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Anomalous layer expansion in thin niobium films during hydrogen absorption
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Hydrogen absorption in Nb layers of Fe/Nb and W/Nb films was explanegitu by small-angle neutron/
x-ray reflectometry, high-angle x-ray diffraction, and EXAFS spectroscopy. In addition to the hydrogen-
induced Nb lattice expansion, the experiments reveal an anomalously large thickness expansion of the Nb
layers. This expansion is interpreted to be caused by the rearrangement of Nb atoms, and the creation of
additional lattice planes in response to the hydrogen-induced lateral lattice strain. This effect is likely the origin
of the extraordinarily large hydrogen concentrations found in these films.
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Over the last few decades, hydrogen in bulk metals, interwas found to be equal in all Nb layers of the stack. We never
metallic compounds, and semiconductors has attracted cofeund detectable amounts of hydrogen in the W or Fe layers
siderable research interest. Much of this research in recefifor further details, see Refs. 7 angl 8
years has focused on the behavior of hydrogen in thin films. Due to the strong interaction of neutrons with hydrogen
As in the case of bulk materials showing the ability to absorbatoms, neutron reflectivity is a direct and precise method to
large quantities of hydroge(fior example, Nb, V, Pd, and the determine the hydrogen concentration in thin films with a
rare earth metalsthe interaction of hydrogen with the host depth resolution in the nanometer rangee Ref. 8 for an
films can lead to significant modification of electronic, mag-€Xxtensive discussionFigure 1 shows the results af situ
netic, and structural propertiésExciting results have been measurements on Fe/Nb multilayers performed at the V6
achieved recently for thin metal films. Among these are Y(Hahn-Meitner-Institut Berlip and the POSY2IPNS, Ar-
and La thin films which reversibly switch their optical prop- gonne National Laboratoyyneutron reflectometers. Reflec-
erties upon hydrogen absorptidand Fe/NB’ or Fe/V (Ref.  tivity curves have been measured on uncharged samples and
4) multilayers which reversibly switch their magnetic cou- at hydrogen pressures ranging from~#0to 900 mbar in
pling and magnetoresistivity during hydrogen charging andncreasing sequence. Figure 1 compares the uncharged and
decharging. In some systems such as FéRéf. 5 and the final states at 900 mbar. Note that during these and all the
Nb/Pd® giant lattice expansions caused by hydrogen absorgollowing experiments, the temperature was kept constant at
tion have been reported. T=185°C. This temperature allows for reasonably fast hy-

For a theoretical understanding of the remarkable changedogen uptake dynamidsee Ref. 8and is high enough to
of film properties due to hydrogen charging, it is important toavoid a possible phase separation process, which is well
know how hydrogen is incorporated into the films, whether
structural phase diagrams of bulk materials are applicable, P Yy . —— —

: 4 —o— uncharged @ 7
and how hydrogen absorption depends on external param- b charged at 900 mbar 20 A Nb 1
eters such as temperature and hydrogen pressure. Our work R

is motivated by the fact that current literature is not yet con-

sistent in relating hydrogen concentration and associated
structural effects. Most existing studies have relied solely on
x-ray diffraction and have rarely used diraetsitu methods

for determination of hydrogen concentrations.

In this contribution, we present insights on the interrela-
tion between hydrogen uptake and structural changes in thin
Nb layers. Our results clearly indicate that the commonly
accepted model of the hydrogen absorption process in thin
films requires a revision. In particular, we studied the absorp-
tion process ahigh hydrogen concentrations and its revers-
ibility. We present results obtained froim situ experiments
on epitaxial W/NIK001) and polycrystalline Fe/Ni10) mul-
tilayers. The nominal compositions of the films wéas A
W or FeX A Nb], whereX=variable thickness, repeated
times to optimize intensity for scattering experiments. In
both systems, the Nb layers can easily be charged with hy- FiG. 1. Neutron reflectivity curves of Fe/Nb multilayers with
drogen from the gas phase. Due to a large negative enthal@irious Nb layer thicknesses, measured after sample preparation
of mixing, only the Nb layers of the multilayer absorb hy- (open symbolsand at a hydrogen pressure of 900 mi¢ited
drogen. After each charging step, the hydrogen concentratiosymbols.

Normalized Neutron Reflectivity

n n 1 1 n
0.05 0.15

Scattering Vector q, A™h

0163-1829/2002/68.1)/1134044)/$20.00 65 113404-1 ©2002 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 65 113404

i Increase of Nb(110) Interplanar Spacing (%)
? i' 1 v T T T T T 'O T T T T T T T 'i
3 10 ! j }
) ] 1 S 1
-g } 10 ¥ 1
® ] r @
5 4 20 ANb §
@ —~ 10-5 E 1 ! 1 1 1 ! PN
E - ,.§ r T T T 1 T 1 U M 1 'i
5 & I ! 1
o E g 10 f 1
) N 3
e 3] r 1
3 £ 10°F ' (b) 1
=
] % I 100 A Nb }
N NP L. N . PRI B -g 10—5 1 1 1 [ 1 I |
0 20 40 60 80 100 E\ i_ T T T T 1 T T T i
Hydrogen Concentration [H]/[Nb] (at.%) 10" Ir' ' :
r o]
FIG. 2. Hydrogen solubility curves of Fe/Nb multilayers with 102 : (c)}
various Nb layer thicknesses at=185°C. The dashed line for 4 1000 A Nb 1
bulk Nb is extrapolated from literature. 10° S S SN
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known for the bulk hydrogen/niobium systeffor bulk Nb Increase of Nb Layer Thickness (%)
the critical temperaturd@, is 171 °Q. In addition to this, a . ) o
saturating magnetic field was applied in order to avoid pos- FIG. 3. Comparison bet\/\_/een hydrogen-ln_duc_ed relative increase
sible hydrogen-induced changes of the magnetic scattering §f the out-of-plane NEL10) interplanar spacindfilled symbols,
the samples, which could complicate the hydrogen concerf’l“d |ncrease_of Nb layer thickne&spen symbolsin Fe/Nb multi-
tration determinatioflAs can be seen in Fig. 1, the effect of 'ayers for various hydrogen pressures.
hydrogen absorption on the reflectivity spectra is quite dra-
matic. The charged samples show strongly enhanced chemiastly different plateau pressure positions of the 100 and
cal Bragg peaks due to the increase in scattering contragn00 A Nb films.
between Nb-H and Fe, and pronounced shifts in the Bragg Up to now it has always been assumed that hydrogen
positions indicating the expansion of the Nb film thickness.absorption in thin films is comparable to the absorption pro-
For samples with higher overall Nb content, one also ob-<cess in bulk metals where by far the dominant mechanism is
serves a decrease of the criticplvalue for total reflection hydrogen occupation of interstitial lattice sites in the host
due to the lowering of the scattering length density in Nbmetal. The main difference between thin films and bulk ma-
upon hydrogen absorption. terials with respect to hydrogen-induced structural changes
The average hydrogen concentration values in the Nb laywas thought to be the predominantly one-dimensional lattice
ers were determined from the scattering contrast and Nexpansion out of the plane of the films, caused by the adhe-
layer thickness changes in the reflectivity curves of Fig. 1sion of the film to the substrate, in contrast to the three-
(see Ref. 8 for details The results are displayed in Fig. 2. dimensional lattice expansion of bulk materiédse Ref. 10
Very similar results were obtained on W/Nb multilayérs.  Our studies of the Nb films reveal a second, unexpected
Obviously, the hydrogen solubility in the Nb films strongly effect of equal importance to the interstitial lattice expansion.
differs from that in bulk Nb and is dependent on the film Analyzing scattering data of the situ hydrogen loaded mul-
thickness. The plateaulike pressure region of the curves, ailayers, we found a remarkable result as displayed in Fig. 3:
which most of the hydrogen is absorbed, is more than aThere is a huge difference between the hydrogen-induced
order of magnitude higher compared to the bulk values. Theut-of-plane lattice expansiofietermined by diffraction in
hydrogen concentration saturates for layers with large Nithe high-angle regimeand the expansion of the Nb layer
thickness at one hydrogen atom per niobium atom, close tthickness (determined by reflectivity measurement3he
the corresponding value for bulk material. This is surpris-relative increase at the macroscopic level of the Nb layer
ingly high in view of the restricted possibility for the in- thickness is much larger than the relative increase at the mi-
plane expansion of the Nb lattice. Films with thinner Nb croscopic level of the interplanar spacing. Experiments on
layers @y,<<50 A) show greatly reduced hydrogen concen-W/Nb multilayers exhibit similar features. The details, how-
trations. It has been emphasized that short-range electraver, depend on the actual thickness of the Nb lagehsch
spill over may suppress hydrogen solubility in the vicinity of will be discussed in a forthcoming papeHence, hydrogen
the interfaceS. Our measurements, however, indicate thatabsorption at interstitial sites and the related lattice expan-
long-range mechanical interactions between the hydrogesion (widely assumed to be proportional to the concentra-
absorbing Nb layers and adjacent nonabsorbing Fe layers atien) are only partly responsible for the observed structural
also quite important for the hydrogen uptake process. Onlgffects in the Nb films.
long-range mechanical effects can be responsible for the Recently, we have performed extended x-ray absorption
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FIG. 5. (a) Expansion of Nb layer thickness upon repeated hy-
FIG. 4. Determination of second nearest-neighbor distanc&r©9€n charging and decharging, aiml corresponding expansion
changesR, in W/Nb multilayers by EXAFS spectroscopy for vari- ©f NP(110 lattice planes in Fe/Nb multilayers.
ous external hydrogen pressuréa} in the direction of the film
normal; (b) in the film plane(the large symbols at I8 mbar rep-
resent measurements on a reference.féill data points represent
equilibrium values, except the measurements at 1 mbaa)inin . . A A
this case it tok 6 h before theR, value finally stabilized. These in order to explain quantitatively the results in Fig. 3.

data points mirror the time dependence of the out-of-plane lattice This model implies a three-du_nensmnal rgarrangement O_f
expansion which is associated with a slow transformation of thd\P atoms caused by the massive mechanical lateral strain

initially well ordered epitaxial Nb films into much smaller domains @nd its relaxation with increasing hydrogen charging within
(the data points were taken in increments of 15 h the Nb layers, especially near the interfaces to the substrate
and the unloaded Fe or W layers. As a result, individual Nb
fine structure(EXAFS) measurements om situ hydrogen  atoms are squeezed out of existing lattice planes and start to
loaded Fe/Nb and W/Nb multilayefswhich enable us to form additional planes, which finally causes the anomalous
suggest an interpretation of the anomalous results displayddrge expansion of the layer thickness. Note that the newly
in Fig. 3. The experiments were carried out at theNRDII created partial lattice planes imply a large amount of addi-
station at HASYLAB, Hamburg, at photon energies near theional dislocations. The latter are evidenced by the fact that
K-absorption edge of NK18.985 keV using the fluores- the out-of-plane diffraction peaks broaden significantly upon
cence detection mode. From such data one obtains selectitgdrogen absorption. Fdr26 A W/100 A Nb X 60, for ex-
information about structural changes occurring perpendiculaample, we find a decrease in coherence length in growth
to the layer and within the layer, by measuring at grazing andlirection from 90 A after preparation, to 55 A after hydrogen
normal incidence geometries, respectively. For(@@l) ori-  absorption at 900 mbar. Further evidence comes from the
entated epitaxia[ 26 A W/100 A Nbx 60 multilayer, EX- EXAFS measurements on this sample, which also indicate an
AFS allows one to determine the out-of-plane distaRse increase in disorder upon initial hydrogen loading. The dis-
between next-nearest Nb neighbdrssults shown in Fig. tance fluctuations between next-nearest Nb neighbors in out-
4(a)], as well as the corresponding in-plane val{sse Fig. of-plane direction, more precisely the mean square deviation
4(b)]. The experiments confirm the out-of-plane expansion otalue o2, increased from 0.0126%in the noncharged state,
6.2% at 900 mbar obtained by x-ray diffraction. However,to 0.0285 & at 900 mbar. Since lattice imperfections effec-
more importantly, they also reveal a small 2.5% in-planetively trap hydrogen atoms, the new effect likely also ex-
expansion of the Nb lattice under hydrogen absorption.  plains the extraordinarily high hydrogen concentrations
The in-plane expansion of 2.5% and the correspondindgound in our Nb films(see, for example, Fig.)2and the
out-of-plane lattice expansion of 6.2% result in a total in-partial nonreversibility of the hydrogen absorption process
crease in volume of 11.5%. This amount coincides with thétself, which we emphasized in Ref. 8.
relative increase of the Nb layer thickness expansion of The reversibility of the geometrical rearrangement of Nb
11.1% as determined from reflectivity experiments. Henceatoms during repeated hydrogen loading cycles has been
one only has to take into account the boundary condition oftudied by conventional x-ray scattering for the case of the

a fixed in-plane aredi.e., a one-dimensional degree of free-
dom to expand macroscopically in the out-of-plane diregtion
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[26 A Fe/100 A N§x 10 multilayer (the layer thicknesses loading indicates that a relaxation process takes place, which
are nominal values. Figure 5 shows a comparison of the may easily be explained according to our model and involves
hydrogen-inducednacroscopicNb layer expansionmea- formation of additional Nb planes. The rearrangement itself
sured by reflectivity and themicroscopicexpansion of the must be a one-time process since in the second and subse-
Nb(110) lattice planegmeasured by high-angle diffractipn quent loading cycles, the relative layer and lattice expansions
The displayed data sets represent changes in the out-of-plaaee almost equal. The first hydrogen loading of the corre-
direction, measured during the first three and the sixth chargsponding W/Nb superlattice shows, compared to the poly-
ing cycles. Data are presented only for the increasingrystalline sample, an even more dramatic behavior, since
branches of the cycles. The decharging branch has begRe initially well-ordered epitaxial Nb layers break down into
monitored too and was assumed to be completed when copych smaller domains.

stant values for the Nb layer thickness and Nb lattice spacing | summary, we have investigated repeated hydrogen
were approachedtypically after 12 . In the as-prepared charging of Nb-containing multilayers in a combined study
state, the Nb layer thickness was determined to be 89.5 Ry y_ray neutron, and synchrotron methods. We have found
and increased finally to 100 A when & hressure of 900 an anomalously large macroscopic expansion of the Nb lay-
mbar was applied. This corresponds to an enormous relativgrs during the initial loading of the films. In spite of their
increase of 11.7% during the first charging. The removal ofjifferent structuregpolycrystalline in the case of Fe/Nb and
the hydrogen gas in the loading chamber resulted in a lay€spitaxial in the case of W/Nbthe two multilayer systems
thickness of 93.8 A. The subsequent charging cycles are resssentially show the same behavior. This process is ex-
versible and show relative thickness increases of only 6.7%y|ained as a mechanical response of the Nb lattice to the
Note that in all cycles the same maximum thickness of 100 Asnormous stress that acts on the films during hydrogen load-
is reached. The Nb lattice spacing shows just the reversgg our results emphasize the importance of geometrical

behavior. In this case the expansion during the first hydrogeggnstraints and give new important insights into the hydro-

loading was small. The lattice spacing increased only 4.4%gen apsorption process in thin films. These findings need to
from 2.385 to 2.485 A.

Decharging the film resulted in e taken into account in the experimental determination of
db(110)= 2-320 A. Note that this value is now considerably hydrogen concentration in thin films.

closer to the NHL10) bulk value of 2.333 A, which demon-

strates the effect dfiydrogen-induced annealinghe subse- The authors kindly acknowledge experimental assistance
quent loadings are again reversible with relative increases dfom R. Goyette/ANL, H. Fritzsche/HMI, and L. Toer/
around 7%. The vast difference between macroscopic andASYLAB, and useful discussions with W. Press and
microscopic expansion of Nb during the initial hydrogenJ.F. Ankner.
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