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Hydrogen concentration and its relation to interplanar spacing and layer thickness
of 1000-A Nb(110) films during in situ hydrogen charging experiments
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The Nb layers of £1000-A Nb/26-A F&x5 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 méarsitwof
neutron reflectivity measurements.situ x-ray-diffraction experiments performed on the same sample yielded
the corresponding expansion of the out-of-plané14b) 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 (b0 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 ;=900 mbar andl' =185 °C is found to be 95H]/[Nb] at. %.
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I. INTRODUCTION veal that these properties are altered due to the thin-film
geometry.

Over the last decades hydrogen in bulk metals, interme- In comparison to hydrqgen charging experiments on bulk
tallic compounds, and semiconductors has attracted consi@amples, two additional important effects have to be taken
erable research interést In modern technology many ma- into account for thin films. One point of discussion is the
terials are used in the form of thin films, for example in theinteraction between the hydrogen absorbing film and the sub-
semiconductor or magnetic recording industry. Thus, in reStrate. For Nb films on sapphire substrates, it has been em-
cent years, a large part of the research has been focused BRasized that the adhesive forces at the metal-ceramic inter-
the behavior of hydrogen in thin films. As in the case of bulk /acé must be epormo&%.‘l’he tensile stress developing in the
materials showing the ability to absorb large quantities of"-Plane direction during hydrogen charging exceeds the

hydrogen(for example, Nb, V, Pd, and the rare eajttse yield stress of bulk Nb by at least one order of magnitude.
interaction of hydroge;’l wiih £he r'mst films can lead to Sig_GeneraIIy, the substrate-film interaction leads to a clamping

nificant modifications of the electronic, magnetic, and struc-effeCt' The film is allowed to expand freely only in the out-
. t_g » mag ' of-plane direction, while in-plane expansion is strongly hin-
tural properties:

) . . o . dered.
Besides its role as an impurity in film deposition pro- A second important effect is the spatial proximity be-

cesses, experiments reveal that hydrogen can be used ag,@en the hydrogen absorbing layer and the neighboring ma-
functional agent in order to improve the properties of thin-ieria| Close to the interface, drastic deviations from bulk
film materials. In the case of thin metal films, which is the hehavior may occur due to charge transfer processes altering
subject of this paper, exciting results have been achieveghe absorption potential for hydrogémhus one can expect
recently. Among those are yttrium and lanthanum thin ﬁlmS,a film-thickness dependence of the average hydrogen solu-
which reversibly switch their optical properties upon hydro-pility.
gen absorptiof,and Fe/Nb(Ref. 10 or Fe/V (Ref. 11 mul- Up to now nonelastic changes of the crystal structure of
tilayers, which reversibly switch their magnetic coupling andthe hydrogen-absorbing films have not been examined in
their magnetoresistivity during hydrogen charging. Onemuch detail. Such processes should be observable most eas-
should note that reversibility is restricted to the thin-film ily in polycrystalline films with small grain sizes like the
geometry because bulk samples tend to embrittlement duringample we examine in the current paper. However, a drastic
hydrogen charging; that is, cracks develop and the sampldeterioration of the crystalline coherence is also observed
falls apart into a powder. upon hydrogen charging of initially high-quality epitaxial
For a theoretical understanding of the remarkable filmfilms.1314
properties it is important to know in which way hydrogen is  This paper will focus on the hydrogen concentratmqn
incorporated in the films, whether or not structural phaseand its relation to the hydrogen-induced expansiah g of
diagrams of the bulk materials are applicable, and how hythe interplanar spacing and the increagen layer thickness
drogen absorption depends on external parameters like terof 1000-A NK110) textured films duringn situ hydrogen
perature and hydrogen pressure. In general, experiments rekharging experiments. Although hydrogen in thin Nb films
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was recently investigated by several grodp¥-?*the rela-  rates were 0.5 A/s for Cr, Nb, Fe, and Pd. The Ar pressure
tionship betweemd,;o, At, andcy has never been com- during sample preparation was<x3a0 °mbar and the re-

pared experimentally. sidual pressures were<3x10 8mbar for H, and <1
The sample consists of a multilay&r000-A Nb/26-A Fe X 10" °mbar for HO, O,, and N,, respectively.
double layers, five repetitiongo optimize the intensity for The sample was prepared as a multilaj&d00-Nb/26-

the scattering experiments discussed below. Due to thermdk Fe]x5, because in this way the contrast in neutron reflec-
dynamic reasons, only the Nb layers absorb hydrogen, faivity measurements can be drastically enhanced. The reflec-
vored by a large negative enthalpy of mixiffee has a posi- tivity of our multilayer is approximately increased by a fac-
tive enthalpy of mixing. We have shown in earlier tor of 20 compared to a single 1000-A-thick Nb layer.
experiments by means of nuclear reaction analysis that virTherefore the determination of hydrogen solubility in Nb can
tually all hydrogen is located in the Nb layers, whereas thebe carried out with much higher precision.
Fe layers in Fe/Nb multilayers contain only a negligible For the neutron and x-ray measurements two samples of
amount of hydrogef? The maximum concentration in Fe suitable sizg(surface area 1740 mn? and 172 mn?, re-
layers is well below 0.5 at. % but certainly not zero, sincespectively were used. The two equal($00 substrates were
hydrogen is able to diffuse through the Fe layers. We havenounted side by side well within the homogeneity region of
also shown that the hydrogen concentration is the same in athe sputtering machine. The films were prepared simulta-
Nb layers of the multilayer, i.e., hydrogen absorption is equaheously in the same sputtering run, and thus have equal prop-
in near-surface and near-substrate laygypical sensitivity  erties as was confirmed by x-ray diffraction.
for hydrogen inhomogeneities: 1-2 at. %, depending on con- Specially designed vacuum chambers for both the neutron
centration. Thus, the multilayer character of our sample is ofreflectometer and the x-ray diffractometer allowiedsitu
minor importance, the same effects can be expected by @xperiments. During the measurements the films were ex-
single polycrystalline layer. posed to hydrogen gagurity 99.9999% of variable pres-

For 1000-A-thick films, the effects of neighboring mate- sure which was monitored by means of capacitive gas sen-
rials on the average solubility of the Nb film is expected tosors(Leybold).
be relatively low, since electron transfer at the interfaces The charging procedure was as follows: First the chamber
should be restricted to some nanometers only. To a largwas evacuated below 1®mbar. Then the sample was
extent extraordinary adhesion properties must also be presenéated to the charging temperature of 185°C to clean the
in our samples. During multiple charging and dechargingsurface. Before the first hydrogen charging cycle reference
cycles we have not observed that the film lifts off of the spectra were recorded. There was hardly a noticeable change
substrate. We have chosen a charging temperature of 185 9@ the scattering curves after the sample was kept at 185 °C
to achieve relatively fast charging and decharging kinetic§or several hours when using neutron reflectivity or x-ray
and to keep the film in a single phase despite high hydrogediffraction. This shows that interdiffusion is no primary issue
concentrations. For bulk Nb the separation in @arphase in our experiments. An interdiffusion of one or two mono-
with low hydrogen concentration and ari phase with high layers of the Fe film would clearly change the magnetic split-
hydrogen concentration takes place beldy=171°C? ting of the neutron reflectivity curves presented below. For
However, for thin films the critical temperature is found to loading and during the diffraction measurements, the sample
be significantly reduced. Extrapolating data presented in Refvas exposed to hydrogen gas of a certain pressengpera-
13, Tc should be in the region of 100-120°C for our ture stability 185-/—1 °C). By continuously scanning the
sample. sample, it can be seen that after sufficient time the hydrogen

The results we present here are not only characteristic fotoncentration within the sample reaches an equilibrium
1000-A-thick Nb films but also for much thinner films. For value. Throughout the paper only those equilibrium data are
the case of 100- and 20-A Nb films in Nb/Fe multilayers, wepresentedexception: the time-dependent data of Fiy. 3
have recently found comparable resifts. The neutron reflectivity data presented here were recorded

The paper is organized as follows. Section Il describes thin ®/20 geometry at the V6 instrument at Hahn-Meitner-
experimental details. In Sec. lll, experimental result§®f  Institut Berlin with monochromatic neutrons of 4.7-A
x-ray- and(B) neutron-scattering investigations are presentedvavelengtt?® For all experiments polarized neutrofmlar-
and discussed. Section IV contains conclusions. In the Apization 98.5% were used. The x-ray data were collected by
pendix we derive how hydrogen concentrations in thin flmsmeans of a/20 diffractometer(Hubep using Cy, radia-
can be determined by the neutron reflectivity method. tion (A=1.5418A). The wavelength was filtered with a
graphite monochromator in front of the detector. The preci-
sion in the determination of the changes in the average inter-
planar spacing was 0.002 A.

The sample was prepared by ion-beam sputtering in an

UHV chamber with a base pressure 665X 10 °mbar. A . RESULTS AND DISCUSSION
50-A-thick Cr buffer layer was deposited between the
Si(100 substrate and the Nb/Fe multilayer to avoid interdif-
fusion. The Nb/Fe stack started and ended with an Fe layer, The goal of the x-ray-diffraction measurements was to
so that each Nb layer has its two interfaces only with Fe. Orstudy the changes in the Nb crystal lattice induced by hydro-
top, a 50-A-thick Pd capping layer protects the samplegen charging. At each hydrogen pressure x-ray measure-
against oxidation and also facilitates hydrogen uptake bynents were performed using four different geometrigs:
catalytic dissociation of hydrogen molecuf@sThe growth  Measurement of the crystal Bragg reflection®if2® geom-

Il. EXPERIMENTAL DETAILS

A. X-ray diffraction
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2 B U B e B upon hydrogen charging. Before the first charg{ignbay,
& 8x1071900 Inbar : \ (@ ] the reflection was found & ~19.0°. Then hydrogen gas
2 6x10° 7/ \\ = with pressures starting from>510~ 3 mbar up to 900 mbar
§ 4x10* Wl was sequentially introduced into the charging chamber. For
2 . increasing external hydrogen pressures one observes that the
E‘ 10y reflection becomes more and more shifted to smaller scatter-
5 0 ing angles, i.e., the Nb lattice expands. The diffractograms at
k= 0, 0.6, and 900 mbar are emphasized by bold symbols. Re-
10° 3 markably, the intensity of the Nb reflection systematically
£ : 1 increases upon charging; at 900 mbar the intensity is nearl
K L y
= 10F 1 doubled. In a more detailed analysis of these data it is visible
Tg 10" : : that the widths of the reflections systematically decrease with
2 N 1 increasing hydrogen pressureig. 1(b)]. This indicates an
g 10°f 1 ) ; At :
g 4 1 increase of the coherence length in growth direction. Using
o 107 B L . L . L : — the Scherrer equatidfi,we find that the coherence length
e 0.30 0.32 0.34 0.36 .
Width of Nb(110) peak (deg) increases from 124 A at 0 mbar to 147 A at 900 mbar. An
WE T o T T T T T T3 analysis of the Ni1L10) rocking curvegFig. 1(c)] also yields
) 4 (© 3 a decrease of their widths with increasing hydrogen pressure,
s 1 F ! . )
@ 10" 3 i.e., the mosaic spread of the crystallites decreases during
s 10"f L charging.
2 N E The decreasing linewidths of Bragg reflectidfsy. 1(b)]
s 107k 3 and rocking curve$Fig. 1(c)] are solely responsible for the
o s f . 1 . 1 . 1 . 1 L : i H
~ 10 1 strong enhancement of the Nli0 reflection seen in Fig.
o 3.8 40 42 44 46 438

1(a), since the produdiintensity x width of Nb(110) peakx
width of Nb(110 rocking curvd is nearly the same for all
FIG. 1. (a) ®/20 x-ray-diffraction measurements of the (440) ~ hydrogen pressures. We interpret these results with a
Bragg peak at various hydrogen pressuge text The diffracto-  hydrogen-induced cold annealing effect due to increased dis-
grams recorded at 0, 0.6, and 900 mbar are emphasized by boldcation mobility?’ Evidently, there are two regions of hy-
symbols.(b) Corresponding width of the Nib10 peak at various drogen absorption: (i) a low-pressure region pg;,
hydrogen pressuregc) Width of Nb(110 rocki'ng curves recorded <0.6mbar) in which hydrogen uptake largely expands the
at various hydrogen pressures. The arrows .|nd|cate. the chronologiyy |attice without changing the crystalline structure of the
cal order of the measuremer{taonotonically increasing hydrogen sample, andii) a high-pressure region in which hydrogen
pressurg causes lateral and vertical growth of the crystallites.

Figure Za) shows the changes of the Nli0 interplanar
etry. This yields the Nb interplanar spacing as well as thespacing(out-of-plane directionupon repeated charging and
coherence of the Nb lattice in the direction of the scatteringdecharging cycles of the multilayer with hydrogen. For clar-
vector corresponding to the surface normal of the multilayerity, only those data are plotted which were collected during
(ii) Rocking scans around the Nb crystal reflections. Thischarging, that is, upon increasing the hydrogen pressure. Af-
yields the mosaic spread of the Nb crystallites which repreter sample preparatiod,, is initially 2.37 A, i.e., signifi-
sents to what extent the Nb lattice planes deviate from theantly larger than that of bulk N{2.33 A), presumably due
average growth directiofsurface normal (iii) ®/20 scans to strains induced during film deposition, and expands to
with a very fine and well collimated x-ray beam in the region2.47 A at a hydrogen pressure of 900 mbar. After this mea-
of the total reflectivity edge® ~0.4°). This yields the den- surement the hydrogen was removed from the sample by
sity of the Nb layers and its change with increasing hydrogerevacuating the external hydrogen atmosphere for several
content.(iv) Rocking scans in the region of total reflectivity. hours top<10~® mbar. After 18 hd,;,decreases to 2.33 A,
From these scans a macroscopic bending of the substrate doerresponding to the bulk value. Afterwards the sample was
to hydrogen-induced strains in the multilayer is provable. exposed to second, third, and finally fourth charging and

Due to very low volume fractions Fe, Cr, and Pd do notdecharging cycles. As can be seen in Fi@) 2the interpla-
contribute significantly to the diffractograms. The scatteringnar spacing always reaches the same maximum value of 2.47
is basically caused by the Nb layers. A when a hydrogen pressure of 900 mbar is applied, inde-

X-ray measurements in the out-of-plane direction yieldpendent of the number of previous charging cycles. How-
that the Nb layers are polycrystalline bcc with a pronouncecever,d ;o found after the first, second, and third dechargings
(110 texture. In the angular region dP=0°-50°, we is more and more reduced, and finally shows a value clearly
never observed reflections from differently oriented Nbbelow bulk.
grains. During hydrogen charging the film keeps this texture It follows that the relative lattice expansiaxd/d; found
and no additional reflections, for example from hydrideafter increasing the pressure from 0 to 900 mbar depends on
phases, are observed. Based on experience, a volume fractitre number of previous charging cycles. Heaidg is the
of 5% resulting from a second phase would be well visible inNb(110 interplanar spacing at the beginning of thh
the diffraction experiments. charging cycle atp=0 mbar, andAd is the hydrogen-

Figure Xa) shows how the Nt1.10) peak position changes induced increase of the interplanar spacing. Figufe) 2

Width of Nb(110) rocking curve (deg)
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FIG. 2. (a) Out-of-plane Ni110 interplanar spacing during Time (h)

four hydrogen charging cycles. The data presented here always cor- F|G, 3. (a) Nb(110 Bragg peak recorded during hydrogen de-
respond to increasing hydrogen pressures. The dashed line indicat@%rging at 100 s, 7 min, 1 h, and 13.5 h after sudden evacuation of
the value for bulk NK110). (b) The relative lattice expansiahd/d; the charging chambexb) Time dependence of the out-of-plane
as a function of the charging cycleThe straight line is a guide to Nb(110) interplanar spacing during dechargifitird cycle, from
the eye. 900 to 0 mbar, trianglésand during chargingsecond cycle, from
0.2 to 0.6 mbar, circles

shows thatAd/d; increases from= 4% in the first cycle to
~7% in the fourth cycle. We notice a tendency to a saturafrom 2.47 to 2.36 A. In this region the contraction velocity of
tion value above 7%. the lattice is 0.35 A/h. Afterwards the velocity slows down

Figure 3 shows the time dependence of the hydrogememarkably. After~14 h of evacuatiord,;q approaches a
charging and decharging processes. Figa i@presents an value of 2.31 A. For comparison, the time dependence of the
example of a decharging process. Initially, the multilayerNb(110 interplanar spacing during charging is also pre-
was charged at 900 mbar in the third cycle. Then the chamsented in Fig. @). The data were collected during the sec-
ber was abruptly evacuated and the(INkD) Bragg reflection ond charging cycle of the sample after a sudden pressure
was measured repeatedly over a longer period of time. Fdncrease from 0.2 to 0.6 mb&unfortunately, this measure-
clarity reasons only the starting measurement at 900 mbanent was not continued until the equilibrium interplanar
and the measurements at 100 s, 7 min, 1 h, and 13.5 h aftspacing was reached; during the third charging cycle the
evacuation are shown. It can be seen that the peak positieeguilibrium value ofd;;owas determined to be 2.41 A at 0.6
shifts to larger scattering angles, i.e., the Nb lattice parametenba. The expansion velocity during charging is, to a good
decreases. One can observe that the widths of the peaks dpproximation, constant, with a value of 0.042 A/h. This
not significantly increase, i.e., during the decharging procesmeans that the charging of the layer is one order of magni-
the hydrogen concentration is virtually the same everywheréude slower compared to decharging. If one considers that
in the Nb lattice. An appreciable hydrogen concentration grathe hydrogen concentration within the whole sample is the
dient which, for example, could arise from faster outgassingsame everywhere during charging and decharging, then it is
of the near-surface Nb layers, is obviously not present. Fovery probable that the velocity of the hydrogen in- and out-
all times the hydrogen distribution is in equilibrium within diffusion is basically limited by the surface condition of the
all Nb layers of the sample. Presumably, the diffusion ofcovering Pd layer. Such effects were studied in much detail
hydrogen through the Ntand Fe layers is very fast. Only in earlier work®*
when the sample is outgassed for very long times do we note During the charging process hydrogen expands the out-of-
a slightly increasing width of the reflection, presumably dueplane distances of the Nb planes. As can be seen in Fig. 2,
to the development of mechanical strains, as will be disthe expansion in growth directiof110) shows values up to
cussed below. 7%. The question arises if there is also in-plane lattice ex-

Figure 3b) shows the time dependence of the resultingpansion. If the film would adhere ideally on a completely
lattice spacings for all measured time steps. After evacuatiorigid Si substrate, an expansion in the layer plane would not
of the chamber these values initially change very rapidlybe possible. With our sample this is obviously not the case,
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' ' ' eral hours. Doing so, we could observe that the width of the

10'f 30 chari ) 3 ; small-angle rocking curve decreases again by some 1/1000°,
F ré charging cyere 1 i.e., the strains relax slightlgfor clarity, we have not incor-
0k 1st charging cycle 1 porated this effect in Fig.)4 At our charging temperature of

185 °C the relaxation process is relatively slow, and only a
minor part of the hydrogen-induced strain can be relieved in
2 this way. The mechanism of this relaxation could be a slight
] expansion of the film on the substrate. Later, when the hy-
drogen is again removed from the sample, the Nb crystal
lattice is, compared to the state directly after sample prepa-
1 ration, now prestrained in the film plane, which explains the
10° . . ' concave bending in the outgassed state.
0.01 0.02 003 0.04 0.05 We conclude from the transition between concave to con-
Width of small-angle rocking curve (deg) vex bending in the second and further charging cycles that
FIG. 4. Width of small-angle rocking curves measured in theth_e in-plane lattice parameter in the decharged state is alwa_ys
total reflectivity region for different, monotonically increasing hy- Slightly stretched compared to the bulk value. Because thin
drogen pressures during the first and third charging cycles. Thiéyers have a tendency to keep their volume constant, it re-
sketch demonstrates the hydrogen-induced bending of thgults that the out-of-plane interplanar spacing has to be re-
multilayer-substrate system and the broadening of the initially fineduced. For a quantitative analysis, however, the elastic con-
collimated x-ray beam. The appearance of the minimum for thestants of the material have to be taken into account. This
third charging cycle is due to a transition of the film’s strain stateprocess of partly lateral expansion at higher hydrogen pres-
from tensile to compressive during hydrogen pressure incieage  Sures is repeated in every charging cycle resulting in a con-
text). tinuing reduction of the out-of-plane interplanar spacing of
the Nb layers in the decharged stitempare Fig. @)].

as can be seen in Fig. 4. It shows the width of small-angle The measurement of the widths of the small-angle rock.ing
rocking curves measured in the total reflectivity regionCUTVeS is a qualitative measure for the strain state of the film.

(20=0.6°, ® variable for different, monotonically increas- However, we do not draw further quantitative conclusions
ing hydrogen pressures during the first and third charginiec.ause. the influence of the sample mounitng soft metal
cycles. Beginning from a partial pressure of fenbar when ~ SPTings is not yet known.
the Nb layer noticeably starts to absorb hydrogen, a clear
widening of the rocking curves is observed. Mechanical
strains in the Nb layers bend the layer-substrate system In situ neutron reflectivity measurements in the small-
analogous to the bimetal effect. Since there is a tendency faingle region were performed in order to determine the pres-
a hydrogen-induced in-plane expansion of the Nb layer, &ure dependence of the hydrogen concentration in the Nb
convex shape of the surface develops upon hydrogen incolayers. Due to the strong interaction of neutrons with hydro-
poration which considerably widens the fine and well-gen atoms in the film, neutron reflectivity is a direct and
collimated x-ray beam during reflectioisee the sketch in precise method to determine hydrogen concentrations in thin
Fig. 4. The pressure-dependence of the hydrogen-induceflms with a depth resolution in the nanometer region, as
strains proceeds completely analogously to the lattice expamietailed in Ref. 29. Due to the higip-resolution Aq
sion in the out-of-plane directioficompare Fig. @)]. A =0.0015A"1) of the instrument even the large periodicity
similar bending effect of the film-substrate system upon hy-of 1000-A Nb+26-AFe was measurable, allowing one to
drogen loading has been observed recently for a 2100-Adraw conclusions about the chemical modulation of the
thick Pd film on a Si100 substrate® multilayer. General discussions about neutron reflectivity
During dechargingnot shown herg the convex bending and fitting methods can be found elsewh&r&' The details
disappears again. Thus it is unlikely that only the film is of the concentration analysis are given in the Appendix. Due
warping since such a process should not be reversible. When the limited beamtime which was available for the neutron
the chamber is completely evacuated after the first cyclexperiments, we could only perform one charging and de-
even a concave bending develops. This follows from the obeharging cycle. We performed the neutron experiments with
servation that the widths of the rocking curves in the follow-a sample which was never charged with hydrogen before.
ing charging cycles go through a minimum. This minimum Thus the resulting data have to be compared with the first
in the region between I8 and 18 mbar (see data of third charging cycle of the x-ray experiments.
charging cycle in Fig. #results from a simple focusing ef- Figure 5 shows the diffractograms of the multilayer in the
fect of the x-ray beam taking place at a small concave film-as-prepared stat® mbap and after hydrogen charging at
substrate bending. With the exception of the first charging900 mbar. These experiments were performed with polarized
the minimum is observed in all following charging cycles. neutrons, i.e., for every pressure one measurement with
We explain this as follows: During the charging process thespin-up(filled symbolg and spin-down neutron®pen sym-
hydrogen attempts to expand the Nb lattice not only in thebols) was recorded. Due to the magnetism of the Fe layers
out-of-plane direction but also laterally. This, however, istwo clearly different reflectivity curves arise for the two spin
hindered by adhesion forces between the substrate and tkeates. During the measurements the sample was in a mag-
film. The resulting forces bend the Si. In the course of thenetic field of 500 G, saturating it magnetically. In all curves
first charging cycle we kept the sample at 900 mbar for seva sequence of Bragg peaks is visible reflecting the thickness

X-ray beam

=
Nb/Fe multilayer

H, pressure (mbar)
2

B. Neutron reflectivity
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FIG. 5. Small-angle neutron reflectivity curves of the multilayer
in the as-prepared staf@ mbaj and after hydrogen charging at 900
mbar (for clarity reasons the latter is lowered three orders of mag-
nitude on the logarithmic scaleThe symbols represent the mea-
sured datdfilled symbols for spin-up neutrons, open symbols for
spin-down neutrons The continuous lines are fits to the désee
text). The dashed line marks the position of the total reflectivity
edge at 0 mbar.

Sample Depth Sample Depth

FIG. 6. Scattering length density depth profiles for the as-
prepared sampléD mbay for spin-up neutronga) and spin-down
neutrons(b), and after charging at 900 mbar for spin-up neutrons
(c) and spin-down neutron@). The profiles were constructed by
analyzing the data of Fig. 5. The Nb depth coordinates are not
drawn to scale.

of one Nb/Fe double layer. Due to the steep concentratiogharged layetb). Thus at 900 mbar the Bragg peaks for both
gradient at the Nb/Fe interfaces the reflections are at leaspin states are more pronounced.
recognizable up to the 15th order. The hydrogen-induced Nb layer expansion results in a
Figure 6 depicts the scattering potentials seen by the newlight frequency increase of the small-angle oscillations in
trons during scattering. More precisely, the scattering potenFig. 5. Furthermore it is noticeable that the position of the
tials are expressed by the scattering length der(8tD),  total reflectivity edge is shifted to a loweé® value after
which is the product of the atomic densily of a material charging at 900 mbaisee the dashed line in Fig).5This is
and the scattering length of a single atom. The latter is a a direct consequence of the hydrogen-induced reduction of
measure of the interaction strength between neutron anghe Nb scattering length density. Since the multilayer con-
atom. The depth profiles scale for Pd, Fe, and Cr. Howevesists mainly of Nb, the criticaP value qualitatively indicates
the Nb depth coordinates are reduced by a factor of 10 behe amount of hydrogen dissolved in the Nb layers. In fact,
cause of its much larger layer thickness. Figurés @nd by measuring the critical edg@., one can directly deter-
6(b) represent the fitted scattering potentials for the measuremine the SLD of Nb(or of hydrogen-charged NbThe re-
ment at 0 mbar, i.e., in the as-prepared state of the sample ftsition is: ©(deg)=180/r X\ X (SLD/7)*2.  However,
spin-up and -down neutrons, respectively. The measuremefiiom the SLD of the loaded Nb alone, the exact calculation
with spin-up neutrongFel) is characterized by a strong scat- of the hydrogen concentratior), is not possible since one
tering contrast between the individual Fe and Nb layers. Theloes not know how the atomic density of the Nb layers
potential for spin-down neutrongFe|) shows a much changes upon chargiigompare formul#A3) in the Appen-
smaller contrast, explaining the low intensities of the Braggdix]. Additionally, at high hydrogen pressures, the SLD of
peaks of the corresponding measurement in Fig. 5. the loaded Nb becomes smaller than the SLD of the Si sub-
Figures 6c) and @d) represent the scattering potentials strate. From there on, the critical angle for total reflection is
after charging at 900 mbar. In contrast to the positive cohergoverned by the Si alone.
ent scattering length of Nbbg,=7.054fm), the coherent The SLD depth profiles shown in Fig. 6 were determined
scattering length of hydrogen atoms is negative, ( by fitting the reflectivity profiles of Fig. 5 using optical
= —3.739fm). Thus, when hydrogen is absorbed by the Nktheories®* The theoretical reflectivity curves corresponding
layer, the average scattering potential will be reduced. It folto the SLD profiles shown in Fig. 6 are drawn as continuous
lows that the contrast between Fe and Nb increases slightljnes in Fig. 5. The used fit parameters are listed in Table I.
for the case of spin-up neutrons. For spin-down neuttdpns  The errors for the fitting parameters of the Nb and Fe layer
however, it is significantly increased compared to the nonthicknesses are-0.5% and~3%, respectively. The Nb and



3148 CH. REHM, H. FRITZSCHE, H. MALETTA, AND F. KLOSE PRB 59

TABLE |. Results of the neutron reflectivity measurements. T T T U i

Nominal composition: Si(100) 50-A Cr+26-A 10°F 1
Fe+[1000-A Nb/26-A Féx5+50-A Pd. 10k ]
10'F 1
Scattering length densityum™2)  Thickness(A) 3 ok ;
at 0 mbar/ at 900 mbar at 0 mbar/ at 900 % !
Element in parentheses: bulk values mbar 2 lo°F 3
& 10'2 r 1
Pd 402(402 50 = b | e [1000 A Nb/26 A Fe]*S, T = 185°C ]
Nb/Nb+H 380(392/170 936/1035 O epitaxial 1000 AND(110) T= 187:(7
Fe (T) 1010(1300/1030 26 10-4,. --==-bulk Nb (extrapolated to T = 185°C) -
Fe(l) 490 (303/570 26 10° == ) p 010
Cr 303 (303) 50 Hydrogen concentration [H]/[Nb] (at.%)
Si 207(207) %

FIG. 7. Hydrogen concentratiofH]/[Nb] (at.% of the
multilayer determined by neutron reflectivity for the first hydrogen

Fe scattering length densities have an error@ at low charging procesfilled symb_ols, the straight Iine_ is a guide to the
hydrogen concentration ang3% at high hydrogen concen- eye. The error bars are estimated. For comparison, hydrogen con-
tration. The sensitivity for the thin Cr and Pd layers is quitecentration (;atlg arg ?Isobsrkm’/\lvg (fc;)r ahn spl!ta;'al 1000-A14D) film

low. In these cases nominal values have been used. In sun(10-'0en symboisand for bu ashedin

mary, it can be realized that only the scattering length Olen'ase the hydrogen concentration was determined using the
sity apd the thickness of the Nb change upon hydrogeﬁSN nuclear resonance method. Due to experimental restric-
charging. The structural parameters of the other layers re- : . '

main almost unchanged. The rms roughness at the Nb/FtéOns this method is only useful for pressures lower thah

interface was determined te8 A for both measurements. mbar. The Qashed line in Fg. 7 is the solgbility curve for
The magnetic moment of the Fe layers<§0% of the bulk bulk Nb which was extrapolated from experimental data

value and changes insignificantly upon hydrogen chargin t.he_ tem_perature_qf 185°C. Although our sample is po'nyy$'
This reduction of the magnetic moment of the Fe in Fe/Nba"'.ne' fts solubility curve (_:orresponds to those of the epi-
multilayers was not only observed in our witbut also taxial, almost perfect, Nb film. Note that the latter was also
from other groups? and seems to be characteristic of this measured with a direct method and under similar experimen-

system. The conversion of the scattering length densities int@I circumstances. In contrast to the films, the bulk material

hydrogen concentrations is unambiguous if a strict onef’llre"’ldy begins to incorporate hydrogen at imbar. At

dimensional expansion of the Nb layers is present. As W@gher pressures, i.e., at concentrations aboveH6Nb]

0,
will show in the Appendix, the resulting concentration is at. /° our results are close to the buIl'< data. .
given by Since we measured the hydrogen-induced increase of the

out-of-plane NI110 interplanar spacing and the out-of-
plane expansion of the Nb layers in parallel experiments by
cy= _— (1) means of x-ray diffraction and neutron reflectivity, it is rea-
Sno(PH=0)  tnp by sonable to compare these data. Figure 8 shows the experi-
mental results obtained during the first charging cycle. Com-
pared to the=4% expansion of the Nb lattice, the increase of

Sno+t tNb+H P

whereSyp .+ is the scattering length density of the hydrogen-
charged Nb layerSy, (py=0 mbar) is the Nb scattering
length density of the uncharged samplg,, andty, are the Incroasa of Nb(110) interplanat spacing (%)
corresponding Nb thicknesses, ang, andb,, are the coher- 0 2 4 6 3 10 12
ent scattering lengths of Nb and hydrogen atoms, respec- T T T i T T

tively. Because a slight in-plane expansion is possible during 0F ;
the charging experimentsompare the discussion to Fig), 4 10° f 2
an inaccuracy in the concentration determination cannot be _ 10' 1
excluded. However, even for the highest hydrogen pressures é 100 b 4
the in-plane expansion should not exceef@% (compare, g o b ]
for example, Refs. 12 and 1%esulting in a corresponding g,

concentration error. Together with the uncertainty of the re- & i ® interplanar spacing 3

flectivity fitting parameters, the accuracy of this method can 10" F ©  layer thickness 3
be estimated ta-2 at low and=*4 [H]/[Nb] at. % at high 10* F .
concentrations. 10° \ . ) . s L

0 2 4 6 8 10 12

Hydrogen concentration values were determined by
means of the neutron reflectivity method on the uncharged

sample and at hydrogen pressures ranging froni@ 2 to _ FIG. 8. Comparison between the hydrogen-induced increase of
900 mbar in increasing sequence. The results are presentedijya out-of-plane NHL10) interplanar spacing measured by x-ray
Fig. 7 (filled symbolg. It can be seen that the Nb layers start gitfraction (filled symbols, and the increase of the Nb layer thick-
to incorporate hydrogen at a pressure of ifhbar. The ex- ness measured by neutron reflectivigpen symbolsfor various
perimental data of an epitaxial NbLO) film charged at pressures recorded during the first hydrogen charging cycle. The
187 °C are added for comparisgapen symbols'® In this  straight lines are guides to the eye.

Increase of Nb layer thickness (%)
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the Nb layer thickness is significantly larger and reaches 7 — T A - -
more than 10% at 900 mbacorresponding hydrogen con- S 6l film +(1-dim.) bulk (3-dim.)
centration: ~95 [H]/[Nb] at. %9). When the sample is out- § . el
gassed again by evacuating the charging chamber, it is rec- g“ T . ,,// )
ognizable that even after several hours a significant amount £ 4} S e SR
of hydrogen can still be found in the sampgke50 [H]/[Nb] § / f,'?"

at. %9. Similar observations were also made for the case of sl “:’j j
the epitaxial Nb layet® For our sample, the Nb layer expan- zof 0 e 1
sion is also not reversible after a complete charging cycle. :i i s ,/’/ ]
The expansion of 10%, generated at a pressure of 900 mbar, 2

returns to only 7% instead of returning to zero after evacu- = 00’ 2 m %0 p= 0
ating the chamber. These findings, and keeping in mind that Hydrogen concentration [HY[Nb] (at.%)

after the first decharging the interplanar spacing decreases to

values even below the as-prepared dgsee Fig. 2, imply FIG. 9. Relation of the hydrogen-induced relative increase of

that a significant proportion of hydrogen atotup to 50% the out-of-plane NEL10) interplanar spacing and hydrogen concen-
is not solved at interstitial sites in the Nb lattice but trappedfration during the first charging cyclébold circles. The dashed

in lattice imperfections like grain boundaries, cavities, Va_llnes correspond to the theoretical beha\_/lor of a thl_n film ideally
cancies, dislocations, etc. The hydrogen-induced creation §famped to a substrate and to bulk behavior, respectisely text
additional volume(free of Nb atomyis clearly proven in
Fig. 8. We repeat here that we have never observed any oth
Nb or Nb/H reflection in the x-ray-diffraction experiments
than the one shown in Fig(d). The precipitates of a second

fyre. However, this fact is extremely important if one at-
tempts to deduce hydrogen concentrations from x-ray data.
In the literature the expansion coefficient of a host metal

hydrogen-rich phase would be easily observable in X_rayypon hydrogen charging is well established. For bulk Nb the

diffraction experiments, as can be seen in Refs. 15, 17, anflation between the relative lattice expansiod/d, of any
18. Thus we have no indications of phase separation at higﬁryStaIIIne plane and the hydrogen concentration is

H 37
hydrogen pressures. linear:
For bulk materials the trapping mechanisms of hydrogen
. L ; ; : Ad
in lattice imperfections are well establish@dr a review, see —=0.058&,. 2)
Ref. 33. A random solid solution might exist only in ideally do

perfect crystals and for very low hydrogen concentrationsgor a thin film rigidly clamped to a substrate the proportion-
Real samples, however, always contain defects which can agfity factor is different, because the film is allowed to expand
as traps for hydrogen atoms, and the interaction between thgyy in the out-of-plane direction. Using standard elasticity

hydro_gen atoms.itself may lead to cluster formation. De-+theory and considering the elastic constants of Nb yiaitls
pending on the kind of material, and on external parameters

like hydrogen pressure and temperature, quite different de- Ad
fect structures may be formed. Clustering of vacancies by 5o~ 0-13&y. ()
simultaneous coalescence of vacancies and arrival of hydro- 0
gen atoms from solution, for example, has been observed fd@ne should note that in this theoretical approach the hydro-
many materials. Examples are hydrogen containing voids igen concentrationy results solely from hydrogen atoms dis-
Cu and Ag with diameters up to a few 1000°AAnother  solved at interstitial sites. In cases where the clamping be-
mechanism is the accumulation of hydrogen in high strairtween film and substrate is not perfect, one would expect a
fields. By plastic deformation of Pd crystals, for example, theproportionality factor in between these two extreme values.
equilibrium hydrogen concentration can be enhanced bysenerally, one would expect a nonlinear relation between the
20-30 %% Thus hydrogen solubility can be used as a meahydrogen concentration and lattice expansion. At lower con-
sure of dislocation content. Hydrogen can even very effeceentrations when hydrogen charging is fully reversible, i.e.,
tively be transported by moving dislocations which haveas long as no defects are created, a strict uniaxial lattice
trapped hydrogen atonis.These moving dislocations may expansion should occur according to the one-dimensional
transport hydrogen initially dissolved on the crystal latticecase. At higher concentrations, when a critical lattice expan-
(or even from the outer surfacato already existing micro- sion is reached, dislocations should form which partly relax
voids and grain boundary cracks, resulting in a growth ofthe constraint of the substrate. In this situation the expansion
these imperfections. We argue that for our 1000-A Nb filmscoefficient is nonlinear and also between the one- and three-
the creation of additional volume is presumably also causedimensional cases.
by moving dislocations, which results in a growth of hydro-  Figure 9 shows the relation between the hydrogen-
gen containing voids. This is strongly supported by the obinduced relative increase of the {10 lattice spacing and
servation of the cold annealing effect which takes place durthe hydrogen concentration for our 1000-A Nb multilayer
ing the first hydrogen charging of our samplsee the sample during the first charging cycléold circleg. The
discussion of Fig. 1 dashed lines correspond to the theoretical behavior of a thin
The observation that for the thin-film case the hydrogen4ilm ideally clamped to a substrafsee formula(3)] and to
induced Nb interplanar spacing expansion is in such tremerbulk behavior [see formula(2)], respectively. At a first
dous inconsistency with the layer thickness expansion is tglance one could argue that our film is three dimensionally
our knowledge new, and has not been discussed in the literéisotropig expanding corresponding to bulk behavior. How-
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ever, in our concentration measurements by means of nelattice parameter changes observed in x-ray-diffraction mea-
tron reflectivity we have determined an average hydrogersurements will fail if the film does not keep its structural
content in the Nb layers which has two contributiofi§:  coherence upon hydrogen charging.
hydrogen dissolved at interstitial sites, afid) hydrogen Further investigations are in progress to elucidate the na-
trapped in the lattice defectsee the discussion abgvéit  ture of the large amount of additional volume created in the
high hydrogen pressures our data imply that both contribuNb layers (or at the Nb/Fe interfacgsduring hydrogen
tions are almost equdkee the discussion of Fig).7Sub-  charging. For the future, high-angle neutron Bragg diffrac-
tracting the fraction of hydrogen trapped in lattice defectstion experiments on epitaxially grown Nb/W superlattices
from the average concentration values given in Fig. 9 wouldare planned to determine the amount of hydrogen atoms
result in a much steeper slope of the data, reflecting filnsolved at interstitial sites in the out-of-plane and in-plane
instead of bulk behavior. In view of the present study thisdirections. These experiments are not possible with the cur-
interpretation of the data presented in Fig. 9 is much morgent polycrystalline Nb/Fe multilayers.
conclusive than the assumption that the Nb lattice is allowed
to expand in the film plane almost unrestricted. Even for ACKNOWLEDGMENTS
relatively thick Nb films the latter has never been observed .
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charged with hydrogen from the gas phase. Due to the ex-

tremely fast diffusion of hydrogen within the multilayer
stack the concentration is virtually the same throughout all
Nb layers, and is given by the external hydrogen pressure. CONCENTRATION IN THIN FILMS BY NEUTRON
The Nb layers stay in a single phase upon hydrogen charg- REFLECTIVITY

ing. We observe two regions of hydrogen absorption. Atlow | this section we derive how hydrogen concentrations in
H pressures the film expands in the out-of-plane direction. Athin films can be determined by the neutron reflectivity
higher pressures further expansion is accompanied bjethod(see also Ref. 29The idea is to compare a measure-
changes in the structure of the film. Absorption and desorpment of the as-preparddnloaded film with a measurement
tion kinetics are significantly influenced by the Pd cappinggf the hydrogen-loaded film. Doing so, we basically deter-
layer. During repeated hydrogen charging and dechargingyine the change of hydrogen concentration at a certain
cycles, a training effect on the out-of-plane®h0) interpla-  charging step relative to the uncharged film, which is as-
nar spacing is observed: The relative lattice expansion upogymed to be hydrogen fre@lVe have shown in earlier ex-
hydrogen charging increases with the number of cycles. Wiﬂberiments that typical hydrogen concentrations in as-
increasing hydrogen concentration large lateral strains deprepared films are<1-2 at.%® This possible initial
velop in the Nb layers, leading to a significant bending of thezgncentration has to be regarded as an offset grror.
film-substrate systemn situ neutron reflectivity measure- First, from the reflectivity curves, the scattering length
ments allowed a direct determination of the hydrogen CONYensitiesSyy(Py="0) andSyys+n(PH), as well as the corre-
centration in the Nb layers as a function of the external_ hyfsponding Nb layer thicknesseg, and tyy.y, have to be
drogen pressure. Most remarkably, the Nb layer expansion igyajuated for the as-prepared and loaded films, respectively.

more than two times larger than the lattice spacing expansioftyis is done by a fitting procedure described absee cap-
upon hydrogen charging, and is not reversible upon dechargons for Figs. 5 and 6

ing. Based on these values the concentrationy

__ From our experimental data we conclude the following: — (nymber of hydrogen atoms/number of Nb atoms) can be
(i) Hydrogen induces massive mechanical strains inside thggjculated as follows: The scattering length density

Nb layers during charging, especially at high pressulies. g . (p.) of a hydrogen-charged Nb film at a certain exter-

Hydrogen is not only dissolved at interstitial lattice sites but, 4 hydrogen pressurp,, is a superposition of the SLDs

to a comparable amount, is also trapped in lattice imperfecr‘esulting from Nb and H contributions:

tions. (ii ) Only those hydrogen atoms which are dissolved at

interstitial lattice sites can leave the sample during outgas- Snbsn(PH) = Snn(Ph) + Sh(Ph) (A1)

sing, as seen from the fact that the lattice spacing relaxes

completely[compare Fig. @&)]. Large numbers of hydrogen with Syp(Pn) =Nnp(Pr)bne @nd Sy(pr) = Nu(py) by [here

atoms, which are located in lattice imperfections, can thereNy,(py) and Ny(py) are the atomic densities of niobium

fore not be removed easily from the sample. and hydrogen at a certain hydrogen presspyg, by,, and
Our findings have a significant consequence: Any attempby are the neutron-scattering lengths for Nb and H atoms,

to calculate the hydrogen concentration of thin films fromrespectively.

In this paper we have investigated the hydrogen solubilit
of 1000-A-thick N{110) layers in an Fe/Nb multilayer by

APPENDIX: DETERMINATION OF HYDROGEN
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Since the hydrogen concentratiop at py is given by detailed position where the hydrogen atoms are located in the
Nb layers (dissolved on the lattice at interstitial sites or
CH(PH) = NH(PH)/Nnb(PH), (A2)  trapped, for example, in voitlsThus using this method we
we can rewrite formul#A1) and obtain obtain a laterally averaged H concentration.

Combining Egs(A3) and (A4) finally results in
Shb+H(PH) = Nnp(PH)Prpt CHNN(PH)DH . (A3)

Assuming that the Nb layer expands only in the out-of-plane e SNb+H th+H_ 1 M (A5)
direction upon hydrogen loading, we can write o San(Pe=0)  tap by

Nio(Pr) tho-+H(PH) = Nio(Pr=0)tno(P=0). - (A4) The only assumption that enters into formyiss) is that
This expression implies a hydrogen-induced reduction of th@ne-dimensional film expansion is present. Even if this is not
Nb layer’'s atomic density, i.e., hydrogen charging createslways strictly valid, as we show in the present paper, the
additional volume in the out-of-plane direction leading to aresulting error is in the order of a few percent at most. De-
redistribution of the Nb atom positions in this direction, terminingcy in the way described above avoids severe com-
whereas the total number of Nb atoms is constant. Sinceplications associated with the application of formu(@s or
specular neutron reflectivity measurements average over if3) because neutron reflectivity isdirect method and takes
plane domains of width smaller than the coherence length ahto account the layer thicknessd scattering length density
the neutror(approximately 10Qum) it cannot distinguish the changes occurring during hydrogen charging.
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