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H-H interactions in Nb ÕW„110… superlattices
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The elastic interaction of hydrogen in Nb/W~110! superlattices and the effect of biaxial compressive strain
of the Nb layers on the hydrogen lattice-gas to hydrogen lattice-liquid (a2a8) phase boundary are explored.
The epitaxial growth of Nb on W introduces biaxial compressive strain in the Nb layers and the degree of
compression is governed by the thickness ratio of the constituents. Hydrogen solubility isotherms of four
samples of increasing W-layer thickness (DW53 –18 ML) and a constant Nb-layer thickness~12 ML! were

measured by combining resistivity measurements and the1H(15N,ag)12C nuclear reaction.DH̄H andDS̄H as
functions of the hydrogen concentration and W-layer thickness were deduced. The H-H-interaction was found
to depend strongly on the initial strain of the Nb host-lattice. The critical temperature for thea-a8 transition
was determined to be 287 K for the sample with least compressed Nb layers (DW53), while no transition of
this kind is verified for the other samples.
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I. INTRODUCTION

The lattice-gas to lattice-liquid transition of hydrogen~H!
in metals, is theoretically treated by Wagneret al.1 The driv-
ing force of the transition is of elastic nature and is in pr
ciple of infinite range. Hence, size and shape of the abs
ing material does effect the modes of the spino
decomposition, which also has been experimentally verifi
e.g. in single crystals of Nb by Zabel and Peisl.2 H solubility
measurements in thin metal films have also been use
address the relation between finite-size effects and ela
boundary conditions.3,4 The thicknesses of the films wer
typically in the range: 1021000 nm.

Studies of H in multilayers and superlattices with lar
differences in H-absorption potential of the constituents
one possible route to determine the H-H-interaction in v
thin layers~i.e. typically below 20 atomic monolayers!.5 Nb/
W-superlattices are examples of structures of this type,
all absorbed H will be confined in the Nb-layers within
broad temperature range.

Song et al.3 have demonstrated a strong film thicknes
dependence of the H-H-interaction in 30-520 nm Nb~110!-
films, and predicted that the interaction energy should d
to zero for film thicknesses below;15 nm. In addition, an
unusually large H-induced lattice expansion has b
reported,6 and the maximum out of plane lattice parame
change increases for thinner films.3 No previous measure
ments have been done to address the role of the initial s
state of the Nb~110!-layers on the H-H-interaction. The pos
sibility of controlling the strain states of the constituents,
varying their thickness ratio, makes Nb/W~110!-superlattices
suitable for this purpose. Furthermore, the superlattices
be loaded and un-loaded with H to more than^H/Nb&50.5
without hysteresis effects, which seldom is the case for t
0163-1829/2002/66~15!/155433~8!/$20.00 66 1554
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films. Therefore, in order to determine the thermodynam
of H in Nb~110! in the extreme thin limit (;2.8 nm), and to
clarify the role of the strain state of the host-lattice on t
H-H-interaction, we have studied the H uptake of four d
ferent Nb/W~110! samples. The thicknesses of the Nb-laye
(DNb512 ML) are equal for all samples, whereas t
W-layers thicknesses (DW53, 8, 13 and 18 ML! are varied,
and thereby generating an increasing bi-axial compres
strain in the Nb-layers. This particular sample series, th
enables separation of finite-size-, and strain-state effect
the H-H-interaction.

II. EXPERIMENTAL DETAILS

A. Sample growth and characterization

Epitaxial Nb/W~110! superlattices were deposited by d
magnetron sputtering. The depositions were carried ou
99.999999% pure Ar gas at a pressure of 2
31023 mbar. The background pressure of the deposit
chamber was in the 10210-mbar range. The targets wer
99.95% pure Nb and W, and the substrates were 0.5310
310 mm3, polished~110!, a-cut, Al2O3 single crystals. Prior
to the growth, the substrate was preheated for 10 min at 1
K, and the target surfaces were sputter cleaned for 2 m
The growth temperature, 1073 K, was monitored using a
pyrometer. Four samples were made, each consisting o
bilayer repetitions. The thicknesses of the Nb layers w
kept constant and equal to 12 ML, while the W-layer thic
nesses were varied among the samples from 3 to 18 ML

X-ray diffraction ~XRD! measurements were performe
using a Philips PW1820 powder diffractometer with an a
curacy of 0.01° in 2u. u22u XRD with Cu-Ka radiation
was carried out in the high-angle region (30°250°2u) @see
©2002 The American Physical Society33-1
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Fig. 1~a!#, and in the low-angle region (1°210°2u) @see
Fig. 1~b!#. Rocking curves were also measured on the N
W~110! peak; see Fig. 1~c!. The high-angle patterns show, a
expected, decreasing average Nb/W~110! lattice spacing for

FIG. 1. X-ray diffraction patterns of Nb(DNb

512 ML)/W(DW)(110) superlattices. The four different scans c
responds to~#1! DW53, ~#2! DW58, ~#3! DW513, and ~#4!
DW518. ~a! High angle diffraction patterns. 2–3 superlattice sat
lites ~the order is marked as6n) are observed on both sides of th
Nb/W~110! peak. The position of the bulk Nb~110!, W~110!, and
Al2O3(110) Bragg angles are inserted for comparison.~b! Low
angle diffraction patterns. Up to five superlattice peaks are visi
as well as finite-size oscillations at low angles.~c! Rocking scan (v
scan! around the main peak in the high angle pattern. For a disc
sion on the quality of the samples, see text.
15543
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higher W contents: 2.327, 2.315, 2.298, and 2.287 Å, for
DW53, 8 ,13 and 18 ML sample respectively.

110 and 100 pole figures were recorded using a Phi
MRD operated with~low resolution! parallel beam x-ray op-
tics. The high angle spectra and the pole figures confirm
the films are truly epitaxial. However, in the high angle ran
a broader peak, centered between the Bragg angles fo
and W bulk, is clearly visible for the sample with the thicke
W layers@see Fig. 1~a!#, and indicates that parts of the film
have relaxed to the bulk lattice parameter of the constitue

The rocking curves of the Nb/W~110! peak show an un-
corrected broadening~full width at half maximum! of 0.26°,
0.50°, 0.72°, and 0.84° for theDW53, 8, 13, and 18
samples, respectively. The appearance of the broad pea
the DW518 sample, together with the broadening of t
rocking curves, illustrate a deteriorating crystalline qual
and the generation of higher defect concentrations, as
W-layer thickness is increased.

The low angle measurements show 3–5 superlattice pe
in the region from 1° –10° in 2u. At very low angles
(0° –3°2u), oscillations from the total film thickness can b
seen for the two thinnest samples. The broadening of
superlattice peaks at higher angles, which is clearly seen
all samples, implies fairly large variations of the bilay
thicknesses. The average bi-layer thickness (L5DNb1DW)
was deduced by simulation using the Philips Win-GIX
software7 with the results;L531.6, 41.6, 51.3, and 61.6 Å
for the DW53, 8, 13, and 18 samples, respectively. T
simulations also give an estimation of the interface rou
ness of approximately 2 Å for the two samples with thinn
W layers, and 4 Å for the other samples.

B. p-c-T measurements

Details of the experimental setup for thep-c-T measure-
ments (p is the equilibrium H2-gas pressure,c is the H con-
centration, and T is the temperature! can be found
elsewhere.9,8 Before each measurement, the sample and
sample stage were heated in ultrahigh vacuum at 573 K
several hours, and flushed with~1 mbar! ultrapure H2 gas.
The H2 gas used in the experiments, initially of 99.99998
purity, was additionally purified in two steps: First through
West Associates ULTRAPURE gas purifier, and thereafter
absorption in a metal-hydride powder. The residual par
pressures of all gases except H2, as determined by a quad
rupole mass spectrometer, were in the 10210-mbar range dur-
ing all experiments.p2(DR/R0) isotherms (DR/R0 is the
resistance change during H loading, normalized to the re
tance without H at 573 K! were then measured by varyin
the temperature between 573 and 393 K, and the H2-gas
pressure between 0.01 mbar and 1 bar. The loading of
superlattices was carried out, at constant H2-gas pressure, by
decreasing the temperature in steps of 20 K~see Fig. 2!. The
resistance was registered with a 830 Stanford Rese
lock-in amplifier ~resolution 0.1 mV) using a four-point
technique. The gas pressure was read by three different p
sure transducers with full scale: 1, 133, and 1000 mbar
spectively ~the accuracy is 0.1% of the full scale!. The
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sample temperature was measured by a chromel-alumel
mocouple and held within61 K using a Eurotherm 94c
temperature controller.

III. RESULTS AND ANALYSIS

A. Hydrogen induced resistivity change

A typical result for the resistivity change (DrH) of the
superlattices during a H-absorption-desorption cycle
shown in Fig. 2. Notable is that the resistivity change
completely reversible, i.e., the resistivity returns to the init
value when all H is desorbed.p2(DR/R0) isotherms for one
of the superlattices are shown in Fig. 3. Similar to Mo
superlattices,8 DR exhibits a temperature dependent ma
mum. The maximum change of resistivity (DrH,max) can be
fitted to the following expression:

DrH,max5A1BT@K#.

The coefficientsA andB for the different samples are show
in Table I.

The resistivity change due to H in superlattices can
written as

FIG. 2. The resistivity change when loading a Nb~12-ML!/
W~13-ML!~110! superlattice at 10-mbar H2-gas pressure. At the
time markedA, the hydrogen gas is introduced, and at timeB the
sample cell is evacuated. The change of resistivity is reversible
the resistivity goes back to the initial value when evacuating
hydrogen.

TABLE I. The temperature dependence of the maximum cha
of resistivity (DrH,max) during H loading of Nb/W~110!-
superlattices. The change ofDrH,max with temperature appears to b
linear and the coefficientsA and B are the result from fitting the
data to:DrH,max5A1BT@K#.

LNb /LW A B
@ML # @mV cm# @nV cm K21#

12/3 11.6~5! 5.27~5!

12/8 9.6~2! 2.9~5!

12/13 5.2~1! 3.3~5!

12/18 1.0~5! 5.6~6!
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DrH5r i1rel ,

wherer i is an impurity scattering term andrel is the resis-
tivity change due to H-induced modifications of the ele
tronic structure. The electronic part has proved to mak
significant contribution to the total resistivity change f
some superlattices constituents combinations.9 Instead of try-
ing to separate the different terms, we express the conce
tion dependence ofDR/R0 as a power series:

DR

R0
5(

i 51

`

aic
i . ~1!

Based on previous results10 we truncate terms higher tha
second order in Eq.~1!, i.e.,

DR

R0
5a1c1a2c2. ~2!

Proceeding as in Ref. 9 the following expression is obtain
from Eq. ~2!:

c5cDRmax
6cDRmaxS 12

DR

DRmax
D 1/2

, ~3!

wherecDRmax
is the H to Nb atomic ratio at maximum resis

tance change. The actual H to M atomic ratio, at resista
maximum, was measured by1H(15N,ag)12 nuclear reaction
~see Table II!, and cDRmax

is estimated to;0.6 H per Nb
atom. Equation~3! is then used to convert from the relativ
resistance change to the H to Nb atomic ratio (^H/Nb&).

e.
e

e

FIG. 3. p2(DR/R0) isotherms of a Nb~12-ML!/W~3-ML!~110!
superlattice. The resistivity change goes through a maximum, w
also is seen for H in Mo/V superlattices.

TABLE II. Results from nuclear resonance analysis for samp
loaded at the maximum resistivity change. The table includes
hydrogen to metal atomic ratio@H/M# and the average hydrogen t
Nb atomic ratio^H/Nb&.

LW@ML # @H/M# ^H/Nb& T@K#

8 0.3660.01 0.60 533
18 0.2360.01 0.58 493
3-3
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B. Hydrogen solubility isotherms

The solution isotherms, as deduced from thep
2(DR/R0) isotherms@using Eq.~3!#, are presented in Fig. 4
A comparison between the measured relative chemical
tential (DmH5kBT lnAp, see below!, at 573 K, for the su-
perlattices and bulk Nb~Ref. 11! is provided in Fig. 6~a!.
The result reveals a lowered solubility~i.e., higherDmH), for
the superlattices compared to bulk Nb. The trend inDmH ,
between the samples, is toward lower solubility as
W-layer thickness is increased, except that theDW513
sample has a slightly higher solubility than theDW58
sample.

For the least strained sample@see Fig. 4~a!# inflection
points of the isotherms can be observed. Traditionally th
have been used to mark the critical concentration for tha
2a8 transition in Nb.3 The point of inflection (̂H/Nb& ifl.) is
temperature dependent, varying from^H/Nb& ifl.50.24 at 573
K to ^H/Nb& ifl.50.30 at 413 K. This temperature depe
dency, which is not seen for bulk Nb, is a consequence of
highly un-linear concentration dependency of the partial
thalpy of solution@see Fig. 6~b!#.

The relative chemical potential minus the ideal part
configurational chemical potential (DmH8; see below! for the
different samples is shown in Fig. 5. In this representati
the low concentration behavior of the solubility isotherms
more clearly visible. The increased defect density for
superlattices with thicker W layers~see Sec. II! is expected
to be reflected in the solubility. In particular, vacanci
should effect the H uptake at a low H concentration, as th
are energetically favorable for H to occupy.12 This is also
observed for theDW58 –18 samples at concentrations up
^H/Nb&.0.1 ~marked as hatched areas in Fig. 5!. Similar

FIG. 4. The solution isotherms of hydrogen in Nb(DNb

512-ML)/W(DW)(110) superlattices.~a! DW53 ML, ~b! DW

58 ML, ~c! DW513 ML, and~d! DW518 ML. The solid lines are
the best fits using Eq.~9!.
15543
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effects in bulk metal-hydrogen alloys are reported in the
erature; see Ref. 13 and references therein.

C. Thermodynamic model,DH̄ H and DS̄H

The relative partial enthalpy (DH̄H) and entropy (DS̄H)
can be derived fromp-c-T measurements through th
expression14

DmH~c,T!5kBT lnAp5DH̄H2TDS̄H , ~4!

where

DH̄H5H̄H2
1

2
H̄H2

0 , ~5!

DS̄H5S̄H2
1

2
S̄H2

0 . ~6!

In Eqs.~5! and~6!, H̄H2

0 andS̄H2

0 are the partial enthalpy an

entropy of H2 gas at the reference state~i.e., p

51013 mbar), respectively, andH̄H and S̄H are the respec-
tive partial enthalpy and entropy of the dissolved H. P
ceeding as in Ref. 14, we subtract the ideal partial confi
rational entropy,S̄H

ic52kBln@c/(62c)#, from Eq. ~4!, which
upon rearrangement can be written as

DmH8 5kBT ln@Ap~62c!/c#5DH̄H2TDS̄H8 , ~7!

where

DS̄H8 5DS̄H2S̄H
ic . ~8!

DH̄H andDS̄H8 can be modeled as polynomials inc, i.e.,

FIG. 5. The relative chemical potential minus the ideal par
configurational chemical potential for Nb(DNb512 ML)/W(DW)
3(110) superlattices at different temperatures.~a!–~d! corresponds
to different thickness of the W layers:~a! DW53 ML. ~b! DW

58 ML. ~c! DW513 ML ~d! DW518 ML. The temperatures@in
K# are as indicated in~a!. The solid lines represent least-square fi
to Eq. ~9!, using terms to fourth order inc. For the hatched areas
see the text.
3-4
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DmH8 ~c,T!5 (
m,n50

M ,N

~hn2Tmsn!cm
n , ~9!

whereM11 is the number of solubility data points,N is the
order of the polynomials, andhi and si are temperature in
dependent coefficients.

The concentration dependence ofDH̄H and DS̄H , as de-
duced by fitting~i.e. minimizing the least-square error! the
experimental data to Eq.~9! to fourth order inc, and a com-
parison with bulk Nb,11 is plotted in Figs. 6~b! and 6~c!,
respectively. Within the hatched areas in Fig. 5, the ab
model @Eq. ~9!# could not be applied due to temperature d
pendencies inDH̄H and/orDS̄H .

For the DW53 sample, the relative partial enthalpy
infinite dilution, DH̄H

0[h0 @in Eq. ~9!# 520.396
60.010 eV/H atom, is lowered~i.e., a more exothermic re
action! with ;35 meV relative to bulk Nb. This result is in
contrast to Nb/Mo~001! superlattices15 and thin epitaxial
Nb~110! films,16 where the solution of H is reported to b
more endothermic than in bulk Nb. The extrapolated val
of DH̄H

0 for the DW58 –13 samples are, within the exper

FIG. 6. The concentration dependence ofDmH ~measured at 573

K!, DH̄H , and DS̄H @as deduced from Eq.~9!#, for Nb(DNb

512 ML)/W(DW53 –18 ML)(110) superlattices. The differen
lines correspond to~#1! DW53, ~#2! DW58, ~#3! DW513, and
~#4! DW518. The solid lines are for bulk Nb~Ref. 11!.
15543
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mental accuracy, equal to theDW53 sample, while for the
DW518 sampleDH̄H

0 is evidently more negative.
At intermediate and high concentrations, variations

DH̄H andDS̄H with c are due to the interaction between th
dissolved H. The slope ofDH̄H versusc can be interpreted a
the H-H interaction energy (uH-H), while the slope ofDS̄H
versusc contains information regarding H-H correlations.

In the low concentrations range, 0,^H/Nb&,0.12, uH-H
is close to zero for theDW53 sample. As the concentratio
is increased,uH-H is gradually becoming more attractive, an
reaches20.3660.05 eV/H atom at̂ H/Nb&50.4, which is
comparable to bulk Nb (20.3 eV/H atom!.11 For the DW
58 sample,uH-H is repulsive at low concentrations, bu
changes to slightly attractive above^H/Nb&.0.2, while for
the DW513-18 samples,uH-H is repulsive over the whole
measured concentration range (0.1,^H/Nb&,0.4).

At low concentrations, the entropy data for all samp
reveal a more ordered solution than bulk Nb. When the c
centration is increased the slope ofDS̄H versusc for the
DW53 sample follows the bulk-Nb behavior, while for th
DW58 –18 samples, the slope is monotonically decreas
with concentration.

The shift towards more negative values of bothDH̄H and
DS̄H for the DW518 sample, in comparison with the othe
samples, indicates a more attractiveM-H interaction and re-
duced degrees of freedom of the dissolved H. The reason
this is, at this moment, unclear. One possible explana
involves H-absorption in the relaxed parts of the Nb laye
which according to the x-ray spectra~see above!, are largest
for this sample, but a further exploration of these effects
to be postponed.

The critical temperature (Tc) and concentration (cc), for
the a2a8 transition can be determined using the followin
definition of a critical point:

]m

]c Upc ,Tc
5

]2m

]c2U
pc ,Tc

50. ~10!

Using the polynomials forDH̄H and DS̄H8, obtained from
the solubility data, in Eq.~10! gives Tc5287 K and cc
50.39 H per Nb atom for theDW53 sample. For theDW
58 –18 samples, no transition of this kind could be verifie

IV. DISCUSSION

The main motivation for studying H-H interactions in th
films and superlattices is the possibility to address the ef
from the finite thickness of the host material on the critic
behavior and the phase diagram of the H lattice gas. Ap
from the finite-size effects, the coupling between the film a
substrate, the presence of the H free layers, as well as
strain state of the host-lattice, are also expected to alter
phase diagram. The absence of hysteresis effects in the r
tivity change (DrH), despite loading the samples to mo
than ^H/Nb&50.5, which also is the case for Mo/VHx- and
Fe/VHx-superlattices (x50 –1), is a strong indication tha
no in-plane expansion is taking place when loading
3-5
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samples, i.e., the Nb-layers are totally ‘‘clamped’’ in the fil
plane ~uniaxial expansion!. The role of different elastic
boundary conditions on the H-H-interaction was first reco
nized by Alefeld.17 A general discussion on the consequen
of uniaxial expansion on the H-H-interaction is found in R
18.

The higher defect concentration in the samples w
thicker W layers is mainly affecting the H-uptake in the lo
concentration range (^H/Nb&,0.1). It is, however, possible
that a higher lattice defect concentration can affect the H
interaction through its effect on the elastic constants. Ho
ever, on an absolute scale, all the samples can be consid
to have a good crystal quality. The essential difference
tween theDW53 –13 samples is the degree of compress
of the Nb layers, while for the sample with thickest W laye
(DW518 ML) both the x-ray data and solubility data~see
above! indicate a more complex structure. This is most like
related to a transition from a smooth layer by layer growth
a mixed three-dimensional~3D! and 2D growth mode, which
results in increased variation of the layer thicknesses. A s
lar transition can be observed when increasing the V-la
thickness during sputtering of epitaxial Mo/V and Fe
superlattices.19,20

A. Infinite dilution limit

The effect by the biaxial compression of the Nb layers
the solution energy can be theoretically assessed using
effective medium theory.21,22 The energy difference betwee
a H atom situated at a interstitial site in metal and a free
atom is written as

DE5DEeff
hom~ n̄0!1DEhyb, ~11!

whereDEeff
hom(n̄0) is the energy of a H atom in a homoge-

neous electron gas with density;n̄05 the interstitial electron
density ~IED!, and DEhyb is the hybridization energy. The
IED is expected to increase in the Nb/W~110! superlattices
due to the compression of the Nb layers~the atomic volume
of Nb can, using linear elasticity, be estimated to decre
with 1.3% for theDW53-sample!. Differentiating the pa-
rametrized version ofDEeff

hom(n̄0) ~Ref. 23! with respect ton̄0

gives24

dDEeff
hom5~796n̄0120.9!dn̄0 . ~12!

If Eq. ~12! is applied on theDW53 sample, by assuming a
equal number of valence electrons as bulk Nb,DH̄H

0 should
increase~more endothermic! with 22-meV/H atom relative
the bulk Nb, which is in stark contrast to the experimenta
determined differences inDH̄H

0 ~see Sec. III C!. One plau-
sible reason for the apparent contradiction is the differ
electronic boundary conditions of Nb layers in a Nb/W s
perlattice structure and bulk Nb, which certainly will affe
the IED. The effect from the electronic boundary conditio
on the IED of the V layers in Mo/V superlattices has prov
to be significant.25 Furthermore, the biaxial compressiv
strain makes the tetrahedral sites (Tx,y,z), which is the occu-
pancy of H in bulk Nb~see Fig. 7!, unequivalent. TheT sites
15543
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in biaxially compressed Nb~110! layers can be divided into
two groups, with different surroundings, i.e.,Tx,y andTz .26

A different site occupancy than bulk Nb should be reflec
in the configurational entropy of the dissolved H; therefor
closer examination ofDS̄H is justified.

The partial entropy of the dissolved H can be divided in
configurational~c! and non-configurational~nc! entropy:

S̄H5S̄H
c 1S̄H

nc. ~13!

The configurational term is, at low H concentrations, equa
2kBln(c/b), whereb is the number of interstitial sites pe
Nb atom andc is the H-concentration. The combination o
Eqs. ~13!, ~8!, and ~6! then gives the following relation a
c→0:

DS̄8H
0 5kBln~b/6!1S̄H

nc02
1

2
S̄H2

, ~14!

whereDS̄8H
0 andS̄H

nc0 are the respective values forDS̄H8 and

S̄H
nc asc→0. The difference betweenDS̄8H

0[s0 @in Eq. ~9!#
for the DW53 sample and bulk-Nb ~Ref. 11! is
;20.08 meV K21 per H atom. If one assumes sma
changes ofS̄H

nc0 compared to bulk, it is possible to infe
a lower value ofb in the Nb~110! layers compared to bulk

Nb (b56), as an explanation for the shift inDS̄8H
0 .

This could be a consequence of exclusive occupation ofTx,y
sites @kBln(4/6)520.035 meV K21/H atom# or Tz sites
@kBln(2/6)520.095 meV K21/H atom#, or a noneven dis-
tribution over theTx,y,z sites.

B. Strain dependency of the H-H interaction

In order to explore the relation between initial strain
the Nb~110! layers anduH-H in more detail, the in-plane lat

FIG. 7. The orientation and location of the tetrahedral~T! inter-
stitial sites in a bcc lattice. The Nb/W superlattices used in t
study are grown in the@110# direction. The strong adhesion of th
Nb layers on the substrate and the~hydrogen-free! W layers ex-
cludes any hydrogen induced lattice expansion in the film pla
The in-plane lattice parametersa1̄10 anda001 are also shown.
3-6
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tice parameters~i.e., a1̄10 and a001; see Fig. 7! of the Nb
layers in the different superlattices have to be estimated.
ing the following expression for the elastic energy density
a deformed body:

w5
1

2 (
i jkl

Ci jkl ei j ekl , ~15!

the energy per unit area (E/A) of a individual layer can, for
small and homogeneous compression/expansion in the p
(exx5eyy5e1̄10/A2 andezz5e001), be obtained as

E/A5NF1

2
~C111C12!e1̄10

2
1A2C12e1̄10e001G , ~16!

whereN is the layer thickness. The in-plane lattice para
eters are then calculated using Eq.~16!, and the elastic data
from Ref. 27, by minimizing the total elastic energy of th
film.

The relation between initial strain of the Nb layers a
uH-H is shown in Fig. 8, where the interaction energy (uH-H

5]DH̄H /]c) at two different concentrations is plotte
against the in-plane straine//5(a1̄10

b
2a1̄10

sl )/a1̄10
b , where

a1̄10
b anda1̄10

sl correspond to the bulk~b! and calculated val-
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FIG. 8. Correlation between the initial in-plane strain,e// , of the
Nb~110! layers in Nb/W~110! superlattices and H-H interaction en

ergy (uH-H). uH-H is taken as the slope ofDH̄H vs c, at two different
concentrations. At̂ H/Nb&50.35, uH-H is close to the bulk Nb
value ~Ref. 11! for the least strained sample (DW53 sample!, and
turns to repulsive in theDW513 sample. The influence of the initia
strain on the H-H interaction is smaller at low concentrations.
extrapolation ofuH-H , at ^H/Nb&50.35, to zero strain~dashed line!
givesuH-H.20.75 eV/H atom.
15543
s-
f

ne

-

ues for a perfectly strained superlattice~sl!, respectively. At
the lower concentration (^H/Nb&50.15), uH-H is zero or re-
pulsive regardless of the in-plane strain. This observatio
in accordance with the prediction that the interaction ene
should changes to repulsive for film thicknesses bel
;15 nm,3 since the thicknesses of the current Nb~110! struc-
tures are only;2.8 nm. However, at the higher concentr
tion (^H/Nb&50.35), and lower compressive strain,uH-H is
attractive and even exceeds bulk Nb. Furthermore, the e
mated value ofuH-H ~by extrapolation! at zero strain reache
;20.75 eV/H atom. Such a strong attractive H-H
interaction should, due to the intimate relation between e
tic interaction and the H induced volume increase, be acc
panied by an unusually large lattice expansion. This has
fact, been reported by several research groups for H in
taxial Nb~110! films.3,6

V. SUMMARY AND CONCLUSIONS

H solubility isotherms and the relative partial enthal
(DH̄H) and entropy (DS̄H) of H in Nb/W~110! superlattices
are presented. The H concentration was monitored by m
suring the resistance change during H loading, which w
linked to the average H concentration using t
1H(15N,ag)12C nuclear reaction. Of special interest was
determine the effect of different strain states of the host
tice onuH-H . The strain dependency of the H solubility wa
separated from the finite-size effects, using a sample se
consisting of four samples with a constant thickness of
H-dissolving layers (DNb512 ML), but with a varying
W-layer thickness (DW53 –18 ML). For the DW53
sample,DH̄H andDS̄H85DS̄H2S̄H

ic , at infinite dilution, in-
dicate a different interstitial site occupancy of H than bu
Nb. The biaxial compression was found to have a large
fluence on the concentration dependence ofDH̄H andDS̄H ,
i.e., on the H-H interaction. At̂H/Nb&50.35, uH-H changes
from attractive (20.36 eV/H atom) to repulsive~0.10 eV/
H atom!, as the W-layer thickness is increased from 3 to
ML. The extrapolated value foruH-H , at zero initial strain,
reaches;20.75 eV/H atom. This could be related to th
large lattice expansion reported for Nb~110! structures upon
H loading.
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