10�8 Pa
is �10�5 H/V only, and thus any pre-charging of H is neg-
ligible. At 1073 K, the residual H2 increased to �1 � 10�5

Pa. But this still verifies that the corresponding hyrdrogen
concentration cH is negligible, being only �10�5 H/V at
1073 K. All of the films prepared were subsequently termi-
nated by a Pd layer of �20 nm thickness at room temper-
ature. This Pd overlayer promotes hydrogen absorption
and also protects the film from oxidation.

The microstructure, the initial strain state, the film tex-
ture and the film/substrate orientation relationship were
characterized by XRD. Especially for mechanical stress
evaluation (Eqs. (10) and (11)) it is important to know
the film/substrate orientation relationship. Scans were car-
ried out with an X’pert MRD diffractometer (PANalyti-
cal, Co Ka). In addition to normal 2h–x scans, rocking
curves were recorded to confirm the mosaicity of the
films. Subsequently, each film was subjected to hydrogen
absorption experiments in an electrochemical cell designed
for in situ stress and in situ AE measurement,
respectively.

For some films, in situ XRD measurements at HASY-
LAB, DESY (B2 beamline) have been employed to investi-
gate lattice expansion while hydrogen loading is carried
out.

2.2. Hydrogen loading and in situ XRD

Step-wise hydrogen loading was carried out galvanostat-
ically at room temperature using a mixed solution of phos-
phoric acid and glycerin (1:2 in volume) as the electrolyte.
An Ag/AgClsat electrode and a Pt wire were used as the ref-
erence and the counter electrode, respectively. For thin
films systems, an electrochemical H-loading method is
advantageous since cH is controlled precisely and the chem-
ical potential of hydrogen lH can be simultaneously mon-
itored by measuring the EMF [20]. To convert EMF values
into hydrogen pressures, the Nernst equation was used
with a reference potential of the Ag/AgClsat electrode of
�0.197 V against a standard hydrogen electrode, at
298 K. For bulk metal–hydrogen (M–H) systems, the result
of the EMF measurement is assumed to be equivalent to a
pressure–composition isotherm (p–c–T). In this study, this
assumption was applied for thin film–hydrogen systems
as well. According to Nernst equation, Sieverts’ law is
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expressed via the slope of RT/F in the EMF curves, where
R is the gas constant, T is temperature and F is the Faraday
constant [20].

Sieverts’ law is expressed with Sieverts’ constant K as
follows:

cH ¼ K � ffiffiffiffiffiffiffi
pH2

p ¼ exp
DG0

RT

� �
� ffiffiffiffiffiffiffi

pH2

p ð1Þ

where pH2 is hydrogen pressure and R and T have their
usual meaning. Under standard conditions, the DG0 is re-
lated to the standard EMF E0 as follows [21]:

DG0 ¼ �nE0F ð2Þ
Thus Eq. (1) gives

ln cH ¼
�nE0F

2RT
ln pH2

ð3Þ

Here, E0 is given by the measured potential E and reference
potential Eref as follows:

E0 ¼ E � Eref ð4Þ
By considering standard condition pH2 = 1 atm and the

number of electrons in the reaction, n = 2 in Eq. (3), the
following Nernst equation is given:

E ¼ Eref �
RT
F

ln cH ð5Þ

Thus, the constant RT/F thermodynamically relates to
the Sieverts constant and describes ideal hydrogen solubil-
ity. Similarly, the measured EMF is converted to pH2 [22].

With this electrochemical hydrogen loading method,
in situ XRD was carried out at the HASYLAB B2 beam-
line in DESY with X-ray wavelength of 0.119 nm. Details
of the cell design for these measurements can be found in
Ref. [23].
2.3. In situ stress measurement

During the stepwise electrochemical hydrogen loading,
the stress development in the film was monitored by
recording the substrate bending. Details of this method
and the setup have been published elsewhere [11]. Accord-
ing to the calibration of the sensor used in this study, the
linear sensibility s was 7.6 mV lm�1 when Pd is used as a
back plate, which works as an indicator of the distance
to the sensor. The hydrogen absorption usually causes in-
plane compressive stress in the film and the entire sample
bends downwards, which shortens the sample–sensor dis-
tance z. This change, Dz, is detected as a change of capac-
itance DU and is given by

Dz ¼ DU
s

ð6Þ

In the case of small bending, deflection of the substrate
can be approximated with a triangular geometry. The
change of curvature radius DR is therefore calculated from
Dz and the length of the sample L [24]:
DR � L2

2Dz
ð7Þ

From the change of curvature radius obtained, the
hydrogen-induced in-plane stress Dr in the film can be cal-
culated by Stoney’s formula [25]:

Dr ¼ Es � t2
s

6tf ð1� msÞ
� 1

DR
ð8Þ

Here, Es is the Young’s modulus of the substrate, ms is
the Poisson’s ratio of the substrate and ts and tf are the
thickness of the substrate and the film, respectively. The
stress values were calculated by using the elastic moduli
of sapphire published in Ref. [26], where E = 418.1 GPa
and m = 0.226 for (0001).

Hydrogen absorption occurs practically only in the
V–Fe layer and that in the Pd capping layer is negligible.
Thus, only the total thickness of the V–Fe layer was taken
into consideration for tf in this study.

2.4. Elastic strain and stress resulting from linear elastic

theory

Linear elastic theory on films clamped to substrates
allows the elastic strain etotal to be calculated. For a
(11 0)-oriented body centered cubic (bcc) film it is
expressed as follows [5,27]:

etotal ¼ eH þ Dezz ¼ 1þ C11 þ 3C12 þ 2C44

C11 þ C12 þ 2C44

� �
� eH

¼ 0:135 � cH ð9Þ

using the H-induced expansion coefficient of pure vana-
dium, eH = 0.063cH (H/V) [28] and the stiffness constants
of bulk vanadium C11 = 229 GPa, C12 = 119 GPa, and
C44 = 43 GPa [29]. Because of elastic anisotropy, the
hydrogen-induced in-plane stress response of the (110)-ori-
ented bcc lattice must be separately considered in h110i
and h0 01i systems, as shown in the following equations
[5,27]. The negative sign appearing in the equations below
accounts for compressive stress.

r1¼½110�½r=cH� ¼ �4 � C44ðC11 þ 2C12Þ
C11 þ C12 þ 2C44

� �
� eH

¼ �11:7 GPa ð10Þ

r2¼½001�½r=cH� ¼�
2C44ðC11þ2C12ÞþC2

11þC11C12�2C2
12

C11þC12þ2C44

� �

� eH

¼�13:3 GPa

ð11Þ
When in-plane orientation in the bending direction is in

[110], the theoretical slope of stress development for the
films on sapphire (11�20) theoretically is �11.7 GPa, as cal-
culated by Eq. (10). Any contribution of the Fe additive on
the elastic constants is neglected in this calculation. In the
case of in-plane isotropy, the theoretical slope of stress here
is given by Eq. (12) as the average of Eqs. (10) and (11).
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hri½r=cH� ¼
r1¼½110� þ r2¼½001�

2

� �
¼ �12:5 GPa ð12Þ
2.5. AE measurement

An AE technique is usually employed to investigate
plastic deformation and fracture behavior of bulk systems
[30–32]. AE is sensitive to detect collective dislocation pro-
cesses, twinning and other massive deformation events like
crack formation and propagation. Recently, we demon-
strated the potential of the AE method for studying stress
release in M–H thin films, i.e. by film buckling [33]. A
detailed description on this method can be found in Ref.
[33]. In the present paper, the technique is for the first time
used to measure dislocation processes in M–H thin films.

A schematic illustration of the AE experiment setup is
shown in Fig. 1. The in situ AE measurements were per-
formed with a computer-controlled DAKEL-XEDO-3
AE system, which is based on the threshold level detection
of AE. The threshold voltage for the AE count was set at
480 mV (full scale was ±2.4 V). The signal sampling rate
was set at 4 MHz. A piezoelectric sensor MST8S (3 mm
diameter, a frequency band from 100 to 600 kHz) was
attached to the backside of the substrate. For reducing
the loss of signal energy, thin substrates of 0.2 mm thick-
ness and silicone grease couplants were employed for better
wave propagation. Only the film surface was immersed in
the electrolyte to protect the sensor from corrosion. Hydro-
gen was loaded stepwise, as described in Section 2.2, and
the EMF was recorded simultaneously. The recorded AE
counts during each stepwise H loading time (several min-
utes) were later summed up against cH to examine disloca-
tion movement and nucleation.

3. Characterization by XRD

3.1. Films of different thickness deposited at 297 K

All of the V0.98Fe0.02 films deposited showed (110) pref-
erential orientation irrespective of film thickness. The XRD
Film surface

Substrate

AE sensor

To amplifier

To EMF setup

Silicone grease couplant

Electrolyte for H-loading

Fig. 1. Schematic drawing of in situ AE sensor placement for electro-
chemical hydrogen loading experiment (see text for details).
profiles of the as-deposited films of different thickness are
summarized in Fig. 2a. These films were deposited at room
temperature on (11�2 0) substrates. The films are under
compressive in-plane stress, as can be seen by the (110)
peak position shifted to smaller angles with respect to the
bulk value. Results of texture measurements (not shown
here) demonstrated in-plane, multi-domain orientations
for these films. However, domains with h1�10i direction
close to the h0001i direction of the substrate are dominant.
Thus, this anisotropic orientation relation is assumed as a
first approximation, for the stress value calculations.

The initial compressive strain e0 can be calculated
according to the out-of-plane lattice distance d, relative
to the bulk reference value d0, by e0 = (d–d0)/d0. For the
films with (11 0) orientation, the corresponding initial
stress in h1�10i, as given by Eq. (10), is approximated by
using Eq. (13)

r0h1�10i ¼ �4 � C44ðC11 þ 2C12Þ
C11 þ C12 þ 2C44

� �
� e0 ð13Þ

r0h001i ¼�
2C44ðC11þ2C12ÞþC2

11þC11C12�2C2
12

C11þC12þ2C44

� �
� e0 ð14Þ

The resulting stress values as related to the peak posi-
tions in the XRD profiles are indicated in the upper axis
of Fig. 2a, by utilizing d0 in Ref. [34]. Irrespective of the
film thickness, large compressive stresses of the order of
GPa were found. This is often observed in the case of sput-
ter-deposited films [35]. But, as a general trend, the peak
shift is larger for the films with lower thicknesses. This
trend means that the thinner V–Fe films conserve higher
elastic energy, in the intrinsic state. The only exception
from this trend is the 400 nm thick film. Table 1 summa-
rizes X-ray crystallite sizes as estimated by Scherrer’s for-
mula, [36] and intrinsic in-plane stress of these films
according to Eq. (13). Owing to the intrinsic stress which
also causes widening of the peak width, the estimated crys-
tallite sizes here are underestimated.
3.2. 100 nm Films deposited at different temperatures

In Fig. 2b, the XRD profiles and rocking scans of
100 nm thick films deposited on sapphire (0001) at differ-
ent temperatures are shown as examples. The reference
peak position of bulk V0.92Fe0.08 is also implemented, as
calculated from the related lattice parameters in Ref. [34].
Out-of-plane (110)-orientation of the films was found
regardless of deposition temperature between 297 and
1073 K. Clearly, the peak of the film deposited at 297 K
is shifted to a lower angle compared to that of bulk. Thus,
the film is under compressive stress. But the film deposited
at 1073 K shows high-angle side shift, indicating an elastic
deformation induced via the difference in thermal coeffi-
cient between the film and the substrate. The mosaic spread
of 1.4� was found in the rocking scan profile of the film
deposited at 297 K, while it decreases from 0.7� for the film
deposited at 773 K, to 0.4� for the film deposited at 1073 K.
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Fig. 2. XRD patterns of (a) V0.98Fe0.02 (110) films with thicknesses of 10–400 nm deposited on sapphire (11�20) substrates at room temperature, shown at
normalized intensity scale and (b) V0.92Fe0.08 (110) films with 100 nm thickness deposited on sapphire (0001) substrates at 297 K, 773 K and 1073 K,
respectively.

Table 1
X-ray crystallite sizes estimated by Scherrer’s formula and intrinsic in-plane stresses of deposited films, as estimated by Eq. (13) and (14).

Film/substrate system Deposition
temperature (K)

Thickness, l

(nm)
X-ray crystallite
size, t (nm)

Intrinsic stress,
r0 (GPa)

V0.98Fe0.02 (110)/Sapphire (11–20) 297 10 ± 3 12 ± 2 �3.92 ± 0.09
20 ± 3 13 ± 1 �3.23 ± 0.03
50 ± 1 13 ± 1 �2.57 ± 0.01
100 ± 1 25 ± 1 �2.68 ± 0.01
200 ± 2 16 ± 1 �1.99 ± 0.01
400 ± 2 16 ± 1 �2.68 ± 0.01

V0.92Fe0.08 (110)/Sapphire (0001) 297 100 ± 1 37 ± 1 �1.42 ± 0.01
773 100 ± 1 50 ± 1 0.06 ± 0.01

1073 100 ± 1 51 ± 1 0.28 ± 0.01
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Fig. 3 shows the pole figure of (a) V0.92Fe0.08 (11 0)
deposited at 297 K and (b) the sapphire substrate (10�12).
An epitaxial growth of (110) �V0.92Fe0.08 was established
on (0001) sapphire, even at room temperature. Again,
the pole figure of the film does not indicate growth of only
one domain. Considering the three-fold symmetry of the
substrate, at least three different domains with 60 in-plane
rotation can be deduced, as shown in Fig. 3c. Fig. 3d shows
the indexed substrate pole figure, for comparison. Accord-
ing to Figs. 2 and 3, the orientation relationship the films
on (0001) sapphire is summarized as V0.92Fe0.08 (110)//
sapphire (0001), V0.92Fe0.08 h00 1i//sapphire h10�10i. A
similar epitaxy has been reported by Ikuhara [37].

As the three domains of the V0.92Fe0.08 (110) films grow
with equal probability (Fig. 3a), the in-plane orientation of
the film can be treated as isotropic, for the stress values cal-
culation. By this assumption, the estimated intrinsic stress
is given as an average of Eqs. (13) and (14). The estimated
stresses and the crystallite sizes are also summarized in
Table 1.

One should note that, regardless of the substrate orien-
tation, there is large lattice misfit of �10% between the film
and sapphire substrate. This suggests that a considerable
number of misfit dislocations is present at the film/sub-
strate interface, already at the as-deposited state. These
intrinsic dislocations become relevant in the data interpre-
tation later on.

4. Results and discussion

4.1. Stress development in films of different thickness upon
hydrogen loading

The V0.98Fe0.02 films with thicknesses between 10 and
400 nm on sapphire (11�20) substrate were subjected to
in situ stress measurement and hydrogen-induced stress
and EMF was monitored simultaneously. The result of
stress and EMF measurements for the films with thicknesses
of 200 nm and 400 nm are summarized in Fig. 4. The
straight dashed line along the stress curve represents this
linear elastic prediction, according to Eq. (9). The straight
dashed line in the EMF curves gives Sieverts’ behavior with
a slope of RT/F, according to Eq. (5). Corresponding EMF
curves taken simultaneously are shown together.

Results for the film with 400 nm thickness are
shown in Fig. 4a and b. With increasing cH, the
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Fig. 3. Pole figures of (a) a V0.92Fe0.08 (110) film deposited at 297 K and (b) a sapphire substrate (10�12). Respective indices are shown in (c) and (d),
suggesting three domains with V0.92Fe0.08 (110)//sapphire (0001), V0.92Fe0.08 h001i//sapphire h10�10i.
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compressive stress (Fig. 4a) develops linearly with a
slope of r/cH = �11.2 GPa, as indicated by the thick
orange line. This is in accordance with the linear
elastic prediction as drawn by the dashed line (Eq.
(10), r0/cH = �11.7 GPa). In this region, the EMF
curve (Fig. 4b) first lies below the slope of Sieverts’
law (RT/F). This indicates that hydrogen is trapped
at pre-existing defects such as dislocations up to
around cH = 0.02 H/V. Above this concentration, the
EMF curve starts to obey Sieverts’ law. This suggests
that the majority of the hydrogen atoms are absorbed
on interstitial lattice sites. With regard to the bulk
phase diagram, these should be tetrahedral (T) sites
[28,38] or distorted T sites [38] at this stage.

The EMF and the stress curves show a clear departure
from the linear behavior, as indicated by rp, at similar con-
centration: at cH = 0.08 H/V. In the EMF curve, such
departure is regarded as the onset of a two-phase region
of the sample and thus corresponds to the formation of
the hydride where octahedral (O) sites are occupied. The
a-solubility limit of the film is, therefore, ca

H ¼ 0:08 H=V.
Thus, the H solubility in the 400 nm V film is extended
compared to that in bulk V ca

H ¼ 0:03 H=V [39–41].
In the stress curve, the measured deviation from the lin-

ear elastic behavior rp demonstrates elastic energy stress
release in the film, e.g. by dislocation emission. As is shown
later, this is in accordance with AE results, showing signals
at this concentration. The onset of dislocation emission lies
at around cH = 0.07-0.09 H/V, which corresponds to the
solubility limit. Dislocation emission, therefore, is caused
by hydride formation, as reported elsewhere [8,42,43].

Further H uptake gives rise to relaxation of film stress
and development of hydride phase until cH = 0.32–0.35
H/V as indicated in Fig. 4. Above this concentration range,
both the EMF value and the compressive stress start to
increase again. Thereby, H atoms are further absorbed in
the hydride phase and the H-induced compressive stress
becomes considerable. The global features of the stress
curve described above are in accordance with studies on
Nb–H, Pd–H and Y–H thin films [6].

When the H-induced strain energy exceeds the adhesion
energy between the film and the substrate, films detach
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Fig. 4. H-induced stress curves and simultaneously recorded EMF curves of V0.98Fe0.02 films with thickness of (a, b) 400 nm and (c, d) 200 nm. Slope with
dashed line demonstrates the linear elastic theory. Grayish straight line indicates fitting of the linear behavior. H-induced stress follows a linear elastic
prediction. Dashed lines indicate large departure from this linear elastic behavior, as marked by rP.
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from the substrates by forming “buckles” [11]. In this
study, buckle formation occasionally occurred for films
with thicknesses of 100–400 nm, when the concentration
exceeds cH = 0.30–0.40 H/V.

In bulk V–H, the two-phase region is located between
0.03 H/V and 0.45 H/V [39–41], yielding a gap width
D = (0.45–0.03) H/V = 0.42 H/V. But the two-phase
region of the 400 nm film lies between 0.07 H/V and
0.35 H/V, thus D = (0.35–0.07) H/V = 0.28 H/V, which
is narrower than that of bulk V. Such a finding was also
reported for Nb–H films [6,11], Nb/Ta-H multilayers [2],
V–H films [19] or Pd–H nano-crystals [13,22,44]. Miscibil-
ity gap narrowing was attributed to the presence of GBs
that do not participate in hydride formation and thereby
change the hydriding volume fraction in the film [22], or
that affect the individual grain’s solubility by strain energy
[43]. Further, stresses arising between the film and the
substrate also need to be considered to change thermody-
namic equilibrium conditions, e.g. the width of the misci-
bility gap.

By trend, the results on the 200 nm film resemble that of
the 400 nm film, as shown in Fig. 4c and d. Again, a good
agreement with the theory is confirmed. At cH = 0.21 H/V,
the EMF curve increases continuously and then the curve
bends upwards finally at cH = 0.30 H/V. Such gentle
change of the EMF curve in the plateau region is usually
not likely. But hydrogen and hydrogen-induced stress
might cause this modification of the chemical potential of
hydrogen, as suggested elsewhere [45–47]. The increase of
the EMF in the plateau region suggests an increase of the
compressive stress. In fact, this is consistent with the obser-
vation (see the range of cH between 0.21 and 0.36 H/V in
Fig. 4d).

Films that are thinner than 200 nm bring to light a new
type of stress-release mechanism, arising in the low concen-
tration range. Usually, linear elastic stress increase was
reported for different films in this concentration range
[5,6]. Results on 10–100 nm V0.98Fe0.02 films are summa-
rized in Fig. 5a–d. Small discrete relaxation steps are
clearly visible at low concentrations (cH < 0.10 H/V) in
the stress curves.

For example, up to cH = 0.04 H/V the stress increase of
the 100 nm thick film (Fig. 5a) follows the theory, Eq. (10).
However, the curve discretely departs from the linear
behavior at cH = 0.04 H/V (guided by an arrow, indicated
as rDSR). As shown by the corresponding EMF measure-
ment (Fig. 5b), the Sieverts’ type solution of hydrogen on
interstitial lattice sites begins at cH = 0.03 H/V. This is
almost the same concentration at which this small stress
relaxation is observed (compare Fig. 5a and b). For conve-
nience, we name it as “discrete stress relaxation” (DSR)
and denote the onset stress of the DSR as rDSR.



(a) (b)

(d)(c)

(e)

(g) (h)

(f)

Fig. 5. H-induced stress curves and simultaneously recorded EMF curves of V0.98Fe0.02 films with thickness of (a, b) 100 nm, (c, d) 50 nm, (e, f) 20 nm and
(g, h) 10 nm. Dashed line demonstrates the linear elastic theory. H-induced stress follows a linear elastic prediction. However, several small relaxations
(rDSR) are also visible in the elastic regime, as indicated by arrows in the stress curves. Dashed lines indicate large departure from the linear elastic
behavior, as marked by rP.
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Fig. 6. Comparison of the total stress (initial stress r0 + DSR stress rDSR,
and initial stress r0 + relaxation stress rP as regarded as yield stress) in the
films of 10–100 nm with reported yield stress of vanadium films [49] and
vanadium powder [50]. Error bar stems from different Fe content in the
films (initial stress) and crystallite size. The stress scales with size. But
smaller slopes of r0 + rDSR and r0 + rP than the extrapolation suggest
possible impacts of hydrogen.
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Upon further H uptake, the stress curve again follows
the linear elastic prediction, up to cH = 0.10 H/V. This
recurrence of the linear elastic stress increase clearly differs
from results reported on other M–H films. This behavior
clearly differs from previously suggested plastic deforma-
tion of Nb films in the a-phase region [48].

At the concentrations above cH = 0.10 H/V, a conven-
tional behavior similar to that in Fig. 4 was observed.
The end of this plateau region is in accordance with the
end of the plateau in the stress curve at around cH = 0.40
H/V. The entire curves are similar to those of thicker films.

The DSRs within the linear elastic regime become more
pronounced for thinner film measurements. The 50 nm film
shows two distinct relaxation steps at cH = 0.03 H/V and at
cH = 0.09 H/V and subsequent recurrence to the linear
elastic stress increase. Both events are marked with arrows.

Relaxation and departure from linear elastic stress
increase occur at 0.12 H/V (Fig. 5c). The EMF curve of this
film shows a considerably sloped plateau compared to that
of the 100 nm film. Therefore, determining the concentra-
tion range that reveals Sieverts’ type hydrogen solution
on interstitial lattice sites becomes more difficult. It is sug-
gested to range from 0.07 H/V to 0.12 H/V (Fig. 5d). Apart
from this, there appears a small tensile stress
Dr = +0.04(2) GPa at the very beginning of the stress
curve, in Fig. 5c. Surprisingly, this implies tensile stress
induced by hydrogen absorption in the film.

Fig. 5e and f shows the results on a 20 nm film. Again,
DSRs appear in the linear elastic region, at 0.03(1) H/V
and at 0.07(1) H/V, marked with arrows in Fig. 5e. They
are even more clearly visible than in the results on the
50 nm film The linear compressive stress development with
a slope of �12.8(1.3) GPa is in agreement with the theoret-
ical slope of �11.7 GPa.

At concentrations above 0.13(2) H/V, both the stress
and EMF curves show considerable steepness, implying
larger H-induced in-plane stresses with thickness reduction.

Results on the thinnest film in the series, namely the
10 nm film (Fig. 5g and h) even more significantly show
the above observations. DSR is visible, the final stress is
maximum and the EMF curve’s plateau is highly tilted.

To summarize, the results for the films with 10–100 nm
thickness show a notable behavior of DSR events already
in the elastic regime (see Fig. 5). These relaxation events
are followed by a reappearance of the linear elastic stress
increase. The lowest DSR stress, rDSR marks the onset of
these events. At higher stresses, rp, a continuous relaxation
i.e. departure from linear elastic stress increase, sets in.

Fig. 6 compares the lowest DSR stress, rt
DSR (half-filled

circle) and relaxation stress rt
P (half-filled triangle) to liter-

ature data of the yield stress (open symbols), as measured
for vanadium films of larger thickness by tensile tests
[49,50]. The crystallite sizes t of Table 1 are applied, to
allow for comparison with the literature data. The mea-
sured stress values rDSR, and rP have to be corrected by
adding the intrinsic in-plane stresses of films, r0, as deter-
mined from Fig. 2a: rt

DSR ¼ r0 þ rDSR, and rt
P ¼ r0 þ rP.
The dataset rt
P follows the linear trend of the reference

data, and therefore qualitatively obeys the same scaling-
law as the reference data. As this dependency is predicted
for the yield stress of nanocrystalline materials, by the
Hall–Petch relation, we relate rt

P to the yield stress. How-
ever, the dataset rt

DSR decays from the linear trend of the
reference data, by showing a more reduced slope. This ver-
ifies the presence of a different type of process which occurs
at stresses below the yield stress and which is initiated by
the presence of hydrogen.

4.2. AE activity in films with different thicknesses

As reported in the last paragraph, a different relaxation
behavior, the DSR, was found for films 6100 nm (Fig. 5).
Unfortunately, this thickness range cannot be analyzed by
AE because the signal-to-noise ratio is too low. Therefore,
in order to study the origin of the DSRs, the same type of
film, only with a slightly larger thickness, was investigated
by the in situ AE.

In Fig. 7a, the result of an in situ AE measurement on
a 120 nm V0.95Fe0.05 film is shown. The thickness of the
film is almost the same as in the case of the stress mea-
surement. There was no AE count observed for
cH < 0.039 H/V (Fig. 7a, AE curve). This is well under-
stood because hydrogen preferentially occupies open-vol-
ume defect sites. Here, plastic behavior is not expected
(Stage I). The corresponding EMF curve verifies signifi-
cant hydrogen trapping, especially at cH below 0.0175
H/V. Above cH = 0.0175 H/V, interstitial H occupation
becomes remarkable (Fig. 7a, EMF curve), and as a con-
sequence the compressive stress increases (Fig. 5a). At
cH = 0.039 H/V, which corresponds to the onset of
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Fig. 7. In situ AE and simultaneously recorded EMF of V0.98Fe0.02 films with thickness of (a) 120 nm, (b) 210 nm and (c) 400 nm. Emission of new
acoustic signal and corresponding concentration are indicated by arrows. Lines in the AE plots are drawn to guide the eyes. Note that the onset of first
signal occurs at the onset of Sieverts’ type behavior in the films.
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Sieverts’ law behavior, the first AE event was detected
(Stage II). This first plastic process is consistent with the
observed DSR at cH = 0.04 H/V in Fig. 5a.

When the concentration reaches at cH = 0.10 H/V, the
AE events start to increase significantly. At the same con-
centration, the EMF curve shows a deviation from Sie-
verts’ law. This indicates the onset of the two-phase field
of this film (Stage III), where the hydride phase starts to
form (Fig. 7a, EMF curve). The next inflection point of
the cumulative AE curve is observed at cH = 0.36 H/V.
Here, the corresponding EMF curve still verifies the two-
phase region. An inflection of the EMF is visible at a little
higher concentration of cH = 0.43 H/V. At this stage, film
detachment also causes AE signals.

In Fig. 7b, results on a 210 nm film are shown. At
cH = 0.018 H/V, a distinct onset of AE is observed. No fur-
ther signal is detected until the concentration reaches
cH = 0.07 H/V, which is the onset of the two-phase field.
A further increase of cH causes an almost constant increase
of the AE.

Results on a 400 nm film differ even from those of thin-
ner films, as shown in Fig. 7c. In the case of this film, the
correlation between slope changes in AE and EMF are
not as pronounced as those for the two other films. At
cH = 0.018 H/V, an abrupt AE increase is detected
(Fig. 7c). Thereafter, the AE shows a continuous increase.

As a global trend, the change of slope in the AE curve
becomes more pronounced as the film thickness decreases
(compare AE curves in Fig. 7a–c). For thicker films, AE
events happen continuously in a wide cH range. One should
remember that the DSR in the low concentration range
(cH < 0.07 H/V) was not observed in the stress curve of
films with l P 200 nm (see Fig. 4a and c). In fact, Nb–H
thin films with 200 nm thickness for instance, do not show
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any stress release in the a phase [5,6]. The results on the
onset cH of Sieverts’ type behavior found in the EMF
curves of in situ stress and AE measurements, and the onset
cH of the first AE, are compared in Table 2.

The general findings about the AE behavior of
V0.95Fe0.05 single-layered films are summarized as follows:

(i) AE increase at the onset of Sieverts’ type behavior.
(ii) AE increase at the deviation from Sieverts’ type

behavior.
(iii) permanent AE signals for thicker films.

4.3. Combination of stress and AE results

The combination of the stress results of Section 4.1 and
the AE results of Section 4.2 allows us to gain insights into
the DSR events. As shown in Fig. 7a–c, at the onset of Sie-
verts’ type behavior, meaning the concentration above
which hydrogen is predominantly solved in interstitial sites
in the V lattice, the first AE signal increase is initiated. As a
reminder, the AE signal verifies any movement of disloca-
tions. But as the stress measurements demonstrate, the
elastic regime is not left yet at the corresponding concentra-
tion range (cf. Fig. 5a–d). Also, the Sieverts’ type behavior
demonstrates that hydrogen is solved in the lattice, and not
at newly created defects. In combination, dislocation gener-
ation and multiplication are excluded in this regime. There-
fore, we interpret the DSR events by an uncorrelated
movement of pre-existing dislocations in the lattice. Pre-
existing dislocations are present in the films, as according
to the orientation relationship between the film and the
substrate, a large misfit (�10%) is expected (see Fig. 3).
A similar interpretation of AE events by a movement of
pre-existing dislocations in Si was reported by Orlov
et al. [51].

Fig. 6 demonstrates a decay of the rt
DSR from the

expected relation for the yield stress values, to a reduced
slope. The yield stress gives the stress at which the material
relaxes by dislocation generation and movement [52,53]. It
obeys a scaling law, known as the Hall–Petch relation. The
yield stress dependency, as expected from the scaling law,
does not match the observed rt

DSR data. This again demon-
strates that both contributions, dislocation generation and
movement, cannot be simultaneously involved here. All
findings suggest an interpretation of the DSR with move-
ment of pre-existing dislocations. The activation energy
for relaxation via dislocations is reduced by the lack of
Table 2
Comparison of stress, EMF and AE results on the onset of Sieverts’ type beh

Thickness l (nm) Onset cH of Sieverts’ type behavior, cH (H/V

EMF in stress measurement

l = 100–120 0.030
l = 200–210 0.022
l = 400 0.020
dislocation generation and the process can appear at a
lower stress.

Further H uptake yields large departures from Sieverts’
law at 0.10 H/V. Here, the film stress starts to relax and the
AE curve shows a remarkable increase too. This behavior
indicates that an “avalanche” of dislocations occurs at this
concentration.

As Fig. 6 shows, the yield stress deduced from the Hall–
Petch relation by extrapolating literature data on tensile
tested V films almost matches rt

P, the hydrogen-induced
stress where stress release departs totally from linear elastic
behavior. The EMF curves demonstrate that, at the related
concentration, hydride formation sets in. It is well known
from literature on hydrogen loaded bulk samples and films
that hydride formation is often accompanied by the emis-
sion of extrinsic dislocation loops [8,42,43]. This supports
the above interpretation of rt

P as the yield stress of the
films.

However, Barnoush et al. [54] reported that in the pres-
ence of H, the nucleation of a new dislocation loop occurs
at a lower mechanical load than without H. They recorded
this phenomenon by measuring the first “pop-in” in the
load–displacement curve by nano-indentation, with and
without hydrogen environment. Tal-Gutelmacher et al.
[17] prove the same effect in V (100) single crystals. This
effect is currently well understood by using the defect-act-
ing-agent (“defactant”) model, proposed by Kirchheim
[55]. The model ascribed the observed reduction of the
”pop-in” load to a reduction of the dislocation line energy
by H segregation. This effect is not seen here, since rt

p

obtained from hydrogen loaded V films follows the trend
of the yield stress obtained for almost hydrogen-free V
foils.

One should keep in mind that the reported nano-inden-
tation studies were carried out by focusing on one large
grain in bulk samples which contain an extremely low ini-
tial dislocation density [17]. Hardening effects by interfer-
ence with pre-existing dislocations complicate the
situation and, most possibly, make the defactant effect
invisible. Therefore, a direct agreement of the stress
obtained by nano-indentation with that of stress measure-
ment of the films used in this study is not expected. How-
ever, one can speculate that the presence of hydrogen
already enhances the movement of the pre-existing disloca-
tions in the DSR events.

Up to now, the discussion does not take into account
twinning deformation, known for bulk V [56]. This is due
to a recent report that the twinning process in Ti–Al is
avior and the onset of relaxation.

) Onset cH of the first AE increase, cH (H/V)

EMF in AE

0.039 0.039
0.018 0.018
0.018 0.018
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suppressed as the dimension of the specimen is decreased
and plastic deformation by dislocations becomes dominant
[57]. To finally confirm this for V, detailed microscopic
observations are necessary, with a consideration of the
reduction of the stacking fault energy under the presence
of hydrogen [58,59].

4.4. Stress development depending on substrate orientation

and deposition temperature

4.4.1. Stress dependence on substrate orientation

The results of 100 nm film on sapphire (00 01) deposited
at 297 K are shown in Fig. 8. After following the linear
elastic behavior, a DSR is detected at cH = 0.04 H/V (left
figure, indicated by an arrow with rDSR). At the same con-
centration, the EMF curve starts to follow Sieverts’ behav-
ior (right figure). Above that concentration, the EMF curve
further follows Sieverts’ behavior until cH = 0.10 H/V. In
this regime, the stress curve again shows linear elastic
behavior. At cH = 0.10 H/V, the stress curve departs from
the linear relationship. Simultaneously, the EMF curve
shows a large departure from Sieverts’ law. All the
described features resemble the case of sapphire (11�20)
described in Fig. 5a and b.

Obviously, the investigated films follow a general trend
independent of the substrate orientation. Additionally,
the small difference in the Fe content has a minor impact
on the general trend (compare films of similar thickness).

4.4.2. Stress dependence on deposition temperature
However, films deposited at higher temperatures show a

different behavior. Fig. 9 shows the stress dependency of a
100 nm film deposited on sapphire (0001) at 773 K (a) and
that of a 100 nm film deposited at 1073 K (b), respectively.
At low hydrogen concentrations, both films show tensile
stress as indicated by Dr. At 0.005 H/V, e.g. for the film
deposited at 1073 K (b), the sign of the slope turns to
minus, meaning that compressive stress appears. Some
Fig. 8. H-induced stress curve and simultaneously recorded EMF curve of
V0.92Fe0.08 film on sapphire (0001) with thickness of 100 nm, deposited at
297 K. The theoretical slope is shown by dashed line. The global trend is
the same as the film deposited on (11�20), also showing DSR at 0.04 H/V,
indicating minor impact of substrate orientation.
traces of DSR are also visible. But, notably, the slope r/
cH = �7.6(7) GPa is rather smaller than that expected from
the theory (r/cH = �12.5 GPa, Eq. (12)). Thus, the linear
elastic theory alone might not explain these features.

4.5. Tensile stress caused by hydrogen

To unravel the curious behavior of this 100 nm film
deposited at 1073 K (Fig. 9b) in the concentration range
of 0–0.005 H/V, H-induced lattice expansion was investi-
gated by in situ XRD and EMF time dependencies. The
lattice expansion of a 100 nm V0.92Fe0.08 film is shown in
Fig. 10, up to a concentration of 0.10 H/V. The experimen-
tally determined expansions of the 100 nm film do not fol-
low the one-dimensional expansion model. One should
note here that there is no lattice expansion detected before
the concentration reaches 0.005 H/V (see Fig. 10). This
concentration range corresponds to the same concentration
range where tensile stress was observed (cf. Fig. 9b).

In addition, clear differences are observed in EMF time
dependencies. Slower transient behavior and lower EMF
values are found for the films deposited at high tempera-
tures, as shown in Fig. 11a. This reflects the “H trapping”

region. These differences are not seen in the Sieverts regime
(Fig. 11b), since the trapping effect is terminated here.

In order to elucidate the origin of the traps responsible
for the findings in the low-concentration regime, impacts
of different types of traps are discussed in the following
[13,60]. GBs can act as trapping sites. Their fraction should
be larger for the films deposited at 297 K compared to those
deposited at higher temperatures (see rocking scans in
Fig. 2b). Therefore, their impact is expected to be larger
for the film deposited at 297 K. This is against the experi-
mental finding where the films deposited at high tempera-
tures show the largest effect. Therefore, GBs can be
excluded as traps responsible for the low-concentration
behavior of the V films. Dislocation generation can also
be excluded because the AE measurements do not show
acoustic events in this lower concentration range (compare
Fig. 7a). Pre-existing dislocation density is calculated to be
1012 cm�2 for the film deposited at 294 K, while it is
109 cm�2 for the film deposited at 1073 K [61]. Therefore,
the same consideration as for GBs is valid and thus disre-
garded. It is known that the binding energy of H at a
vacancy is several hundred meV larger than that of hydro-
gen to an interstitial site [62]. Thus, in general, H trapping at
vacancies can result in lower EMF values compared to clas-
sical Sieverts behavior. Since the area surrounded by the
Sieverts solubility line and the EMF curve relates to the
amount of traps [20], this suggests a higher vacancy concen-
tration for the films deposited at higher temperatures.

This trapping effect at vacancies, however, cannot solely
explain our results. The upper limit of thermal mono-
vacancy concentration in the films is estimated by statisti-
cal thermodynamics [63,64]. Regarding the vacancy in bulk
vanadium, the maximum mono-vacancy concentration is
cVac = 5.6 � 10�9 Vac/V, by considering the deposition
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Fig. 9. H-induced stress curves and simultaneously recorded EMF curves of V0.92Fe0.08 film on sapphire (0001) with thickness of 100 nm, deposited at (a)
773 K, (b) 1073 K. DSR events are marked by arrows. Note the tensile stress recorded at small concentrations (until 0.005 H/V for the film of 1073 K). H-
induced stress slope is smaller than that of theory marked as dashed line, especially in the case of (b).
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Fig. 10. Relative expansion of (110) in V0.92Fe0.08 film deposited on
(11�20) at 1073 K observed in in situ XRD experiment. No expansion is
recorded until cH = 0.005 H/V. Experimental slope of expansion is smaller
than the theoretical (one-dimensional) slope, consistent with the stress
measurement of similar sample (Fig. 9b).
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temperature of 1073 K and the formation enthalpy and
entropy of a mono-vacancy in V, DH f

V ¼ 2:2 eV and
DSf

V ¼ 4:14� 10�4 eV K�1, respectively [65]. If six H atoms
are considered to be trapped in one vacancy at the
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Fig. 11. EMF transient curves of V0.92Fe0.08 films deposited at 297–1073 K, rec
lower EMF values are seen for the films deposited at higher temperatures, mar
seen in (b) in Sieverts’ regime. But the EMF of the film deposited at 1073 K k
maximum [62,66], this results in a trapping concentration
of cH = 3.36 � 10�8 H/V. Obviously, this concentration is
far too small to explain the trapping effects at concentra-
tions of 0.005 H/V.

However, the observed behavior can be explained by
hydrogen-induced vacancy formation. Vacancy formation
can result in tensile stress in a clamped film when a Schottky
pair is generated, meaning that the related metal atom goes
to the film surface. The vacancy offers free volume and the
surrounding metal lattice atoms tend to displace into the
vacancy. In-plane displacements are suppressed by the
clamping constraint. Thereby, the film gets into tensile
stress. This is also expected to happen when hydrogen atoms
are trapped to the vacancy until the trapping saturates.

In 1993, Fukai and Ōkuma [67] reported on the forma-
tion of superabundant vacancies (SAVs) in Pd and Ni bulk
specimens under the presence of H, where the SAV concen-
trations (in at.%) were between 1 and several tens. They
firstly observed SAVs at high temperature and high H2

pressure conditions. The existence of SAVs has been con-
firmed in various systems [68–73]. In summary, these other
experiments showed that a high fugacity of hydrogen
results in SAV formation. Vacancy mobility is required,
but high temperatures are not mandatory for SAV
formation.
(b)
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king a trace of H-trapping effect in (a). This kinetic difference is not clearly
eeps still lower value compared to the other films.
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The expected lattice parameter change upon SAV for-
mation can now be estimated. Following the concept of
Simmons and Balluffi [74], the upper limit of the related rel-
ative lattice parameter contraction can be estimated by Eq.
(15) [75]:

cVac ¼
3 Da

a
tR

Vac

X

ð15Þ

where tR
Vac is the relaxation volume around a vacancy and

X is the atomic volume of the host metal. Fukai et al. have
estimated the vacancy–H cluster concentration cVac–H via
Eq. (15). In Fukai’s approach, it is assumed that the change
of tR

Vac caused by H trapping is negligibly small [76] and
thus tR

Vac is approximated as that of a Vac–H cluster,
tR

Vac–H. By this, the cVac in Eq. (15) gives a measure of
cVac–H. For various bulk materials the value of tR

Vac=X is
�0.2–0.3 [77,78]. This value is also assumed to be valid
here. Therefore, the lattice contraction Da/a caused by a
vacancy–H cluster eVac–H

0 = Da/a is given by Eq. (16):

eVac–H
0 ¼ 1

3
� t

R
Vac–H

X
� cVac–H ð16Þ

To a first approximation, we follow the summary given
by Korzhavyi et al., taking tR

Vac=X = 0.30 [78] and thus
eVac–H

0 ¼ �0:10 cVac–H. This contraction accounts for free
standing samples.

By considering constraint condition, we suggest a mod-
ification of Eq. (16) for thin film systems [79,80], for the
case of a clamped film of cubic lattice structure. Similar
to Eq. (9), the total out-of-plane lattice contraction in
(110) caused by vacancies is as follows, giving almost twice
as large a contraction than for the free standing case:

Ddð110Þ

dð110Þ
¼ �etotal ¼ �eVac–H

0 � Dezz

¼ � 1þ C11 þ 3C12 þ 2C44

C11 þ C12 þ 2C44

� �
� eVac–H

0 ¼ �0:215 � cVac–H

ð17Þ

By assuming Vac–6H complex, the expected Dd=d by
Eq. (17) gives Dd=d ¼ �2� 10�4 at cH = 0.005 H/V. A
similar approach is reported by Gruber et al. [80] on
in situ monitoring of vacancy annihilation.

However, in our case, this contraction was not observed
experimentally. This is probably due to the presence of a
Pd capping layer deposited on the V layer, thereby V atoms
are not able to move to the surface when interstitial-vacan-
cies pairs are formed. Eventually, the pushed out atoms
should accommodate rather at GBs, which may cause a
weak in-plane compressive stress and corresponding out-
of-plane lattice expansion. Consequently, both these coun-
teracting responses might have canceled out each other.

Nevertheless, a clear trace of the SAV formation was
detected in our stress measurement (Figs. 5 and 9). The
stress associated to vacancy formation (Eq. (17)) is as fol-
lows by the same treatment as Eqs. (10)–(12):
r½110�½r=cVac–H� ¼ 4 � C44ðC11 þ 2C12Þ
C11 þ C12 þ 2C44

� �
� eVac–H

0

¼ 39:79 GPa ð18Þ

r½001�½r=cVac–H� ¼
2C44ðC11þ2C12ÞþC2

11þC11C12�2C2
12

C11þC12þ2C44

� �

� eVac–H
0 ¼ 45:34 GPa ð19Þ

hrVac–Hi½r=cVac–H� ¼
r½110� þ r½001�

2

� �
¼ 42:57 GPa ð20Þ

Positive stresses mean that the stress arising from SAV
formation is tensile. Eq. (20) holds for ideally clamped
films with isotropic in-plane orientation.

It is now possible to estimate vacancy–H complex con-
centration from the stress measurement results. From
Eqs. (12) and (20), the in-plane stress induced both by
hydrogen absorption and by vacancy–H complex forma-
tion is given by Eq. (21). Here, we consider total stress
induced by H and vacancy, rTotal, as a function of cTotal =
cH + cVac–H:

rTotal½r=cTotal� ¼ �12:5 � cH þ 42:57 � cVac–H ð21Þ

By this, the H-induced vacancy concentration cVac-H is
estimated from the experimentally measured stress values
by assuming 100% trapping probability. It should be noted
here that the accommodation of atoms at GBs causes com-
pressive stresses as well, and therefore Eq. (21) might some-
what underestimate the vacancy–H concentration.

It has been already confirmed that the H trapping
almost terminates at cH = 0.04 H/V (Fig. 9b). Above this
concentration, possible impact of DSR gives rise to false
cVac-H and cannot be disregarded. Thus, the behaviors
within cH = 0–0.04 H/V are worth investigating for
vacancy formation.

The result is shown in Fig. 12 as cVac-H vs. cH curves for
the films deposited at different temperatures. The film
deposited at 1073 K clearly shows a continuous increase
of vacancy concentration. Starting with a slope of cH/
cVac–H � 1 until 0.005 H/V, the cVac-H increase follows a
slope of cH/cVac–H = 6.3(7) until cH reaches 0.04. The calcu-
lated vacancy concentration marks 1 at.%, which is way
above the thermal equilibrium concentration of 10�35 in
pure bulk vanadium at room temperature. Theoretical cal-
culations [62,66] show that the maximum H-trapping num-
ber at a mono-vacancy is 6 and further trapping results in
even more positive energy than that of interstitial absorp-
tion. In spite of a crude estimation attempted here, the
observed maximum cH/cVac–H ratio �6 is in good agree-
ment with theoretical prediction.

The vacancy migration energy in vanadium is �1.2 eV
[65], yielding the mobility of vacancy as only 1 � 10�3

nm s�1 at 294 K. This mobility cannot immediately explain
the high concentration of SAV in the V films. Therefore, it
is reasonable to consider that the SAV concentration can
be high near at the Pd capping side. Hydrogen, therefore,
must affect both the formation energy and the mobility



Fig. 12. Hydrogen-induced vacancy concentration in V0.92Fe0.08 film
deposited on Al2O3 (0001) at 297 K, 773 K and 1073 K. The vacancy
concentration was measured by in situ stress measurement (see Sec-
tion 4.5). Inverse of the slope estimates number of H atoms coordinated at
one monovacancy. In the film deposited at 1073 K, formation of 6H-Vac
complex is suggested.
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of vacancies. The impact of hydrogen on the defect forma-
tion energy was already implemented in the defactant con-
cept of Kirchheim [55]. It is yet unclear why the film
deposited at 1073 K clearly shows SAV formation whereas
the other films do not. These films have larger crystallite
sizes than the other films (Table 1). If we take into consid-
eration the XRD result of the 1073 K film (Table 1), the
out-of-plane lattice is contracted compared to bulk. The
film deposited at 773 K shows a slightly similar trend
(Table 1 and Fig. 12). Vacancies may be likely to be formed
in such lattices that are contracted in the out-of-plane
direction. Thus, the change of the intrinsic lattice constant
in the out-of-plane direction might play a key role in SAV
formation in thin films.

To summarize, introduction of SAVs may explain the
observed tensile stress. We suggest that frozen-in thermal
vacancies and continuous SAV formation might also con-
tribute to the complex micro-structural development of
the hydrogen loaded V films.

5. Conclusion

Hydrogen-induced elastic and plastic behavior of thin
films of V1�xFex (x = 0.02–0.08) with 10–400 nm thick-
nesses were studied by utilizing different in situ techniques.
Besides the conventional metal film behavior upon hydro-
gen uptake, these films show remarkable new effects. Com-
pressive in-plane stress development following the
prediction from linear elastic theory (�12.5 GPa/cH) was
observed upon H uptake in the in situ stress measurements.
But additionally, DSRs were found for films of 6100 nm,
turning back to the elastic deformation regime upon fur-
ther hydrogen uptake. Such H-induced DSRs in thin films
have not been reported before. By careful examination of
EMF curves and stress curves as well as in situ AE, DSRs
are interpreted to be the result of uncorrelated movement
of pre-existing misfit dislocations. The DSR is commonly
found at the onset of Sieverts’ type behavior in the EMF
curve, verifying the onset of hydrogen absorption in the
interstitial sites. Concomitant in-plane stress becomes large
at this point, especially for thinner films, driving the pre-
existing misfit dislocations.

Films with larger crystallite size and contracted out-of-
plane lattice constant (deposited at high temperatures)
showed a remarkable tensile stress increase at very low con-
centrations (below 0.005 H/V), and a smaller stress slope
than that predicted by theory at higher concentrations as
well. The estimated hydrogen-induced vacancy concentra-
tion verified the Vac–6H complex theoretically predicted
for the bulk material, and also for thin films. These trends
were interpreted by the generation of hydrogen-induced
SAVs influenced by the sample history.

The question remains open if the newly found features
like DSRs or tensile stress attributed to SAVs appear only
in V films or if they also occur in other thin metal films
upon hydrogen absorption. Up to now, there are no
reports. However, since the suggested origins are of a gen-
eral nature, we suggest that other systems also show similar
effects, maybe on a much smaller scale.
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