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Studies on hydrogen loaded V–Fe8 at% films on Al2O3 substrate
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bstract

Hydride formation of V–Fe8 at% films with different microstructures was investigated by measuring the electromotoric force (EMF), in-plane
tress and, additionally, the local chemistry by performing tomographic atom probe (TAP). The phase boundaries of the films were found to be
icrostructure dependent: the �-phase solubility limit was found to be cH,� = 0.1 H/V and cH,� = 0.45 ± 0.02 H/V for films with small-domain size,

nd c = 0.1 H/V and c = 0.6 ± 0.02 H/V for films with large domain size. Stress release also depends on the microstructure; it is more efficient for
H,� H,�

mall-domain samples resulting in smaller total stress. It is shown that the plateau pressure and the plateau slope of the films increase with hydrogen-
nduced in-plane compressive stress increase. TAP analysis at about 20 K monitors the occurrence of a plate-like hydride VD0.65-precipitate at the
/Pd interface. The detected concentrations are in good agreement with those expected at low temperatures.
2007 Elsevier B.V. All rights reserved.
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. Introduction

It is well known that hydriding properties of metallic thin
lms differ from those of bulk because of different microstruc-

ure and because the metal film is clamped to a substrate and,
as in-plane stress. Stress and corresponding strain can change
hermodynamics of the M–H reaction [1–4]. Interesting results
ave been reported on Fe/V mutilayers, showing changes in the
olubility at the interfaces of adjacent layers [3]. These changes
re attributed to the electronic charge transfer. However, Kesten
t al. [5] reported on a certain solubility of Fe in V layers also
hanging the overall hydrogen solubility. The estimated Fe con-
entration was 8 at%. The Fe was homogeneously distributed,
hich is in a good accordance with the concentration being in

he �-phase of the Fe–V phase diagram [6].
To address the properties of the V–8 at%Fe layers on the

ydrogen uptake themselves, we investigate in this study the

hase boundaries of ternary H–V–8 at%Fe films with differ-
nt microstructures by electromotive force (EMF) measurement
nd simultaneous stress measurement. With use of this combi-
ation, one can investigate the thermodynamics as well as the

∗ Corresponding author. Tel.: +49 551 39 5007; fax: +49 551 39 5012.
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tress response of the film during hydrogen absorption at moder-
te temperatures. Additionally, tomographic atom probe (TAP)
nalysis and field ion microscope (FIM) imaging of deuterium-
oaded films was carried out in order to investigate its local

icrostructure and deuteride formation. The TAP measures sin-
le atoms by time-of-flight and, therefore, hydrogen atoms can
e detected together with metal atoms. Accordingly, the three-
imensional structure of the measured sample can be obtained
n atomic scale. Generally the depth resolution of this analysis
s in sub-Angstrom, which is suitable especially for studying

ultilayer’s interfaces.

. Experimental

V–8 at%Fe film samples with 100 nm thickness were prepared on 0.2 mm
hick Al2O3(0 0 0 1) substrates (7 mm × 30 mm) by ion beam sputter deposition
nder Ar atmosphere at the pressure of 5 × 10−3 Pa, with the deposition rate of
.4 nm/min. The substrate temperature during deposition was selected as 297,
73, 773 and 1073 K. At those temperatures, the base pressure of the sputter
hamber ranged from 1 × 10−8 to 2 × 10−6 Pa, respectively. After cooling down
o room temperature the V–8 at%Fe surface was capped with 20 nm Pd layer to
revent the film from oxidation and to facilitate hydrogen dissociation. The out-
f-plane and in-plane crystal structures of the films were subsequently studied by

RD (Philips, X’pert) rocking scans and texture measurements. Stress evolution

n the film samples during hydrogen loading was measured by using the house-
ade bending setup. Details about this setup were published elsewhere [7]. With

he help of this system it is possible to measure EMF curve and stress curve as
function of the hydrogen concentration simultaneously.

mailto:apundt@ump.gwdg.de
dx.doi.org/10.1016/j.jallcom.2007.01.099
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Table 1
The out-of-plane lattice distance d(1 1 0) and lattice parameter a of V–Fe8 at%
film

d(1 1 0) (nm) a (nm) d − dref./dref. (%)

Ref. V–Fe8 at% alloy 0.2124(2) 0.3003(2) –
297 K 0.2147 0.3037 1.13
573 K 0.2133 0.3017 0.46
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The hydrogen loading was carried out electrochemically by using a mixed
olution of phosphoric acid and glycerin (1:2 in volume) as the electrolyte. A
g/AgCl(sat.) and Pt wires were used as the reference and the counter electrode,

espectively. Before each measurement the residual hydrogen in the sample was
emoved by applying positive voltage of about 0.4 V for several minutes. All
esults were obtained during the first loading of the samples.

V–Fe8 at% films were also prepared at 297 K for tomographic atom probe
TAP) analysis [8] and FIM with the thickness of 5–10 nm followed by Pd
apping. They were deposited in the same way as described above but on needle-
haped W substrates with a tip curvature radius of ∼50 nm. These V tips were
oaded with D2 gas in an external chamber at 295 K and 200 Pa for 12 h before
nalyzing with TAP. Deuterium was used in order to suppress the diffusion at
0 K because hydrogen was found to be mobile even at 20 K [5].

This TAP analysis has a strong advantage for atomic scale investigation.
he principle can be simply described as follows [8]: by applying timing pulse
oltage to the tip, surface atoms are removed by field evaporation and after
everal nanoseconds, collected at a two-dimensional position sensitive detector.
or each atom the time-of-flight and the impact of the position is measured and,

herefore, the elemental species and its position can be successfully identified
y taking the simple projection geometry [9] into account.

The obtained data are finally reconstructed into three-dimension. As a
equence, it becomes possible to look into the sample on atomic scale.

. Results and discussion

Fe concentration in V was checked by EDX and found to be
± 1 at% for all of the samples.

In Fig. 1, the results of θ–2θ XRD scans of the sam-
les are shown together with their rocking scans in the inset.
he reference 2θ position of bulky V–8 ± 1 at%Fe alloy was
btained by using experimental data of [10]. The obtained
arameters for V–8 ± 1 at%Fe alloy are d(1 1 0) = 0.2124(2) nm
nd a = 0.3003(2) nm. Each film shows preferential growth in
1 1 0]-direction regardless of substrate temperature. However,
he peak position shifts towards higher 2θ angle with the tem-
erature, which implies that a higher deposition temperature is

orrelated to a larger out-of-plane compression. This trend can
e explained by considering the difference in thermal expansion
oefficients αth of V and Al2O3. During cooling down, the dif-
erence in αth makes the film to shrink more than the substrate

ig. 1. 2θ/θ XRD profiles of V–Fe8 at% films deposited at 297, 573, 773 and
073 K. The 2θ position of V–Fe8 at% bulk taken from Ref. [9] is also shown
ogether. Inset shows the rocking curve of each sample.
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73 K 0.2125 0.3005 0.05
073 K 0.2119 0.3000 −0.23

eference data of V–Fe8 at% bulk [9] are also shown.

oes. Since shrinking is not possible when the film is clamped
o the substrate, this leads to in-plane tensile stress between film
nd substrate. This tensile stress increases with increasing tem-
erature difference. Because of converse-contraction, in-plane
ensile stress is accompanied by out-of-plane lattice contraction
howing the described temperature dependence. The obtained
1 1 0) lattice plane distance and corresponding degree of expan-
ion (+) and compression (−) in out-of-plane (1 1 0) lattice plane
istance calculated by using reference data of d(1 1 0) are shown
n Table 1.

The rocking curves show a FWHM of the peak decreasing
rom 1.7◦ to 0.4◦ with increasing temperature. Thus, the domain
ize strongly increases with increasing temperature. According
o the results of texture measurement, all of the films were found
o have V–Fe8 at%(1 1 0)//Al2O3(0 0 0 1) orientation with pref-
rential in-plane adjustment of the lattices, meaning epitaxial
rowth. The pole figure of the V–Fe8 at%(1 1 0) deposited at
97 K is shown in Fig. 2a, as an example. Black, or gray shaded
egions indicate peaks visible by height contours. Considering
he three-fold symmetry of the substrate, at least three domains
marked with I, II, and III) are visible in V–Fe8 at% layer, in
pproximately 60◦ in-plane rotation. Slight distortions can be
een. Such a multiple domain formation was also observed in
e/GaN system [11]. The picture of Al2O3(0 0 0 1) was adopted
rom [12]. The lattice mismatch was expected to be 10% in
ase of the configuration shown in Fig. 2b. Even with such a
uge misfit epitaxial growth of thick films can happen, when
isfit dislocations are implemented. Since our films have thick-

ess of 100 nm, it is, therefore, reasonable to note that our films
ontain semi-coherent interface where many misfit dislocations
re present. Since the pole-figures of all films were similar, the
nterpretation is also true for the other films.

The results of EMF measurements during hydrogen loading
f the three different films, carried out at 294 K, are shown in
ig. 3. Before each measurement the sample was shortly dis-
harged using constant voltage to remove residual hydrogen.
ll the results shown below are those of the first loading. An

deal curve according to Sieverts’ law is also plotted. At con-
entrations close to 10−1 H/V, Sieverts’ law holds. Considerable
eviation to downwards from the ideal curve can be interpreted
s the H trapping at dislocations, which is more obvious for the
lm deposited at 1073 K.
The plateau pressure of all three samples is elevated compared
o that of V–H thin films. This plateau pressure was derived by
sing data from Andersson et al. [13], who reported P–C–T
urves of 50 and 100 nm epitaxial vanadium films, taken at
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ig. 2. (a) Pole figure of V–Fe8 at%(1 1 0). The sample was deposited at 297 K
ircle: O atom, small black circle: bottom Al atom and large black circle: upper

igh temperatures. According to an extrapolation of the van’t
off’s plots of those films to 294 K, the expected plateau pres-

ure of vanadium will be 10−3 Pa. This value is considerably
maller than that of the samples measured here. An increase of
he plateau pressure can be explained by the alloying effect. As
as already been published by Yukawa et al. [14], who stud-
ed the stability of vanadium hydride (V2H and VH2) alloyed
ith various transition metals, a drastic increase of the chemi-

al potential was reported for V2H when several mol% Fe were
lloyed. Regarding their results on V–Fe alloy with concen-
rations up to 6%, one can graphically obtain the following
elationship between Fe concentration, cFe (at%) and plateau
ressure of VH0.25, pVH , assuming linear relationship of the
0.25

lot in Fig. 4a in [14]:

n
p

p0
= 0.7675cFe (1)

ig. 3. EMF curves of V–Fe8 at% films deposited at 297, 773 and 1073 K.
haded regions correspond to phase boundaries that depend on the samples. The
lateau pressure as well as its slope increases with the deposition temperature.
he arrow pointing at 200 Pa indicates the H2(D2) pressure applied for the
amples for TAP analysis, at which � hydride is expected to form.
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Al2O3(0 0 0 1) surface and possible in-plane configuration of V atoms. White
om (Al2O3(0 0 0 1) plane configuration was adopted from [12]).

here p and p0 are the plateau pressure of the alloyed sample and
ure vanadium, respectively. If we can extend that the relation
n Eq. (1) to 8 at%Fe and also, the van’t Hoff’s plot of Ander-
son et al. to 294 K, we can expect the dissociation pressure
0.25 = 0.6 ± 0.3 Pa at 294 K. The experimental data are in good
ccordance to this pressure.

However, it also should be noticed that the plateau pres-
ure increases with increasing the deposition temperature. This
ncrease will be addressed in the following. The different

icrostructure of the film (see Fig. 1, rocking curves), is not
ikely to change the plateau pressure [15].1 But, since out-
f-plane compressive strain was detected in the samples, one
hould think about the stress contribution on the hydride stabil-
ty.

In Fig. 4, we have plotted the results of stress measurements,
imultaneously carried out with the EMF measurement, i.e.
ydrogen loading of Fig. 3. In the �-phase region (for low con-
entrations below H/V = 0.1), the linear increase of compressive
tress with a slope of −11.9 GPa/cH was confirmed. Since the
lms are clamped to elastically hard substrates, the elastic vol-
me expansion due to hydrogen absorption can take place only
n out-of-plane direction z at low H concentrations. According
o linear elasticity theory of bcc materials, the expected com-
ressive stress in 〈l −1 0〉-direction, and 〈0 0 1〉-direction are
alculated by using the following equations [16]:

[1 − 1 0] = −4

(
(C11 + 2C12)C44

C11 + C12 + 2C44

)
ε′

0 (2)

(
2(C11 + 2C12)C44 + C2

11 + C11C12 − 2C2
12

)

[0 0 1] = −

C11 + C12 + 2C44

× ε′
0 (3)

1 But solubility limits can be affected, since the domain boundaries are not
ikely to participate in hydride formation.
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Fig. 4. Stress curves of V–Fe8 at% films deposited at 297, 773 and 1073 K dur-
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Fig. 5. Three-dimensional reconstruction of TAP data for V–Fe8 at% film
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[21,22]. The concrete explanation of the different morphology
of the hydrides is not yet clear.
ng hydrogen absorption simultaneously obtained with EMF measurement. The
tress release is efficient in case of the samples deposited at lower temperatures.

ere, the C11 = 229 GPa, C12 = 119 GPa, and C44 = 43 GPa
ccording to the reference for vanadium bulk [17]. The last
arameter ε′

0 is an expansion coefficient of the material by hydro-
en absorption, given by αH/cH. Taking cH = 1, one can obtain
′
0 = 0.063 by using αH = 0.063 [18] for single crystal vana-
ium. By taking the average of the products in Eqs. (2) and (3),
ne can get σ′ = −10.5 GPa. This value is consistent with the
bserved slope of the plot shown in Fig. 4, even though we used
he elastic constants of bulk V. This hints on a uniaxial expansion
n the �-phase region. Those of V–Fe alloy are unpublished. In
he inset of Fig. 4 the magnified part of the plot is shown so that
ne can see the deviation from the linear behavior of the stress
volution. At this inflection point the phase transition starts and
he hydrogen-induced stress decreases. This inflection seems to
ake place almost at the same concentration of cH = 0.1 H/V for
ll of the films. This implies that the elastic responses of the
lms are nearly the same and, surprisingly, do not depend on the

nitial stress of the films.
In � + � region (cH = 0.1–0.45 or 0.6 H/V) for different sam-

les, the stress increase is larger for the films deposited at higher
emperatures. When the concentration exceeds � + � region the
lope of the stress curve changes again, as shown with dot lines
cross the curves. This trend is most pronounced in case of the
lm deposited at 297 K. Also, the stress release is most effec-

ive for this film. The total hydrogen related stress is −3.7 GPa
or the film deposited at 297 K, and it is −5.5 GPa for the film
eposited at 1073 K. Stress release, therefore, is more efficient
or the film with smaller domains. This might hint on stress
eleasing processes like grain boundary sliding. Further inves-
igations have to be performed to clarify this interpretation.
o summarize, the stronger the compressive stress increase in

he film, the steeper is the slope in the according two-phase

egion. This finding is marked with arrows in Figs. 3 and 4.
he phase boundaries determined by EMF measurement and

hose obtained by stress measurement are in sufficient agree-
ent.

t
[

eposited on W(1 1 0) tip and subsequently loaded with 200 Pa D2 gas at room
emperature. A big white sphere shows D atom. During the field evaporation the
emperature was kept at T = 22 K.

In Fig. 5, the three-dimensional reconstruction of a TAP
nalysis is shown. Big white circles indicate deuterium atoms.
he direction of analysis corresponds to 〈1 1 0〉. In FIM images

not shown here due to page limit) we have confirmed that
–8 at%Fe〈1 1 0〉 is parallel to W〈1 1 0〉, by checking the rel-

tive pole positions to be identical. This indicates that the
op grain of the V–Fe8 at% layer was epitaxially grown with
1 1 0)-orientation on W(1 1 0). This epitaxially matched grain
as a lateral diameter of more than 75 nm and is, therefore,
uch larger than the measured cube taken in the grain cen-

er with a lateral dimension of about 15 nm. At this distance,
nfluences of grain boundaries on the obtained results are
nlikely.

In Fig. 5 D atoms are found at Pd/V–8 at%Fe interface with
xtremely high density. At this region, the average D con-
entration was found to be cD = 0.65(7) D/V according to the
oncentration profile of shown in Fig. 6, indicates �-deuteride. It
s close to the expected value because the concentration at 200 Pa
ives cH = 0.64 H/V (see plot 297 K in Fig. 3).2 The thickness
f the �-deuteride can be estimated as about 2 nm with lateral
xtension of more than 15 nm, hinting on a plate-like deuteride.
he rest of the V–8 at%Fe film contains less than 0.10 D/V and,

herefore is in the �-phase. It is surprising that we have D atoms
istributed in a layer structure at the Pd–V interface. This kind of
ayer structure of the hydride was also found in Mg2Ni films [20].
owever, for epitaxial Nb-films and Gd-films, hydrides predom-

nately form cylinders going right through the complete film
2 The change of the dissociation pressure between the V–8 at%Fe–H0.64 and
he V–8 at%Fe–D0.64 is assumed to be small, as in the case of V–D and V–H
19].
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ig. 6. Concentration profile of the reconstructed volume shown as the cylin-
er region in Fig. 5. The obtained D concentration near Pd/V interface was,

D = 0.65(7) D/V, indicating � hydride was formed here.

. Conclusion

In this paper, the hydride formation of V–Fe8 at% films
ith different microstructures was investigated by EMF mea-

urements combined with stress measurements and TAP. The
hase boundaries of the films were found to be microstructure
ependent. The �-solubility limit was found to be cH,� = 0.1 H/V
nd cH,� = 0.45 ± 0.02 H/V for films with small-domain size,
nd cH,� = 0.1 H/V and cH,� = 0.60 ± 0.02 H/V for films with
arge domain size. The plateau pressure and the plateau slope
f V–Fe8 at% films increases with hydrogen-induced in-plane
ompressive stress increase. Stress release also depends on
he microstructure; it is more efficient for small-domain sam-

les. TAP analysis at about 20 K monitors the occurrence of a
late-like VD0.65-precipitate at the Pd/V interface. The detected
oncentrations are in good agreement with those expected at low
emperatures.
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