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H-H interactions in Nb/W(110) superlattices
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The elastic interaction of hydrogen in Nb(f10 superlattices and the effect of biaxial compressive strain
of the Nb layers on the hydrogen lattice-gas to hydrogen lattice-liquid ¢') 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 thickned3,(=3-18 ML) and a constant Nb-layer thickned® ML) were
measured by combining resistivity measurements and#{é°N, «y)1’C nuclear reactionAH,, andAS,, 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 far-thetransition
was determined to be 287 K for the sample with least compressed Nb l&ygrs §), while no transition of
this kind is verified for the other samples.
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I. INTRODUCTION films. Therefore, in order to determine the thermodynamics
of H in Nb(110 in the extreme thin limit 2.8 nm), and to
The lattice-gas to lattice-liquid transition of hydrogg#)  clarify the role of the strain state of the host-lattice on the
in metals, is theoretically treated by Wagreral® The driv-  H-H-interaction, we have studied the H uptake of four dif-
ing force of the transition is of elastic nature and is in prin-ferent Nb/W110) samples. The thicknesses of the Nb-layers
ciple of infinite range. Hence, size and shape of the absorldDnp=12 ML) are equal for all samples, whereas the
ing material does effect the modes of the spinodaW-layers thicknessed)=3, 8, 13 and 18 Ml.are varied,
decomposition, which also has been experimentally verifiedand thereby generating an increasing bi-axial compressive
e.g. in single crystals of Nb by Zabel and Pé&isl.solubility ~ strain in the Nb-layers. This particular sample series, thus,
measurements in thin metal films have also been used t@nables separation of finite-size-, and strain-state effects on
address the relation between finite-size effects and elastibe H-H-interaction.
boundary conditiond* The thicknesses of the films were
typically in the range: 16 1000 nm.
Studies of H in multilayers and superlattices with large Il. EXPERIMENTAL DETAILS
differences in H-absorption potential of the constituents, is
one possible route to determine the H-H-interaction in very
thin layers(i.e. typically below 20 atomic monolayersNb/ Epitaxial Nb/W(110) superlattices were deposited by dc-
W-superlattices are examples of structures of this type, i.enagnetron sputtering. The depositions were carried out in
all absorbed H will be confined in the Nb-layers within a 99.999999% pure Ar gas at a pressure of 2.25
broad temperature range. %X 10" 2 mbar. The background pressure of the deposition
Songet al? have demonstrated a strong film thickness-chamber was in the 10%mbar range. The targets were
dependence of the H-H-interaction in 30-520 nm(MIi)-  99.95% pure Nb and W, and the substrates were<x Q%
films, and predicted that the interaction energy should drop< 10 mn?, polished(110), a-cut, Al,O; single crystals. Prior
to zero for film thicknesses below 15 nm. In addition, an to the growth, the substrate was preheated for 10 min at 1173
unusually large H-induced lattice expansion has beelK, and the target surfaces were sputter cleaned for 2 min.
reported? and the maximum out of plane lattice parameterThe growth temperature, 1073 K, was monitored using a IR
change increases for thinner filfhdlo previous measure- pyrometer. Four samples were made, each consisting of 30
ments have been done to address the role of the initial straibilayer repetitions. The thicknesses of the Nb layers were
state of the NiL10)-layers on the H-H-interaction. The pos- kept constant and equal to 12 ML, while the W-layer thick-
sibility of controlling the strain states of the constituents, bynesses were varied among the samples from 3 to 18 ML.
varying their thickness ratio, makes Nb{¥10-superlattices X-ray diffraction (XRD) measurements were performed,
suitable for this purpose. Furthermore, the superlattices camsing a Philips PW1820 powder diffractometer with an ac-
be loaded and un-loaded with H to more th&t/Nb)=0.5  curacy of 0.01° in 3. §—26 XRD with CuKa radiation
without hysteresis effects, which seldom is the case for thirwas carried out in the high-angle region (3080°26) [see

A. Sample growth and characterization
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higher W contents: 2.327, 2.315, 2.298, and 2.287 A, for the
Dw=3, 8,13 and 18 ML sample respectively.

110 and 100 pole figures were recorded using a Philips
MRD operated with(low resolution parallel beam x-ray op-
tics. The high angle spectra and the pole figures confirm that
the films are truly epitaxial. However, in the high angle range
a broader peak, centered between the Bragg angles for Nb
and W bulk, is clearly visible for the sample with the thickest
W layers[see Fig. 18)], and indicates that parts of the film
have relaxed to the bulk lattice parameter of the constituents.

The rocking curves of the Nb/{¥10) peak show an un-

Intensity [a.u.]

7 . . .
_ .ullk-_Nl?(1.1'Q) . ‘_\pu_lk-_wg 10) e corrected broadenindull width at half maximum of 0.26°,
30 35 40 45 50 0.50°, 0.72°, and 0.84° for th®,=3, 8, 13, and 18
20 [deg.] samples, respectively. The appearance of the broad peak for

the Dy =18 sample, together with the broadening of the
rocking curves, illustrate a deteriorating crystalline quality
and the generation of higher defect concentrations, as the
W-layer thickness is increased.

The low angle measurements show 3-5 superlattice peaks
in the region from 1°-10° in & At very low angles
(0°-3°26), oscillations from the total film thickness can be
seen for the two thinnest samples. The broadening of the
superlattice peaks at higher angles, which is clearly seen for
all samples, implies fairly large variations of the bilayer
thicknesses. The average bi-layer thickne§s=© \,+ D)
was deduced by simulation using the Philips Win-GIXA
softwaré with the resultsA =31.6, 41.6, 51.3, and 61.6 A,
for the Dy=3, 8, 13, and 18 samples, respectively. The
simulations also give an estimation of the interface rough-
ness of approximately 2 A for the two samples with thinner
W layers, ad 4 A for the other samples.

Intensity [a.u.]

B. p-c-T measurements

Details of the experimental setup for thec-T measure-
ments @ is the equilibrium H-gas pressure; is the H con-
centration, andT is the temperatuje can be found
elsewheré:® Before each measurement, the sample and the
sample stage were heated in ultrahigh vacuum at 573 K for
several hours, and flushed with mbay ultrapure B gas.

0 05 1 15 Thg H, gas use@ in the expgriments, initially qf 99.99998%
w [deg.] ; : purity, was additionally purified in two steps: First through a
West Associates ULTRAPURE gas purifier, and thereafter by

FIG. 1. Xray diffraction patterns of Niny  absorption in a metal-hydride powder. The residual partial
=12 ML)/W(D)(110) superlattices. The four different scans cor- pressures of all gases excepy, His determined by a quad-
responds to(#1) Dy =3, (#2) Dw=8, (#3 Dw=13, and(#4)  rypole mass spectrometer, were in the ®mbar range dur-
DW= 18.(a) ngh angle diffraction patterns. 2—3 superlgttlce satel-mg all experimentsp— (AR/R,) isotherms AR/R, is the
||tE/sV$he order 'ks mﬁrked asn) arehObT)erl\lied l;m both sides of dthe resistance change during H loading, normalized to the resis-
Nb/W(110 peak. The position of the bu NELO), W.(llo)’ an tance without H at 573 Kwere then measured by varying
Al,05(110) Bragg angles are inserted for comparis@). Low
angle diffraction patterns. Up to five superlattice peaks are visiblethe temperature between 573 and 393 K, and ”i.eg*‘*
as well as finite-size oscillations at low anglés. Rocking scan ¢ bressure_ between 0'0.1 mbar and 1 bar. The loading of the
scan around the main peak in the high angle pattern. For a discusSUperlat_tlces was carried OUtj at constapigds pressure, by
sion on the quality of the samples, see text. decreasing the temperature in steps of 2(s&e Fig. 2 The

resistance was registered with a 830 Stanford Research
Fig. 1(@)], and in the low-angle region (1°10°26) [see lock-in amplifier (resolution 0.1 M) using a four-point
Fig. 1(b)]. Rocking curves were also measured on the Nbtechnique. The gas pressure was read by three different pres-
W(110) peak; see Fig.(t). The high-angle patterns show, as sure transducers with full scale: 1, 133, and 1000 mbar re-
expected, decreasing average NI\ lattice spacing for spectively (the accuracy is 0.1% of the full scaleThe

Intensity [a.u.]
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FIG. 2. The resistivity change when loading a (®-ML)/
W(13-ML)(110 superlattice at 10-mbar Jbas pressure. At the
time markedA, the hydrogen gas is introduced, and at tiBi¢he
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b [mbar]

FIG. 3. p— (AR/Ry) isotherms of a N{L2-ML)/W(3-ML)(110
superlattice. The resistivity change goes through a maximum, which
also is seen for H in Mo/V superlattices.

sample cell is evacuated. The change of resistivity is reversible, i.e.

the resistivity goes back to the initial value when evacuating the

hydrogen.

Apu=pitpel,

wherep; is an impurity scattering term angl, is the resis-
tivity change due to H-induced modifications of the elec-

sample temperature was measured by a chromel-alumel thgfzhic strycture. The electronic part has proved to make a

mocouple and held within=1 K using a Eurotherm 94c
temperature controller.

IIl. RESULTS AND ANALYSIS
A. Hydrogen induced resistivity change

A typical result for the resistivity changeApy) of the

significant contribution to the total resistivity change for
some superlattices constituents combinatibimstead of try-

ing to separate the different terms, we express the concentra-
tion dependence dAR/R, as a power series:

@

superlattices during a H-absorption-desorption cycle is
shown in Fig. 2. Notable is that the resistivity change isBased on previous resulfswe truncate terms higher than
completely reversible, i.e., the resistivity returns to the initialsecond order in Eq1), i.e.,

value when all H is desorbed— (AR/R,) isotherms for one

of the superlattices are shown in Fig. 3. Similar to Mo/V
superlattice§, AR exhibits a temperature dependent maxi-

mum. The maximum change of resistivity p may Can be
fitted to the following expression:

Apy ma=A+BTIK].

The coefficientsA andB for the different samples are shown

in Table I.

AR ,
_=alc+a2C .

- @

Proceeding as in Ref. 9 the following expression is obtained
from Eq. (2):

AR 1/2
Cc= CARmaXi CARmaX( l_ ARmaK) y (3)

The resistivity change due to H in superlattices can beVherecsg _ is the H to Nb atomic ratio at maximum resis-

written as

tance change. The actual H to M atomic ratio, at resistance
maximum, was measured By (**N, ay)*? nuclear reaction

TABLE |. The temperature dependence of the maximum changésee Table Il, andc,gr _ is estimated to~0.6 H per Nb

of resistivity (Apyma during H loading of Nb/WL110)-

atom. Equatior(3) is then used to convert from the relative

superlattices. The change &by max With temperature appears to be resjstance change to the H to Nb atomic rafibl/(Nb)).

linear and the coefficientd and B are the result from fitting the
data t0:A py max=A+BTK].

Lao/Lw A B
[ML] [ cm] [nQ cmK 1]
12/3 11.65) 5.275)
12/8 9.62) 2.95)
12/13 5.21) 3.35)
12/18 1.@5) 5.6(6)

TABLE Il. Results from nuclear resonance analysis for samples
loaded at the maximum resistivity change. The table includes the
hydrogen to metal atomic rati¢d/M] and the average hydrogen to
Nb atomic ratio{H/Nby).

Lw[ML] [H/M] (HINb) TIK]
8 0.36+0.01 0.60 533
18 0.23-0.01 0.58 493
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3 573K FIG. 5. The relative chemical potential minus the ideal partial
L iy configurational chemical potential for NBg,=12 ML)/W(Dy,)
- e ﬁ_‘ X(110) superlattices at different temperatur@s—(d) corresponds
i} 473K 3 to different thickness of the W layerga) D=3 ML. (b) Dy
10°F ] Ly X I:;gﬁ, =8 ML. (c) Dyy=13 ML (d) Dyy=18 ML. The temperaturefin
0 01 02 03 04 050 041 02 03 04 05 K] Izlre 33 |nd_|cated ita). T?e SCI')]“d I(;ne; regrescra]ntrlleasrt]-sguare fits
<H/Nb> <H/Nb> to Eq. (9), using terms to fourth order io. For the hatched areas,

see the text.
FIG. 4. The solution isotherms of hydrogen in Nk,
=12-ML)/W(Dy)(110) superlattices(@) Dw=3 ML, (b) Dw effects in bulk metal-hydrogen alloys are reported in the lit-

=8 ML, () Dy=13 ML, and(d) Dy,=18 ML. The solid lines are  erature; see Ref. 13 and references therein.
the best fits using Eq9).

B. Hydrogen solubility isotherms C. Thermodynamic modeI,AH_H and A§H

The solution isotherms, as deduced from the The relative partial enthalpyAHy) and entropy ASy)
—(AR/Ry) isothermdusing Eq.(3)], are presented in Fig. 4. can be derived fromp-c-T measurements through the
A comparison between the measured relative chemical paexpressiot
tential (A uy=kgT In\/p, see below at 573 K, for the su-
perlattices and bulk NKRef. 11 is provided in Fig. 6a). Apy(c, T)=kgTInyp=AH,—TAS,, (4)
The result reveals a lowered solubilifye., higherA ), for
the superlattices compared to bulk Nb. The trend\ja,, where
between the samples, is toward lower solubility as the
W-layer thickness is increased, except that thg=13 - —
sample has a slightly higher solubility than tt,=8 AHu=Hu— SHy, ®)
sample.

For the least strained sampfeee Fig. 4a)] inflection 1
points of the isotherms can be observed. Traditionally these ASy=Sy— =S (6)
have been used to mark the critical concentration fordhe 27
— o' transition in Nb? The point of inflection (H/Nb);; ) is — — '
temperature dependent, varying frgi/Nb)q =0.24 at 573  In Egs.(5) and(6), Hy, andS;, are the partial enthalpy and
K to (H/Nb)j; =0.30 at 413 K. This temperature depen-entropy of H gas at the reference statéi.e., p

dency, which is not seen for bulk Nb, is a consequence of the- 1013 mpar), respectively, ardy, and S, are the respec-
highly un-linear concentration dependency of the partial engjye partial enthalpy and entropy of the dissolved H. Pro-
thalpy of solution[see Fig. @)]. . _ ceeding as in Ref. 14, we subtract the ideal partial configu-
The rel_atlve cherr_ucal poter_mal I‘T)I.nUS the ideal part'alrational entropygﬁ:—kBln[c/(G—c)], from Eq. (4), which

configurational chemical potentiahuy’; see belowfor the .

) ; i . . __upon rearrangement can be written as
different samples is shown in Fig. 5. In this representation,
the low concentration behavior of the solubility isotherms is , — —
more clearly visible. The increased defect density for the Apl=kgTIn[\p(6—c)/c]=AH,—TAS,  (7)
superlattices with thicker W layersee Sec. )lis expected
to be reflected in the solubility. In particular, vacancies
should effect the H uptake at a low H concentration, as those _ .
are energetically favorable for H to occulfyThis is also AS=AS,—S]. (8)
observed for th®,,=8-18 samples at concentrations up to o
(H/Nb)=0.1 (marked as hatched areas in Fig. Similar ~AH, andAS,’ can be modeled as polynomialsani.e.,

where
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0 — T T P ] mental accuracy, equal to tli®,=3 sample, while for the
-0.05 ’ = Dw=18 sampleAH,° is evidently more negative.
T -0.10 ] _At intermediate and high concentrations, variations of
% 1 AHy andAS, with c are due to the interaction between the
§ 015 ; ] dissolved H. The slope &fH versusc can be interpreted as
2 020 i ] the H-H interaction energyu(,.,), while the slope ofAS,
< 025 - versusc contains information regarding H-H correlations.
030 ] In the low concentrations range<QH/Nb)<0.12, uy_y
-0.32 is close to zero for th®,,=3 sample. As the concentration
] is increasedyy.y is gradually becoming more attractive, and
— 036 h reaches—0.360.05 eV/H atom a{H/Nb)=0.4, which is
5 N R ) T, 1 comparable to bulk Nb €0.3 eV/H atom.'* For the Dy
I‘-" 040 - T R =8 sample,u, is repulsive at low concentrations, but
s L b 1 changes to slightly attractive aboykl/Nb)=0.2, while for
% [ ] the D,=13-18 samplesyy.y is repulsive over the whole
a%Mr 7 measured concentration range @({H/Nb)<0.4).
[ ] At low concentrations, the entropy data for all samples
-0.48 : reveal a more ordered solution than bulk Nb. When the con-
—_ centration is increased the slope &5, versusc for the
S - Dyw=3 sample follows the bulk-Nb behavior, while for the
:‘E." - D\y=8-18 samples, the slope is monotonically decreasing
= with concentration.
i The shift towards more negative values of batH and
é i AS, for the D\, =18 sample, in comparison with the other
g samples, indicates a more attractMeH interaction and re-
) duced degrees of freedom of the dissolved H. The reason for
0 0.1 0.2 0.3 0.4 this is, at this moment, unclear. One possible explanation
<H/Nb> involves H-absorption in the relaxed parts of the Nb layers,

) which according to the x-ray specttsee abovg are largest
FIG. 6. The concentration dependence\gi, (measured at 573 ¢, this sample, but a further exploration of these effects has
K), AHy, and AS, [as deduced from Eq(9)], for Nb(Dyp to be postponed.
=12 ML)/W(Dy=3-18 ML)(110) superlattices. The different e critical temperatureT() and concentrationc), for

lines correspond ¢#1) D=3, (#2 Dw=8, (#3) Dw=13, and  {ne o — 4 transition can be determined using the following
(#4) D\y=18. The solid lines are for bulk N{Ref. 1J). definition of a critical point:

Ip

M,N
Api(e = 2 (hy=TnSu)Ch, 9) 7 =0. (10

Pe:Te

whereM + 1 is the number of solubility data pointd,is the  Using the polynomials forAﬁH and A§H’, obtained from
order of the polynomials, anld, ands; are temperature in- the solubility data, in Eq.10) gives T,=287 K and ¢,

dependent coefficients. =0.39 H per Nb atom for th®,,=3 sample. For th®,y
The concentration dependence™fl;, andAS,, as de- =8—18 samples, no transition of this kind could be verified.

duced by fitting(i.e. minimizing the least-square erfdhe

experimental data to Eq9) to fourth order inc, and a com- IV. DISCUSSION

parison with bulk Nb! is plotted in Figs. ) and c),
respectively. Within the hatched areas in Fig. 5, the abov?iI

model[Eq. (9)] could not be applied due to temperature de_from the finite thickness of the host material on the critical

pendencies ilHy and/orAS,. . . behavior and the phase diagram of the H lattice gas. Apart
For the Dy =3 sa_mple, the relative partial enthalpy at fqm the finite-size effects, the coupling between the film and
infinite  dilution, AH°=h, [in Eg. (9)] =-0.396 substrate, the presence of the H free layers, as well as the
*=0.010 eV/H atom, is lowered.e., a more exothermic re- strain state of the host-lattice, are also expected to alter the
action with ~35 meV relative to bulk Nb. This result is in phase diagram. The absence of hysteresis effects in the resis-
contrast to Nb/M¢021) superlatticeJ§ and thin epitaxial tivity change Qpy), despite loading the samples to more
Nb(110 films,'® where the solution of H is reported to be than (H/Nb)=0.5, which also is the case for Mo/\Hand
more endothermic than in bulk Nb. The extrapolated valuese/VH,-superlattices X=0—-1), is a strong indication that

of AﬁHO for the Dyw=8-13 samples are, within the experi- no in-plane expansion is taking place when loading the

The main motivation for studying H-H interactions in thin
ms and superlattices is the possibility to address the effect
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samples, i.e., the Nb-layers are totally “clamped” in the film [110]
plane (uniaxial expansion The role of different elastic
boundary conditions on the H-H-interaction was first recog-
nized by Alefeld*’ A general discussion on the consequences
of uniaxial expansion on the H-H-interaction is found in Ref.
18.

The higher defect concentration in the samples with
thicker W layers is mainly affecting the H-uptake in the low
concentration range{/Nb)<0.1). It is, however, possible
that a higher lattice defect concentration can affect the H-H
interaction through its effect on the elastic constants. How-
ever, on an absolute scale, all the samples can be considered
to have a good crystal quality. The essential difference be-
tween theD,=3-13 samples is the degree of compression
of the Nb layers, while for the sample with thickest W layers
(Dw=18 ML) both the x-ray data and solubility dataee
above indicate a more complex structure. This is most likely
related to a transition from a smooth layer by layer growth to ) ) ) )
a mixed three-dimensionéD) and 2D growth mode, which _ _FIG._7. T_he orlentatlo.n and location of the tetrghe(ﬂﬂ'allnte_r- _
results in increased variation of the layer thicknesses. Asimi§tltla| sites in a pcc lattice. _The_ Nb/W superlattices u_sed in this
lar transition can be observed when increasing the \-laye tudy are grown in th€110] direction. The strong adhesion of the

thickness during sputtering of epitaxial Mo/V and Fe/V b layers on the sub;trate and tﬁwdrogen-f.rek\./v Iayer.s ex-
superlattice§9'2° cludes any hydrogen induced lattice expansion in the film plane.

The in-plane lattice parameteag;, andagy; are also shown.

A. Infinite dilution limit in biaxially compressed Nh10) layers can be divided into

. . . . 26
The effect by the biaxial compression of the Nb layers ontWO groups, with different surroundings, i.d..,, andT,.
the solution energy can be theoretically assessed using tHfedifferent site occupancy than bulk Nb should be reflected
effective medium theor§~?2 The energy difference between N the configurational entropy of the dissolved H; therefore a

a H atom situated at a interstitial site in metal and a free Hcloser examination oA S, is justified.

atom is written as The partial entropy of the dissolved H can be divided into
configurational(c) and non-configurationghc) entropy:
AE=AEMM(ng)+AEM®, (12) o
eff 170 Sy =S5+ 5. (13)

hom/ 17y ;
where AEi"(no) is th.e energ.y_ba H a.tom |n. .a homoge- The configurational term is, at low H concentrations, equal to
neous electron gas with density;= the intersitial electron — —In(c/g), where 3 is the number of interstitial sites per
density (IED), and AE™? is the hybridization energy. The Nb atom andc is the H-concentration. The combination of

IED is expected to increase in the Nb{YI0 superlattices Egs. (13), (8), and (6) then gives the following relation as
due to the compression of the Nb layétise atomic volume _, (-

of Nb can, using linear elasticity, be estimated to decrease

with 1.3% for theD\,=3-sample. Differentiating the pa- —0 o 1=
rametzized version ok ENS™(n,) (Ref. 23 with respect tan, AS'H=keIn(B/6) + 557 55y, (14
gives whereAS'®, and S/ are the respective values fArS}, and
SAEN™= (796n,+20.9 5no. (12  Sfasc—0. The difference betweeaS ’=s, [in Eq. (9)]
for the Dy=3 sample and bulk-Nb(Ref. 1) is
If Eq. (12) is applied on thé\,=3 sample, by assuming an — _( 08 meV K ! per H atom. If one assumes small

equal number of valence electrons as bulk Nbi,,° should changes ofS'™® compared to bulk, it is possible to infer
increase(more endothermjcwith 22-meV/H atom relative 5 |ower value ofg in the NK110 layers compared to bulk
the bulk Nb, which is in stark contrast to the experimentally
determined differences inH.° (see Sec. Il ¢ One plau-
sible reason for the apparent contradiction is the differen
electronic boundary conditions of Nb layers in a Nb/W su
perlattice structure and bulk Nb, which certainly will affect
the IED. The effect from the electronic boundary conditions
on the IED of the V layers in Mo/V superlattices has proved
to be significant® Furthermore, the biaxial compressive
strain makes the tetrahedral sité§(, ,), which is the occu- In order to explore the relation between initial strain of
pancy of H in bulk Nb(see Fig. 7, unequivalent. Th& sites  the N110) layers andu,.y in more detail, the in-plane lat-

Nb (B8=6), as an explanation for the shift ins'E,.
This could be a consequence of exclusive occupatioh, gf
Eites [KgIn(4/6)= —0.035 meV K Y/Hatom] or T, sites
[kgIn(2/6)= —0.095 meV K Y/H atom], or a noneven dis-
tribution over theT, , , sites.

B. Strain dependency of the H-H interaction
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D, [ML] ues for a perfectly strained superlattic#), respectively. At
04 3 8 1318 the lower concentration{H/Nb)=0.15), uy_ is zero or re-
: pulsive regardless of the in-plane strain. This observation is
T 02 ] in accordance with the prediction that the interaction energy
g o . - should changes to repulsive for film thicknesses below
o oo ] ~15 nm? since the thicknesses of the current(INk0) struc-
>, Bulk-Nb & tures are only~2.8 nm. However, at the higher concentra-
;’0'4 [ ] tion ((H/Nb)=0.35), and lower compressive strain,., is
s-06 .7 —O— <H/Nb> =035 ] attractive and even exceeds bulk Nb. Furthermore, the esti-
0s | | <HNb> =015 ] mated value ofi_ (by extrapolatiohat zero strain reaches
—_— ~—0.75eV/H atom. Such a strong attractive H-H-
0 1 2 3 . ) < .
e, [%] interaction should, due to the intimate relation between elas-

tic interaction and the H induced volume increase, be accom-
FIG. 8. Correlation between the initial in-plane strap, of the ~ Panied by an unusually large lattice expansion. This has, in
Nb(110) layers in Nb/W110) superlattices and H-H interaction en- fact, been reported by several research groups for H in epi-
ergy (Un). Uny is taken as the slope dfH, vsc, at two different  taxial ND(110) films >
concentrations. At{H/Nb)=0.35, uy.y is close to the bulk Nb

value (Ref. 1J) for the least strained sampl®{,=3 samplg, and V. SUMMARY AND CONCLUSIONS
turns to repulsive in th®,= 13 sample. The influence of the initial

strain on the H-H interaction is smaller at low concentrations. An  H solubility isotherms and the relative partial enthalpy
extrapolation ol at(H/Nb)=0.35, to zero straifdashed line  (AH,,) and entropy 4S,,) of H in Nb/W(110) superlattices
givesuyy=—0.75 eV/H atom. are presented. The H concentration was monitored by mea-
suring the resistance change during H loading, which was
) . . linked to the average H concentration using the
tice parametersi.e., aj1o and agoy; See Fig. ¥ of the Nb 11415y 4,)12C nuclear reaction. Of special interest was to

layers in the different superlattices have to be estimated. Usjetermine the effect of different strain states of the host lat-
ing the following expression for the elastic energy density ofjj-¢ onuy.. The strain dependency of the H solubility was

a deformed body: separated from the finite-size effects, using a sample series
1 consisting of four samples with a constant thickness of the
W= — E Cijki€ij €« (15) H-dissolving layers Dy\,=12 ML), but with a varying
2 f W-layer thickness D,,=3-18 ML). For the Dy=3
the energy per unit are&€(A) of a individual layer can, for sample,AH, andAS,'=AS,—Sy, at infinite dilution, in-
small and homogeneous compression/expansion in the plagécate a different interstitial site occupancy of H than bulk
(Bx=8yy= e110/\2 ande,,=ey,,), be obtained as Nb. The biaxial compression was found to have a large in-
1 fluence on the concentration dependencabify andAS,,
E/A=N|Z(Ci 1 CoreZ 4+ 2C e . (16 i.e., on the H-H interaction. A(tH/Nb)=0.35,u.H_H changes
5 (CutCuley, V2Ciniceoy. (16 from attractive (-0.36 eV/H atom) to repulsivé0.10 eV/

whereN is the layer thickness. The in-plane lattice param-H atom, as the W-layer thickness is increased from 3 to 13

; : ML. The extrapolated value fan,, at zero initial strain
eters are then calculated using E6), and the elastic data H-H» !
from Ref. 27, by minimizing the total elastic energy of the reaches~_—0.75 eV_/H atom. This could be related 1o the
film. large Iz_ittlce expansion reported for (1&0) structures upon

The relation between initial strain of the Nb layers and! loading.
Uy is shown in Fig. 8, where the interaction energy,,

=dAHy/dc) at two different concentrations is plotted ACKNOWLEDGMENTS
. . . b sl b
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