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Hydrogen concentration and its relation to interplanar spacing and layer thickness
of 1000-Å Nb„110… films during in situ hydrogen charging experiments

Ch. Rehm, H. Fritzsche, and H. Maletta
Hahn-Meitner-Institut Berlin, Glienicker Strasse 100, D-14109 Berlin, Germany

F. Klose*
Hochschule fu¨r Technik und Wirtschaft Dresden (FH), Friedrich-List-Platz 1, D-01069 Dresden, Germany

~Received 1 June 1998!

The Nb layers of a@1000-Å Nb/26-Å Fe#35 multilayer were repeatedly charged with hydrogen from the gas
phase. The equilibrium hydrogen concentration in the Nb layers and the hydrogen-induced layer thickness
expansion perpendicular to the film plane were determined as a function of pressure by means ofin situ
neutron reflectivity measurements.In situ x-ray-diffraction experiments performed on the same sample yielded
the corresponding expansion of the out-of-plane Nb~110! interplanar spacing and the time-dependence of the
charging and decharging process. It was found that the relative expansion of the Nb layers is considerably
larger than the relative increase of the Nb~110! interplanar spacing. This shows that during hydrogen incor-
poration a large amount of additional volume, presumably in the form of voids in the vicinity of grain
boundaries, is created. These lattice imperfections may effectively trap hydrogen atoms. The maximum hy-
drogen concentration atpH25900 mbar andT5185 °C is found to be 95@H#/@Nb# at. %.
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I. INTRODUCTION

Over the last decades hydrogen in bulk metals, interm
tallic compounds, and semiconductors has attracted con
erable research interest.1–4 In modern technology many ma
terials are used in the form of thin films, for example in t
semiconductor or magnetic recording industry. Thus, in
cent years, a large part of the research has been focuse
the behavior of hydrogen in thin films. As in the case of bu
materials showing the ability to absorb large quantities
hydrogen~for example, Nb, V, Pd, and the rare earths!, the
interaction of hydrogen with the host films can lead to s
nificant modifications of the electronic, magnetic, and str
tural properties.5–8

Besides its role as an impurity in film deposition pr
cesses, experiments reveal that hydrogen can be used
functional agent in order to improve the properties of th
film materials. In the case of thin metal films, which is t
subject of this paper, exciting results have been achie
recently. Among those are yttrium and lanthanum thin film
which reversibly switch their optical properties upon hydr
gen absorption,9 and Fe/Nb~Ref. 10! or Fe/V ~Ref. 11! mul-
tilayers, which reversibly switch their magnetic coupling a
their magnetoresistivity during hydrogen charging. O
should note that reversibility is restricted to the thin-fil
geometry because bulk samples tend to embrittlement du
hydrogen charging; that is, cracks develop and the sam
falls apart into a powder.

For a theoretical understanding of the remarkable fi
properties it is important to know in which way hydrogen
incorporated in the films, whether or not structural pha
diagrams of the bulk materials are applicable, and how
drogen absorption depends on external parameters like
perature and hydrogen pressure. In general, experiment
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geometry.

In comparison to hydrogen charging experiments on b
samples, two additional important effects have to be ta
into account for thin films. One point of discussion is th
interaction between the hydrogen absorbing film and the s
strate. For Nb films on sapphire substrates, it has been
phasized that the adhesive forces at the metal-ceramic in
face must be enormous.12 The tensile stress developing in th
in-plane direction during hydrogen charging exceeds
yield stress of bulk Nb by at least one order of magnitu
Generally, the substrate-film interaction leads to a clamp
effect. The film is allowed to expand freely only in the ou
of-plane direction, while in-plane expansion is strongly h
dered.

A second important effect is the spatial proximity b
tween the hydrogen absorbing layer and the neighboring
terial. Close to the interface, drastic deviations from bu
behavior may occur due to charge transfer processes alte
the absorption potential for hydrogen.7 Thus one can expec
a film-thickness dependence of the average hydrogen s
bility.

Up to now nonelastic changes of the crystal structure
the hydrogen-absorbing films have not been examined
much detail. Such processes should be observable most
ily in polycrystalline films with small grain sizes like th
sample we examine in the current paper. However, a dra
deterioration of the crystalline coherence is also obser
upon hydrogen charging of initially high-quality epitaxia
films.13,14

This paper will focus on the hydrogen concentrationcH
and its relation to the hydrogen-induced expansionDd110 of
the interplanar spacing and the increaseDt in layer thickness
of 1000-Å Nb~110! textured films duringin situ hydrogen
charging experiments. Although hydrogen in thin Nb film
3142 ©1999 The American Physical Society
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PRB 59 3143HYDROGEN CONCENTRATION AND ITS RELATION TO . . .
was recently investigated by several groups,10,12–22the rela-
tionship betweenDd110, Dt, and cH has never been com
pared experimentally.

The sample consists of a multilayer~1000-Å Nb/26-Å Fe
double layers, five repetitions! to optimize the intensity for
the scattering experiments discussed below. Due to ther
dynamic reasons, only the Nb layers absorb hydrogen,
vored by a large negative enthalpy of mixing~Fe has a posi-
tive enthalpy of mixing!. We have shown in earlie
experiments by means of nuclear reaction analysis that
tually all hydrogen is located in the Nb layers, whereas
Fe layers in Fe/Nb multilayers contain only a negligib
amount of hydrogen.22 The maximum concentration in F
layers is well below 0.5 at. % but certainly not zero, sin
hydrogen is able to diffuse through the Fe layers. We h
also shown that the hydrogen concentration is the same i
Nb layers of the multilayer, i.e., hydrogen absorption is eq
in near-surface and near-substrate layers~typical sensitivity
for hydrogen inhomogeneities: 1–2 at. %, depending on c
centration!. Thus, the multilayer character of our sample is
minor importance, the same effects can be expected b
single polycrystalline layer.

For 1000-Å-thick films, the effects of neighboring mat
rials on the average solubility of the Nb film is expected
be relatively low, since electron transfer at the interfac
should be restricted to some nanometers only. To a la
extent extraordinary adhesion properties must also be pre
in our samples. During multiple charging and decharg
cycles we have not observed that the film lifts off of t
substrate. We have chosen a charging temperature of 18
to achieve relatively fast charging and decharging kine
and to keep the film in a single phase despite high hydro
concentrations. For bulk Nb the separation in ana phase
with low hydrogen concentration and ana8 phase with high
hydrogen concentration takes place belowTC5171 °C.1

However, for thin films the critical temperature is found
be significantly reduced. Extrapolating data presented in R
13, TC should be in the region of 100–120 °C for o
sample.

The results we present here are not only characteristic
1000-Å-thick Nb films but also for much thinner films. Fo
the case of 100- and 20-Å Nb films in Nb/Fe multilayers, w
have recently found comparable results.23

The paper is organized as follows. Section II describes
experimental details. In Sec. III, experimental results of~A!
x-ray- and~B! neutron-scattering investigations are presen
and discussed. Section IV contains conclusions. In the
pendix we derive how hydrogen concentrations in thin fil
can be determined by the neutron reflectivity method.

II. EXPERIMENTAL DETAILS

The sample was prepared by ion-beam sputtering in
UHV chamber with a base pressure of,531029 mbar. A
50-Å-thick Cr buffer layer was deposited between t
Si~100! substrate and the Nb/Fe multilayer to avoid interd
fusion. The Nb/Fe stack started and ended with an Fe la
so that each Nb layer has its two interfaces only with Fe.
top, a 50-Å-thick Pd capping layer protects the sam
against oxidation and also facilitates hydrogen uptake
catalytic dissociation of hydrogen molecules.24 The growth
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rates were 0.5 Å/s for Cr, Nb, Fe, and Pd. The Ar press
during sample preparation was 331025 mbar and the re-
sidual pressures were,331028 mbar for H2 and ,1
310210mbar for H2O, O2, and N2, respectively.

The sample was prepared as a multilayer@1000-Nb/26-
Å Fe#35, because in this way the contrast in neutron refl
tivity measurements can be drastically enhanced. The re
tivity of our multilayer is approximately increased by a fa
tor of 20 compared to a single 1000-Å-thick Nb laye
Therefore the determination of hydrogen solubility in Nb c
be carried out with much higher precision.

For the neutron and x-ray measurements two sample
suitable size~surface area 17340 mm2 and 1732 mm2, re-
spectively! were used. The two equal Si~100! substrates were
mounted side by side well within the homogeneity region
the sputtering machine. The films were prepared simu
neously in the same sputtering run, and thus have equal p
erties as was confirmed by x-ray diffraction.

Specially designed vacuum chambers for both the neu
reflectometer and the x-ray diffractometer allowedin situ
experiments. During the measurements the films were
posed to hydrogen gas~purity 99.9999%! of variable pres-
sure which was monitored by means of capacitive gas s
sors~Leybold!.

The charging procedure was as follows: First the cham
was evacuated below 1025 mbar. Then the sample wa
heated to the charging temperature of 185 °C to clean
surface. Before the first hydrogen charging cycle refere
spectra were recorded. There was hardly a noticeable ch
in the scattering curves after the sample was kept at 185
for several hours when using neutron reflectivity or x-r
diffraction. This shows that interdiffusion is no primary issu
in our experiments. An interdiffusion of one or two mon
layers of the Fe film would clearly change the magnetic sp
ting of the neutron reflectivity curves presented below. F
loading and during the diffraction measurements, the sam
was exposed to hydrogen gas of a certain pressure~tempera-
ture stability 1851/21 °C). By continuously scanning th
sample, it can be seen that after sufficient time the hydro
concentration within the sample reaches an equilibri
value. Throughout the paper only those equilibrium data
presented~exception: the time-dependent data of Fig. 3!.

The neutron reflectivity data presented here were recor
in Q/2Q geometry at the V6 instrument at Hahn-Meitne
Institut Berlin with monochromatic neutrons of 4.7-
wavelength.25 For all experiments polarized neutrons~polar-
ization 98.5%! were used. The x-ray data were collected
means of aQ/2Q diffractometer~Huber! using CuKa radia-
tion (l51.5418 Å). The wavelength was filtered with
graphite monochromator in front of the detector. The pre
sion in the determination of the changes in the average in
planar spacing was 0.002 Å.

III. RESULTS AND DISCUSSION

A. X-ray diffraction

The goal of the x-ray-diffraction measurements was
study the changes in the Nb crystal lattice induced by hyd
gen charging. At each hydrogen pressure x-ray meas
ments were performed using four different geometries:~i!
Measurement of the crystal Bragg reflections inQ/2Q geom-
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3144 PRB 59CH. REHM, H. FRITZSCHE, H. MALETTA, AND F. KLOSE
etry. This yields the Nb interplanar spacing as well as
coherence of the Nb lattice in the direction of the scatter
vector corresponding to the surface normal of the multilay
~ii ! Rocking scans around the Nb crystal reflections. T
yields the mosaic spread of the Nb crystallites which rep
sents to what extent the Nb lattice planes deviate from
average growth direction~surface normal!. ~iii ! Q/2Q scans
with a very fine and well collimated x-ray beam in the regi
of the total reflectivity edge (Q'0.4°). This yields the den
sity of the Nb layers and its change with increasing hydrog
content.~iv! Rocking scans in the region of total reflectivit
From these scans a macroscopic bending of the substrate
to hydrogen-induced strains in the multilayer is provable

Due to very low volume fractions Fe, Cr, and Pd do n
contribute significantly to the diffractograms. The scatter
is basically caused by the Nb layers.

X-ray measurements in the out-of-plane direction yie
that the Nb layers are polycrystalline bcc with a pronounc
~110! texture. In the angular region ofQ50° – 50°, we
never observed reflections from differently oriented N
grains. During hydrogen charging the film keeps this text
and no additional reflections, for example from hydri
phases, are observed. Based on experience, a volume fra
of 5% resulting from a second phase would be well visible
the diffraction experiments.

Figure 1~a! shows how the Nb~110! peak position change

FIG. 1. ~a! Q/2Q x-ray-diffraction measurements of the Nb~110!
Bragg peak at various hydrogen pressures~see text!. The diffracto-
grams recorded at 0, 0.6, and 900 mbar are emphasized by
symbols.~b! Corresponding width of the Nb~110! peak at various
hydrogen pressures.~c! Width of Nb~110! rocking curves recorded
at various hydrogen pressures. The arrows indicate the chrono
cal order of the measurements~monotonically increasing hydroge
pressure!.
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upon hydrogen charging. Before the first charging~0 mbar!,
the reflection was found atQ'19.0°. Then hydrogen ga
with pressures starting from 531023 mbar up to 900 mbar
was sequentially introduced into the charging chamber.
increasing external hydrogen pressures one observes tha
reflection becomes more and more shifted to smaller sca
ing angles, i.e., the Nb lattice expands. The diffractogram
0, 0.6, and 900 mbar are emphasized by bold symbols.
markably, the intensity of the Nb reflection systematica
increases upon charging; at 900 mbar the intensity is ne
doubled. In a more detailed analysis of these data it is vis
that the widths of the reflections systematically decrease w
increasing hydrogen pressure@Fig. 1~b!#. This indicates an
increase of the coherence length in growth direction. Us
the Scherrer equation,26 we find that the coherence lengt
increases from 124 Å at 0 mbar to 147 Å at 900 mbar.
analysis of the Nb~110! rocking curves@Fig. 1~c!# also yields
a decrease of their widths with increasing hydrogen press
i.e., the mosaic spread of the crystallites decreases du
charging.

The decreasing linewidths of Bragg reflections@Fig. 1~b!#
and rocking curves@Fig. 1~c!# are solely responsible for th
strong enhancement of the Nb~110! reflection seen in Fig.
1~a!, since the product@intensityx width of Nb~110! peakx
width of Nb~110! rocking curve# is nearly the same for al
hydrogen pressures. We interpret these results with
hydrogen-induced cold annealing effect due to increased
location mobility.27 Evidently, there are two regions of hy
drogen absorption: ~i! a low-pressure region (pH2

,0.6 mbar) in which hydrogen uptake largely expands
Nb lattice without changing the crystalline structure of t
sample, and~ii ! a high-pressure region in which hydroge
causes lateral and vertical growth of the crystallites.

Figure 2~a! shows the changes of the Nb~110! interplanar
spacing~out-of-plane direction! upon repeated charging an
decharging cycles of the multilayer with hydrogen. For cla
ity, only those data are plotted which were collected dur
charging, that is, upon increasing the hydrogen pressure.
ter sample preparationd110 is initially 2.37 Å, i.e., signifi-
cantly larger than that of bulk Nb~2.33 Å!, presumably due
to strains induced during film deposition, and expands
2.47 Å at a hydrogen pressure of 900 mbar. After this m
surement the hydrogen was removed from the sample
evacuating the external hydrogen atmosphere for sev
hours top,1026 mbar. After 18 h,d110 decreases to 2.33 Å
corresponding to the bulk value. Afterwards the sample w
exposed to second, third, and finally fourth charging a
decharging cycles. As can be seen in Fig. 2~a!, the interpla-
nar spacing always reaches the same maximum value of
Å when a hydrogen pressure of 900 mbar is applied, in
pendent of the number of previous charging cycles. Ho
ever,d110 found after the first, second, and third dechargin
is more and more reduced, and finally shows a value cle
below bulk.

It follows that the relative lattice expansionDd/di found
after increasing the pressure from 0 to 900 mbar depend
the number of previous charging cycles. Heredi is the
Nb~110! interplanar spacing at the beginning of thei th
charging cycle atp50 mbar, andDd is the hydrogen-
induced increase of the interplanar spacing. Figure 2~b!
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PRB 59 3145HYDROGEN CONCENTRATION AND ITS RELATION TO . . .
shows thatDd/di increases from' 4% in the first cycle to
'7% in the fourth cycle. We notice a tendency to a satu
tion value above 7%.

Figure 3 shows the time dependence of the hydro
charging and decharging processes. Figure 3~a! represents an
example of a decharging process. Initially, the multilay
was charged at 900 mbar in the third cycle. Then the ch
ber was abruptly evacuated and the Nb~110! Bragg reflection
was measured repeatedly over a longer period of time.
clarity reasons only the starting measurement at 900 m
and the measurements at 100 s, 7 min, 1 h, and 13.5 h
evacuation are shown. It can be seen that the peak pos
shifts to larger scattering angles, i.e., the Nb lattice param
decreases. One can observe that the widths of the peak
not significantly increase, i.e., during the decharging proc
the hydrogen concentration is virtually the same everywh
in the Nb lattice. An appreciable hydrogen concentration g
dient which, for example, could arise from faster outgass
of the near-surface Nb layers, is obviously not present.
all times the hydrogen distribution is in equilibrium withi
all Nb layers of the sample. Presumably, the diffusion
hydrogen through the Nb~and Fe! layers is very fast. Only
when the sample is outgassed for very long times do we n
a slightly increasing width of the reflection, presumably d
to the development of mechanical strains, as will be d
cussed below.

Figure 3~b! shows the time dependence of the result
lattice spacings for all measured time steps. After evacua
of the chamber these values initially change very rapi

FIG. 2. ~a! Out-of-plane Nb~110! interplanar spacing during
four hydrogen charging cycles. The data presented here always
respond to increasing hydrogen pressures. The dashed line ind
the value for bulk Nb~110!. ~b! The relative lattice expansionDd/di

as a function of the charging cyclei. The straight line is a guide to
the eye.
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from 2.47 to 2.36 Å. In this region the contraction velocity
the lattice is 0.35 Å/h. Afterwards the velocity slows dow
remarkably. After'14 h of evacuationd110 approaches a
value of 2.31 Å. For comparison, the time dependence of
Nb~110! interplanar spacing during charging is also pr
sented in Fig. 3~b!. The data were collected during the se
ond charging cycle of the sample after a sudden pres
increase from 0.2 to 0.6 mbar~unfortunately, this measure
ment was not continued until the equilibrium interplan
spacing was reached; during the third charging cycle
equilibrium value ofd110 was determined to be 2.41 Å at 0.
mbar!. The expansion velocity during charging is, to a go
approximation, constant, with a value of 0.042 Å/h. Th
means that the charging of the layer is one order of mag
tude slower compared to decharging. If one considers
the hydrogen concentration within the whole sample is
same everywhere during charging and decharging, then
very probable that the velocity of the hydrogen in- and o
diffusion is basically limited by the surface condition of th
covering Pd layer. Such effects were studied in much de
in earlier work.24

During the charging process hydrogen expands the out
plane distances of the Nb planes. As can be seen in Fig
the expansion in growth direction~110! shows values up to
7%. The question arises if there is also in-plane lattice
pansion. If the film would adhere ideally on a complete
rigid Si substrate, an expansion in the layer plane would
be possible. With our sample this is obviously not the ca

or-
tes

FIG. 3. ~a! Nb~110! Bragg peak recorded during hydrogen d
charging at 100 s, 7 min, 1 h, and 13.5 h after sudden evacuatio
the charging chamber.~b! Time dependence of the out-of-plan
Nb~110! interplanar spacing during decharging~third cycle, from
900 to 0 mbar, triangles! and during charging~second cycle, from
0.2 to 0.6 mbar, circles!.
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as can be seen in Fig. 4. It shows the width of small-an
rocking curves measured in the total reflectivity regi
(2Q50.6°, Q variable! for different, monotonically increas
ing hydrogen pressures during the first and third charg
cycles. Beginning from a partial pressure of 1021 mbar when
the Nb layer noticeably starts to absorb hydrogen, a c
widening of the rocking curves is observed. Mechani
strains in the Nb layers bend the layer-substrate sys
analogous to the bimetal effect. Since there is a tendency
a hydrogen-induced in-plane expansion of the Nb laye
convex shape of the surface develops upon hydrogen in
poration which considerably widens the fine and we
collimated x-ray beam during reflection~see the sketch in
Fig. 4!. The pressure-dependence of the hydrogen-indu
strains proceeds completely analogously to the lattice exp
sion in the out-of-plane direction@compare Fig. 2~a!#. A
similar bending effect of the film-substrate system upon
drogen loading has been observed recently for a 2100
thick Pd film on a Si~100! substrate.28

During decharging~not shown here!, the convex bending
disappears again. Thus it is unlikely that only the film
warping since such a process should not be reversible. W
the chamber is completely evacuated after the first cy
even a concave bending develops. This follows from the
servation that the widths of the rocking curves in the follo
ing charging cycles go through a minimum. This minimu
in the region between 1021 and 100 mbar ~see data of third
charging cycle in Fig. 4! results from a simple focusing ef
fect of the x-ray beam taking place at a small concave fi
substrate bending. With the exception of the first chargi
the minimum is observed in all following charging cycle
We explain this as follows: During the charging process
hydrogen attempts to expand the Nb lattice not only in
out-of-plane direction but also laterally. This, however,
hindered by adhesion forces between the substrate and
film. The resulting forces bend the Si. In the course of
first charging cycle we kept the sample at 900 mbar for s

FIG. 4. Width of small-angle rocking curves measured in
total reflectivity region for different, monotonically increasing h
drogen pressures during the first and third charging cycles.
sketch demonstrates the hydrogen-induced bending of
multilayer-substrate system and the broadening of the initially
collimated x-ray beam. The appearance of the minimum for
third charging cycle is due to a transition of the film’s strain st
from tensile to compressive during hydrogen pressure increase~see
text!.
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eral hours. Doing so, we could observe that the width of
small-angle rocking curve decreases again by some 1/10
i.e., the strains relax slightly~for clarity, we have not incor-
porated this effect in Fig. 4!. At our charging temperature o
185 °C the relaxation process is relatively slow, and only
minor part of the hydrogen-induced strain can be relieved
this way. The mechanism of this relaxation could be a sli
expansion of the film on the substrate. Later, when the
drogen is again removed from the sample, the Nb cry
lattice is, compared to the state directly after sample pre
ration, now prestrained in the film plane, which explains t
concave bending in the outgassed state.

We conclude from the transition between concave to c
vex bending in the second and further charging cycles
the in-plane lattice parameter in the decharged state is alw
slightly stretched compared to the bulk value. Because
layers have a tendency to keep their volume constant, it
sults that the out-of-plane interplanar spacing has to be
duced. For a quantitative analysis, however, the elastic c
stants of the material have to be taken into account. T
process of partly lateral expansion at higher hydrogen p
sures is repeated in every charging cycle resulting in a c
tinuing reduction of the out-of-plane interplanar spacing
the Nb layers in the decharged state@compare Fig. 2~a!#.

The measurement of the widths of the small-angle rock
curves is a qualitative measure for the strain state of the fi
However, we do not draw further quantitative conclusio
because the influence of the sample mounting~two soft metal
springs! is not yet known.

B. Neutron reflectivity

In situ neutron reflectivity measurements in the sma
angle region were performed in order to determine the p
sure dependence of the hydrogen concentration in the
layers. Due to the strong interaction of neutrons with hyd
gen atoms in the film, neutron reflectivity is a direct a
precise method to determine hydrogen concentrations in
films with a depth resolution in the nanometer region,
detailed in Ref. 29. Due to the high-q resolution (Dq
50.0015 Å21) of the instrument even the large periodici
of 1000-Å Nb126-Å Fe was measurable, allowing one
draw conclusions about the chemical modulation of
multilayer. General discussions about neutron reflectiv
and fitting methods can be found elsewhere.30,31 The details
of the concentration analysis are given in the Appendix. D
to the limited beamtime which was available for the neutr
experiments, we could only perform one charging and
charging cycle. We performed the neutron experiments w
a sample which was never charged with hydrogen befo
Thus the resulting data have to be compared with the
charging cycle of the x-ray experiments.

Figure 5 shows the diffractograms of the multilayer in t
as-prepared state~0 mbar! and after hydrogen charging a
900 mbar. These experiments were performed with polari
neutrons, i.e., for every pressure one measurement
spin-up~filled symbols! and spin-down neutrons~open sym-
bols! was recorded. Due to the magnetism of the Fe lay
two clearly different reflectivity curves arise for the two sp
states. During the measurements the sample was in a m
netic field of 500 G, saturating it magnetically. In all curv
a sequence of Bragg peaks is visible reflecting the thickn
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of one Nb/Fe double layer. Due to the steep concentra
gradient at the Nb/Fe interfaces the reflections are at l
recognizable up to the 15th order.

Figure 6 depicts the scattering potentials seen by the n
trons during scattering. More precisely, the scattering po
tials are expressed by the scattering length density~SLD!,
which is the product of the atomic densityN of a material
and the scattering lengthb of a single atom. The latter is
measure of the interaction strength between neutron
atom. The depth profiles scale for Pd, Fe, and Cr. Howe
the Nb depth coordinates are reduced by a factor of 10
cause of its much larger layer thickness. Figures 6~a! and
6~b! represent the fitted scattering potentials for the meas
ment at 0 mbar, i.e., in the as-prepared state of the sampl
spin-up and -down neutrons, respectively. The measurem
with spin-up neutrons~Fe↑! is characterized by a strong sca
tering contrast between the individual Fe and Nb layers. T
potential for spin-down neutrons~Fe↓! shows a much
smaller contrast, explaining the low intensities of the Bra
peaks of the corresponding measurement in Fig. 5.

Figures 6~c! and 6~d! represent the scattering potentia
after charging at 900 mbar. In contrast to the positive coh
ent scattering length of Nb (bNb57.054 fm), the coheren
scattering length of hydrogen atoms is negative (bH
523.739 fm). Thus, when hydrogen is absorbed by the
layer, the average scattering potential will be reduced. It
lows that the contrast between Fe and Nb increases slig
for the case of spin-up neutrons. For spin-down neutrons~d!,
however, it is significantly increased compared to the n

FIG. 5. Small-angle neutron reflectivity curves of the multilay
in the as-prepared state~0 mbar! and after hydrogen charging at 90
mbar ~for clarity reasons the latter is lowered three orders of m
nitude on the logarithmic scale!. The symbols represent the me
sured data~filled symbols for spin-up neutrons, open symbols f
spin-down neutrons!. The continuous lines are fits to the data~see
text!. The dashed line marks the position of the total reflectiv
edge at 0 mbar.
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charged layer~b!. Thus at 900 mbar the Bragg peaks for bo
spin states are more pronounced.

The hydrogen-induced Nb layer expansion results in
slight frequency increase of the small-angle oscillations
Fig. 5. Furthermore it is noticeable that the position of t
total reflectivity edge is shifted to a lowerQ value after
charging at 900 mbar~see the dashed line in Fig. 5!. This is
a direct consequence of the hydrogen-induced reductio
the Nb scattering length density. Since the multilayer co
sists mainly of Nb, the criticalQ value qualitatively indicates
the amount of hydrogen dissolved in the Nb layers. In fa
by measuring the critical edgeQC , one can directly deter-
mine the SLD of Nb~or of hydrogen-charged Nb!. The re-
lation is: QC(deg)5180/p3l3(SLD/p)1/2. However,
from the SLD of the loaded Nb alone, the exact calculat
of the hydrogen concentrationcH is not possible since one
does not know how the atomic density of the Nb laye
changes upon charging@compare formula~A3! in the Appen-
dix#. Additionally, at high hydrogen pressures, the SLD
the loaded Nb becomes smaller than the SLD of the Si s
strate. From there on, the critical angle for total reflection
governed by the Si alone.

The SLD depth profiles shown in Fig. 6 were determin
by fitting the reflectivity profiles of Fig. 5 using optica
theories.31 The theoretical reflectivity curves correspondin
to the SLD profiles shown in Fig. 6 are drawn as continuo
lines in Fig. 5. The used fit parameters are listed in Tabl
The errors for the fitting parameters of the Nb and Fe la
thicknesses are'0.5% and'3%, respectively. The Nb and

-
FIG. 6. Scattering length density depth profiles for the

prepared sample~0 mbar! for spin-up neutrons~a! and spin-down
neutrons~b!, and after charging at 900 mbar for spin-up neutro
~c! and spin-down neutrons~d!. The profiles were constructed b
analyzing the data of Fig. 5. The Nb depth coordinates are
drawn to scale.
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Fe scattering length densities have an error of'2% at low
hydrogen concentration and'3% at high hydrogen concen
tration. The sensitivity for the thin Cr and Pd layers is qu
low. In these cases nominal values have been used. In s
mary, it can be realized that only the scattering length d
sity and the thickness of the Nb change upon hydro
charging. The structural parameters of the other layers
main almost unchanged. The rms roughness at the N
interface was determined to be 8 Å for both measurements
The magnetic moment of the Fe layers is'50% of the bulk
value and changes insignificantly upon hydrogen charg
This reduction of the magnetic moment of the Fe in Fe/
multilayers was not only observed in our work10 but also
from other groups,32 and seems to be characteristic of th
system. The conversion of the scattering length densities
hydrogen concentrations is unambiguous if a strict o
dimensional expansion of the Nb layers is present. As
will show in the Appendix, the resulting concentration
given by

cH5F SNb1H

SNb~pH50!

tNb1H

tNb
21G bNb

bH
, ~1!

whereSNb1H is the scattering length density of the hydroge
charged Nb layer,SNb (pH50 mbar) is the Nb scattering
length density of the uncharged sample,tNb1H andtNb are the
corresponding Nb thicknesses, andbNb andbH are the coher-
ent scattering lengths of Nb and hydrogen atoms, resp
tively. Because a slight in-plane expansion is possible du
the charging experiments~compare the discussion to Fig. 4!,
an inaccuracy in the concentration determination canno
excluded. However, even for the highest hydrogen press
the in-plane expansion should not exceed'2% ~compare,
for example, Refs. 12 and 15! resulting in a corresponding
concentration error. Together with the uncertainty of the
flectivity fitting parameters, the accuracy of this method c
be estimated to62 at low and64 @H#/@Nb# at. % at high
concentrations.

Hydrogen concentration values were determined
means of the neutron reflectivity method on the unchar
sample and at hydrogen pressures ranging from 231022 to
900 mbar in increasing sequence. The results are present
Fig. 7 ~filled symbols!. It can be seen that the Nb layers sta
to incorporate hydrogen at a pressure of 1021 mbar. The ex-
perimental data of an epitaxial Nb~110! film charged at
187 °C are added for comparison~open symbols!.19 In this

TABLE I. Results of the neutron reflectivity measuremen
Nominal composition: Si(100)150-Å Cr126-Å
Fe1@1000-Å Nb/26-Å Fe#35150-Å Pd.

Element

Scattering length density~mm22!
at 0 mbar/ at 900 mbar

in parentheses: bulk values

Thickness~Å!
at 0 mbar/ at 900

mbar

Pd 402~402! 50
Nb/Nb1H 380 ~392!/170 936/1035
Fe ~↑! 1010 ~1300!/1030 26
Fe ~↓! 490 ~303!/570 26
Cr 303 ~303! 50
Si 207 ~207! `
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case the hydrogen concentration was determined using
15N nuclear resonance method. Due to experimental res
tions this method is only useful for pressures lower than'1
mbar. The dashed line in Fig. 7 is the solubility curve f
bulk Nb which was extrapolated from experimental data1 to
the temperature of 185 °C. Although our sample is polycr
talline, its solubility curve corresponds to those of the e
taxial, almost perfect, Nb film. Note that the latter was a
measured with a direct method and under similar experim
tal circumstances. In contrast to the films, the bulk mate
already begins to incorporate hydrogen at 1022 mbar. At
higher pressures, i.e., at concentrations above 60@H#/@Nb#
at. %, our results are close to the bulk data.

Since we measured the hydrogen-induced increase o
out-of-plane Nb~110! interplanar spacing and the out-o
plane expansion of the Nb layers in parallel experiments
means of x-ray diffraction and neutron reflectivity, it is re
sonable to compare these data. Figure 8 shows the ex
mental results obtained during the first charging cycle. Co
pared to the'4% expansion of the Nb lattice, the increase

.

FIG. 7. Hydrogen concentration@H#/@Nb# ~at. %! of the
multilayer determined by neutron reflectivity for the first hydrog
charging process~filled symbols, the straight line is a guide to th
eye!. The error bars are estimated. For comparison, hydrogen
centration data are also shown for an epitaxial 1000-Å Nb~110! film
~open symbols! and for bulk Nb~dashed line!.

FIG. 8. Comparison between the hydrogen-induced increas
the out-of-plane Nb~110! interplanar spacing measured by x-ra
diffraction ~filled symbols!, and the increase of the Nb layer thick
ness measured by neutron reflectivity~open symbols! for various
pressures recorded during the first hydrogen charging cycle.
straight lines are guides to the eye.
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the Nb layer thickness is significantly larger and reac
more than 10% at 900 mbar~corresponding hydrogen con
centration:'95 @H#/@Nb# at. %!. When the sample is out
gassed again by evacuating the charging chamber, it is
ognizable that even after several hours a significant amo
of hydrogen can still be found in the sample~'50 @H#/@Nb#
at. %!. Similar observations were also made for the case
the epitaxial Nb layer.19 For our sample, the Nb layer expan
sion is also not reversible after a complete charging cy
The expansion of 10%, generated at a pressure of 900 m
returns to only 7% instead of returning to zero after eva
ating the chamber. These findings, and keeping in mind
after the first decharging the interplanar spacing decreas
values even below the as-prepared one~see Fig. 2!, imply
that a significant proportion of hydrogen atoms~up to 50%!
is not solved at interstitial sites in the Nb lattice but trapp
in lattice imperfections like grain boundaries, cavities, v
cancies, dislocations, etc. The hydrogen-induced creatio
additional volume~free of Nb atoms! is clearly proven in
Fig. 8. We repeat here that we have never observed any o
Nb or Nb/H reflection in the x-ray-diffraction experimen
than the one shown in Fig. 1~a!. The precipitates of a secon
hydrogen-rich phase would be easily observable in x-r
diffraction experiments, as can be seen in Refs. 15, 17,
18. Thus we have no indications of phase separation at
hydrogen pressures.

For bulk materials the trapping mechanisms of hydrog
in lattice imperfections are well established~for a review, see
Ref. 33!. A random solid solution might exist only in ideall
perfect crystals and for very low hydrogen concentratio
Real samples, however, always contain defects which can
as traps for hydrogen atoms, and the interaction between
hydrogen atoms itself may lead to cluster formation. D
pending on the kind of material, and on external parame
like hydrogen pressure and temperature, quite different
fect structures may be formed. Clustering of vacancies
simultaneous coalescence of vacancies and arrival of hy
gen atoms from solution, for example, has been observed
many materials. Examples are hydrogen containing void
Cu and Ag with diameters up to a few 1000 Å.34 Another
mechanism is the accumulation of hydrogen in high str
fields. By plastic deformation of Pd crystals, for example,
equilibrium hydrogen concentration can be enhanced
20–30 %.35 Thus hydrogen solubility can be used as a m
sure of dislocation content. Hydrogen can even very eff
tively be transported by moving dislocations which ha
trapped hydrogen atoms.36 These moving dislocations ma
transport hydrogen initially dissolved on the crystal latti
~or even from the outer surface! into already existing micro-
voids and grain boundary cracks, resulting in a growth
these imperfections. We argue that for our 1000-Å Nb fil
the creation of additional volume is presumably also cau
by moving dislocations, which results in a growth of hydr
gen containing voids. This is strongly supported by the
servation of the cold annealing effect which takes place d
ing the first hydrogen charging of our sample~see the
discussion of Fig. 1!.

The observation that for the thin-film case the hydrog
induced Nb interplanar spacing expansion is in such trem
dous inconsistency with the layer thickness expansion i
our knowledge new, and has not been discussed in the lit
s
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ture. However, this fact is extremely important if one a
tempts to deduce hydrogen concentrations from x-ray d
In the literature the expansion coefficient of a host me
upon hydrogen charging is well established. For bulk Nb
relation between the relative lattice expansionDd/d0 of any
crystalline plane and the hydrogen concentrationcH is
linear:37

Dd

d0
50.058cH . ~2!

For a thin film rigidly clamped to a substrate the proportio
ality factor is different, because the film is allowed to expa
only in the out-of-plane direction. Using standard elastic
theory and considering the elastic constants of Nb yields13,17

Dd

d0
50.136cH . ~3!

One should note that in this theoretical approach the hyd
gen concentrationcH results solely from hydrogen atoms di
solved at interstitial sites. In cases where the clamping
tween film and substrate is not perfect, one would expe
proportionality factor in between these two extreme valu
Generally, one would expect a nonlinear relation between
hydrogen concentration and lattice expansion. At lower c
centrations when hydrogen charging is fully reversible, i
as long as no defects are created, a strict uniaxial lat
expansion should occur according to the one-dimensio
case. At higher concentrations, when a critical lattice exp
sion is reached, dislocations should form which partly re
the constraint of the substrate. In this situation the expans
coefficient is nonlinear and also between the one- and th
dimensional cases.

Figure 9 shows the relation between the hydrog
induced relative increase of the Nb~110! lattice spacing and
the hydrogen concentration for our 1000-Å Nb multilay
sample during the first charging cycle~bold circles!. The
dashed lines correspond to the theoretical behavior of a
film ideally clamped to a substrate@see formula~3!# and to
bulk behavior @see formula~2!#, respectively. At a first
glance one could argue that our film is three dimensiona
~isotropic! expanding corresponding to bulk behavior. How

FIG. 9. Relation of the hydrogen-induced relative increase
the out-of-plane Nb~110! interplanar spacing and hydrogen conce
tration during the first charging cycle~bold circles!. The dashed
lines correspond to the theoretical behavior of a thin film idea
clamped to a substrate and to bulk behavior, respectively~see text!.
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ever, in our concentration measurements by means of
tron reflectivity we have determined an average hydro
content in the Nb layers which has two contributions:~i!
hydrogen dissolved at interstitial sites, and~ii ! hydrogen
trapped in the lattice defects~see the discussion above!. At
high hydrogen pressures our data imply that both contri
tions are almost equal~see the discussion of Fig. 7!. Sub-
tracting the fraction of hydrogen trapped in lattice defe
from the average concentration values given in Fig. 9 wo
result in a much steeper slope of the data, reflecting fi
instead of bulk behavior. In view of the present study t
interpretation of the data presented in Fig. 9 is much m
conclusive than the assumption that the Nb lattice is allow
to expand in the film plane almost unrestricted. Even
relatively thick Nb films the latter has never been observ
experimentally.12,15,17,18We want to emphasize that our thin
film data~Fig. 9! coincide with the three-dimensional beha
ior only accidentally.

IV. CONCLUSIONS

In this paper we have investigated the hydrogen solub
of 1000-Å-thick Nb~110! layers in an Fe/Nb multilayer by
means ofin situ x-ray-diffraction and neutron reflectivity
techniques. AtT5185 °C the Nb layers can easily b
charged with hydrogen from the gas phase. Due to the
tremely fast diffusion of hydrogen within the multilaye
stack the concentration is virtually the same throughout
Nb layers, and is given by the external hydrogen press
The Nb layers stay in a single phase upon hydrogen ch
ing. We observe two regions of hydrogen absorption. At l
H pressures the film expands in the out-of-plane direction
higher pressures further expansion is accompanied
changes in the structure of the film. Absorption and deso
tion kinetics are significantly influenced by the Pd capp
layer. During repeated hydrogen charging and decharg
cycles, a training effect on the out-of-plane Nb~110! interpla-
nar spacing is observed: The relative lattice expansion u
hydrogen charging increases with the number of cycles. W
increasing hydrogen concentration large lateral strains
velop in the Nb layers, leading to a significant bending of
film-substrate system.In situ neutron reflectivity measure
ments allowed a direct determination of the hydrogen c
centration in the Nb layers as a function of the external
drogen pressure. Most remarkably, the Nb layer expansio
more than two times larger than the lattice spacing expan
upon hydrogen charging, and is not reversible upon dech
ing.

From our experimental data we conclude the followin
~i! Hydrogen induces massive mechanical strains inside
Nb layers during charging, especially at high pressures.~ii !
Hydrogen is not only dissolved at interstitial lattice sites b
to a comparable amount, is also trapped in lattice imper
tions.~iii ! Only those hydrogen atoms which are dissolved
interstitial lattice sites can leave the sample during outg
sing, as seen from the fact that the lattice spacing rela
completely@compare Fig. 2~a!#. Large numbers of hydroge
atoms, which are located in lattice imperfections, can the
fore not be removed easily from the sample.

Our findings have a significant consequence: Any atte
to calculate the hydrogen concentration of thin films fro
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lattice parameter changes observed in x-ray-diffraction m
surements will fail if the film does not keep its structur
coherence upon hydrogen charging.

Further investigations are in progress to elucidate the
ture of the large amount of additional volume created in
Nb layers ~or at the Nb/Fe interfaces! during hydrogen
charging. For the future, high-angle neutron Bragg diffra
tion experiments on epitaxially grown Nb/W superlattic
are planned to determine the amount of hydrogen ato
solved at interstitial sites in the out-of-plane and in-pla
directions. These experiments are not possible with the
rent polycrystalline Nb/Fe multilayers.
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APPENDIX: DETERMINATION OF HYDROGEN
CONCENTRATION IN THIN FILMS BY NEUTRON

REFLECTIVITY

In this section we derive how hydrogen concentrations
thin films can be determined by the neutron reflectiv
method~see also Ref. 29!. The idea is to compare a measur
ment of the as-prepared~unloaded! film with a measuremen
of the hydrogen-loaded film. Doing so, we basically det
mine the change of hydrogen concentration at a certa
charging step relative to the uncharged film, which is
sumed to be hydrogen free.~We have shown in earlier ex
periments that typical hydrogen concentrations in
prepared films are,1–2 at. %.22 This possible initial
concentration has to be regarded as an offset error.!

First, from the reflectivity curves, the scattering leng
densitiesSNb(pH50) andSNb1H(pH), as well as the corre-
sponding Nb layer thicknessestNb and tNb1H , have to be
evaluated for the as-prepared and loaded films, respectiv
This is done by a fitting procedure described above~see cap-
tions for Figs. 5 and 6!.

Based on these values the concentrationcH
5(number of hydrogen atoms/number of Nb atoms) can
calculated as follows: The scattering length dens
SNb1H(pH) of a hydrogen-charged Nb film at a certain exte
nal hydrogen pressurepH is a superposition of the SLD
resulting from Nb and H contributions:

SNb1H~pH!5SNb~pH!1SH~pH! ~A1!

with SNb(pH)5NNb(pH)bNb and SH(pH)5NH(pH)bH @here
NNb(pH) and NH(pH) are the atomic densities of niobium
and hydrogen at a certain hydrogen pressure,pH , bNb , and
bH are the neutron-scattering lengths for Nb and H atom
respectively#.
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Since the hydrogen concentrationcH at pH is given by

cH~pH!5NH~pH!/NNb~pH!, ~A2!

we can rewrite formula~A1! and obtain

SNb1H~pH!5NNb~pH!bNb1cHNNb~pH!bH . ~A3!

Assuming that the Nb layer expands only in the out-of-pla
direction upon hydrogen loading, we can write

NNb~pH!tNb1H~pH!5NNb~pH50!tNb~pH50!. ~A4!

This expression implies a hydrogen-induced reduction of
Nb layer’s atomic density, i.e., hydrogen charging crea
additional volume in the out-of-plane direction leading to
redistribution of the Nb atom positions in this directio
whereas the total number of Nb atoms is constant. Si
specular neutron reflectivity measurements average ove
plane domains of width smaller than the coherence lengt
the neutron~approximately 100mm! it cannot distinguish the
,
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detailed position where the hydrogen atoms are located in
Nb layers ~dissolved on the lattice at interstitial sites
trapped, for example, in voids!. Thus using this method we
obtain a laterally averaged H concentration.

Combining Eqs.~A3! and ~A4! finally results in

cH5F SNb1H

SNb~pH50!

tNb1H

tNb
21G bNb

bH
. ~A5!

The only assumption that enters into formula~A5! is that
one-dimensional film expansion is present. Even if this is
always strictly valid, as we show in the present paper,
resulting error is in the order of a few percent at most. D
terminingcH in the way described above avoids severe co
plications associated with the application of formulas~2! or
~3! because neutron reflectivity is adirect method and takes
into account the layer thicknessandscattering length density
changes occurring during hydrogen charging.
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