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Solubility isotherms of hydrogen in epitaxial Nb(110) films
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The solubility isotherms of hydrogen in epitaxial (10 films have been determined via situ x-ray
lattice-parameter measurements. The Nb films were grown by molecular-beam epitaxial techniques on
Al ,05(1120) substrates with thicknesses ranging from 32 to 527 nm. All isotherms can be well described by
the standard expression for the solubility of a monatomic lattice gas. Aside from the metal-hydrogen interac-
tion, which appears to be bulklike, all other properties exhibit a strong thickness dependence, including the
hydrogen-hydrogen interaction, the critical temperature for dhe’ transition, and the maximum lattice-
parameter change that can be reached in saturation. For the critical temperature we find a scaling with the film
thickness, which most likely is due to the elastic boundary condition provided by the rigid substrate. The
clamping of the epitaxial film to the substrate hinders critical fluctuations of macroscopic hydrogen density
modes from developing, thereby lowering the critical temperature for thex’ transition.
[S0163-18296)05443-4

I. INTRODUCTION In the present study we used x-ray diffraction techniques
Lo . to measure the lattice-parameter change as a function of the

Solubility isotherms of hydrogen in metals belong to theg,sernal hydrogen pressure. This provides very accurate
fundamental properties from which other physical paramg|ypility isotherms on a relative scale of volume expansion.
eters can be derived. For instance, the metal-hydrogen anghe conversion to hydrogen concentrations must then be car-
hydrogen-hydrogen interactions, as well as the formation envied out by another independent calibration measurement.
thalpies for different phases and phase transitions, followHere we will report on solubility isotherms of hydrogen in
from the isotherms. For bulk metals the hydrogen solubilityNb epitaxial films grown in the (110) direction with different
isotherms are well establishédn recent years, interest has thicknesses on 503(115) substrates. The main motiva-
turned to the properties of H in thin films and superlattites. tion for this work is the analysis of the thickness dependence
Early measurements of the H solubility in Nb and Pd filmsof the hydrogen solubility in Nb, and the need for under-
provided conflicting result$” This is due in part to the film  standing the effect the elastic boundary condition has on the
deposition technique used, and in part to the determination diydrogen-metal and hydrogen-hydrogen interaction. The
the hydrogen concentration on an absolute scale. Classicalork of the Weidinger group points to a strong dependence
methods such as gravimetric and volumetric methods are difen the Nb film thicknes3.Here we like to extend the iso-
ficult to apply because of the small quantities of hydrogen intherms to higher H concentrations and to different film thick-
the thin films. More recently, Weidinger and his group re-nesses. Furthermore, we aim to understand the effect of the
ported a solubility study of H in epitaxial Nb10) films of  boundary condition and the film thickness on the critical
different thicknessS.The H concentration was determingd  temperature for ther-a’ phase transition. The phase transi-
situ by the resonant nuclear reactiohH(*®N,ay)!?C  tion of hydrogen in metals has been shown to depend
method. From these measurements they concluded that tistrongly on the shape of the sampl@he highest critical
metal-hydrogen interaction is essentially the same as in theemperature is referred to as the incoherent or strain free
bulk, and that the H-H interaction is reduced by at least aritical temperature, which is independent of the sample
factor of 2. The isotherms were limited with respect to theshape. All other excitations of macroscopic hydrogen density
maximum hydrogen concentration that could be reached, benodes are uniquely related to a set of spinodal temperatures
cause of vacuum requirements in the accelerator envirorlying below the incoherent critical temperature. Macroscopic
ment, allowing pressures not higher than about Ba. In  hydrogen density modes have been observed in thin Nb
another recent study the isotherms were determined for spuplatesS® For instance, a thin Nb disk loaded with the critical
tered Nb films on glass substrates using electrical resistivithydrogen concentration will bend according to the shape of a
measurements . The absolute concentration was calibratedspherical shell by lowering the temperature through the criti-
volumetrically by hot extraction. In this study no clear de- cal point. For a film on a rigid substrate the bending mode is
pendence of the isotherms on the film thickness was obsuppressed. This elastic boundary condition is expected to
served, and the authors concluded that the important pararaffect the critical fluctuations and subsequently the critical
eter for the isotherms is not the film thickness but the raticdemperature. In the extreme case only microscopic modes
between the film thickness and the particle size. When thisvhich propagate parallel to the film plane and which are
parameter exceeds unity, the dependence of the isotherms orsensitive to the sample shape may be excited at much
the film thickness becomes less pronounced. lower temperature¥
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Il. SAMPLE PREPARATION
AND EXPERIMENTAL PROCEDURES

105 L
We have grown single-crystalline IL0)-oriented films 2 | before H-loading |
by molecular-beam epitax¢yMBE) on Al,03(1120) sub- g 104
strates. The procedure for growing Nb films of high struc- .
tural quality is well established, and has been reported in 'g 10°
several placest'? The sapphire substrates had a miscut of =
less than 1°, and were of high crystalline quality with mosa- 2 102
icities between 0.002° and 0.006°. The Nb deposition was g
carried out in a Riber EVA 32 MBE machine under ultrahigh o 10!
vacuum (UHV) conditions (base pressure better than =
2x10° Pa working pressure 108 Pa. After chemically 10°
etching and rinsing in acetone and isopropanol, the substrates
were transferred into the UHV system. Final cleaning was 10° AL
achieved by sputtering for 30 min with Ar (600 eV, 1 )
wAlcm?) at 500 °C followed by annealing fdl h at1100 g 10*
°C. Nb was evaporated with an electron beam gun at a sub- .
strate temperature of 900 ° situ reflection high-energy "g 10°
electron diffraction confirmed a very smooth growth of the —
Nb films. 2 10?
Afterwards a Pd film of abouD 4y = 2-nm thickness was @
deposited on the Nb surface with a (111) orientation. This & 10!
enhances the catalytic dissociation of hydrogen molecules at g
the surfaces and at the same time hinders the oxidation of the 10°
Nb surface. Using Pd cap layers on Nb, isotherms can be 0.3 ! £.3 2
measured to much lower temperatures than would be pos- 20 [deg]

sible otherwise. Several films with thicknessedqf, = 32,

78, 95, 140, and 527 nm were prepared in the fashion de- F|G. 1. Small-angle x-ray reflectivity measurements of a 95-nm-
scribed above. The thicknesses of the first four samples wefgick Nx(110) film on Al,04(1120) substrate capped with a 11-
determined via small angle x-ray reflectivity measurementsam-thick Pd overlayer. The narrow oscillations are due to the Nb
For the sample with the highest thickness, the resolution ofim, and the wide oscillations to the Pd cap layer. The reflectivity
our diffractometer set up was not sufficient. Therefore, wemeausrements are shown for the sample immediately after growth
determined the thickness of this sample by Rutherford backéop panel and after hydrogen uptake to high concentratitost-
scattering methods usiniHe2+ particles. The x-ray experi- tom panel.

ments were carried out using M6z, radiation monochro-

mated by a $1L10) reflection in the incident beam. The x-ray fjectivity exhibits low-frequency oscillations due to the 11-
setup was already described in previous papefor the oo ihick pd cap layer and high-frequency oscillations from
hydrogen loading an x-ray furnace equipped with Al win- the Nb film. After finishing a complete solubility cycle, the

dows Iwas used. Afte(; ;?urrkl‘pi;g down to al]?out*_f(]bDIa, the roughness of the interfaces is slightly increased, in particular
sampie was exposed to hydrogen gas of variable pressuly o Np/pd interface. The solid lines show fits to the data

from a gas bottle containing very pure hydrogen_ . . )
gas (99.999%. The hydrogen pressure was measureuDo'nts according to the Parratt formalism for specular

iAR1D . L
by a Bayard-Alpert ion gauge for pressures from $Qo reflectl_on. The rc_)ughness at ea_ch interface is mc!uded_as
10~! Pa, and two capacitive transducers with ranges fron{>aussian fluctuation’$. The best-fit paramaters are listed in

2X 1072 to 2X10? Pa and from 10 to 19 Pa, respectively. Table I.
More pronounced are the changes of the coherent crystal
ll. STRUCTURAL CHARACTERIZATIONS structure as observed at tti#10 Bragg point. Figure 2

The epitaxial relation between Nb and sapphire is well
known, and has been described in several places. For com- TABLE I. Structural parameters of some of the [0 films
pleteness, the epitaxial relation for our orientation shall beused for the hydrogen solubility isotherms.
quoted herd34

Db Dpyg Coherence length Mosaicity

Al,03 Nb before after before after
— — d d

[1120][[110] (nm) (nm) (nm) (nm) (deg (deg
32 3.3 30.0 14.8 0.030 0.5
[ooo1|[11] 78 3.3 57.7 37.2 0.029 0.8
. — 95 11.0 62.3 24.8 0.012 0.5
[1100]“[112] 140 2.0 92.0 32.0 0.026 1.5
In Fig. 1 a typical refelectivity scan of the 95-nm-thick 527 11.7 68.1 50.4 0.064 1.0

sample is shown before and after hydrogen loading. The re
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. e i FIG. 3. Rocking scan through the M0 Bragg peak before
FIG. 2. Bragg scans in the radial qllrectlon normal tq the film (top panel and after hydrogen loadingottom panel of the same
plane before and after hydrogen loading of the same film as degampie shown in Figs. 1 and 2. Before hydrogen loading the Bragg
scribed in Fig. 1. The Nt110) and Pd111) Bragg peaks are plotted oo exhibits a double line shape with a very narrow central com-
on a logarithmic scgle. Bqth peaks show thin-film oscillations be-ponent typical for highly coherent epitaxial growth. Due to elastic
fore hydrogen loading which become damped out after hydrogei aing in the film the coherent structure breaks down after hydrogen

exposure. loading up to high hydrogen concentrations.

reftproﬂuges radilal I?jfagg?ﬁanfs_l of :E.e Eame Sanle befofﬁ aOer much by the presence of dislocations and grain bound-
aer hydrogen loading. thin fim thickness or Lau€ oscllia- 5 ag  gjnce the range of the elastic interaction is typically
tions can be observed for both the pristine Nb and Pd ﬂlmsmuch larger than the grain sizes. More important than the

However, after hydrogen !oading these oscillations becomf‘nosaicity and the grain size for the H-H interaction is the
smeared out due to a continuous loss of structural coherenc |

Even more drastic is the change of the mosaicity. Beforefuat‘;sstlt?a,?eoundary condition provided by the rigid sapphire
hydrogen exposure the rocking curve of the(Nk)) reflec- '

tion, as shown in Fig. 3top panel, exhibits a double line

shape typical of highly coherent epitaxial filfs® The IV. SOLUBILITY ISOTHERMS

sharp component has a width of 0.01°, whereas the broad _. S

component has a width of 0.5°. It has been shown in the past F19ure 4 reproduces the solubility isotherms for hydrogen
that small amounts of hydrogen can considerably improvd? Nb(110 films grown epitaxially on A}O3(1120) sub-

the width of the sharp componelitThe sharpening is most Strates. The external hydrogen presspyg is plotted as a
likely due to a hydrogen-assisted cold annealing effect ofunction of the lattice parameter changaa/a)y=¢y for
residual epitaxial strains in the film. Here we are dealingseveral temperatures and pressures, and for several film
with much higher hydrogen concentrations, which have ahicknesses. Because of the Pd cap layer the oxygen barrier
detrimental effect on the mosaicity. After a complete solu-for hydrogen diffusion into the bulk is eliminated, allowing it
bility cycle the mosaicity increases to at least($&e Fig. 3, to follow the isotherms to rather low temperatures. The iso-
bottom panel and in some cases to even much higher valtherms as shown in Fig. 4 were measured with increasing
ues. Thus at higher concentrations the structural coherencegessure for practical reasons. The hysteresis between in-
considerably reduced, and the film breaks up into small crysereasing and decreasing pressures is not very large. How-
tallites including an increasing number of grain boundariesver, the time constants for reaching equilibrium conditions
between them. The increased mosaicity after hydrogen exp@tre considerably larger for decreasing than for increasing
sure is irreversible. In this state the Nb film on sapphire ispressures. The time constants also become very large in the
highly textured but still not a polycrystal. Then we expect theplateau region when approaching the critical temperature for
lattice to expand nearly isotropically, as in bulk samples withthe a-a’ phase transition. This is due to the critical slowing
free surfaces. The H-H interaction should not be affectedlown of the hydrogen mobility close to the critical point. In
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the case of the 527-nm thick Nb film, the lowest isotherm athe measured isotherms using an expression for the solubility
150 °C enters the two-phase region, and the coexistence égfotherm discussed in Sec. IV.

the two phases anda’ can be clearly seen by a split up of

the Bragg reflections into two peaks, as demonstrated in Fig. V. DISCUSSION

5. Their intensities follow the well-known lever rule.

In Fig. 5 the isotherms at 523 K are compared for differ-
ent film thicknesses. It is easy to see that the maximum lat- As mentioned previously, in this study we measured the
tice parameter change, na, as well as the slope of the external hydrogen pressupg, as a function of the relative
isotherms at the inflection points, depend on the film thick-attice parameter change, and not as a function of the
ness. The position of the inflection point defines the criticalhydrogen concentrationsy. In the bulk and for isotropic
hydrogen concentratioo, ., and the slope of the isotherm expansion the relation betweep andcy, is well established;
at the inflection point becomes zero at the critical tempera-
ture T.. The thickness dependence of both parameters is (AVIV)y=3epy=Tcy, @
well pronounced for the thin films and is demonstrated hergyhere (AV/V), is the relative volume change, and the pro-
for the first time, to our knowledge. We will come back to portionality factorf is given by the ratio between the local
this point in the discussion section. All solid lines are fits tovolume expansion per hydrogen atom dissolved in the metal

matrix and the atomic wolume of the metal atom,

A. Hydrogen concentration and lattice expansion

Av
10° =TT 1T T T T T 3 f= - 2
ni ]
. =] l@ 3 & With Q=a%2=18x 10° nm® and Av=3.13<1° nm? for
0 [ AAJ ° - H in bulk Nb, f=0.174. In the bulkf is a constant even up
= ¢ ] to very high hydrogen concentratioffsTherefore, for bulk
e (Vl N EE 3 investigations the lattice parameter change can safely be used
Q, F X ] for measuring hydrogen concentrations. However, for thin
10 3 : ?42188/& 1 films the situation is more complex. At small concentrations,
100 o 780A a one-dimensional expansion perpendicular to the film plane
+ o 320A has been observed without any lattice parameter changes in
10! ‘g '0:)1 I062I01)3.0|04‘0£)5IO|06 = the film plane? In this case,

Standard elasticity theory relatésandrtaking into account

FIG. 5. The solubility isotherms at 523 K are compared for thethe Poisson reaction in the out-of-plane direction from the
different Nb film thicknesses. The maximum lattice parametersyppression of in-plane expansion. Then

change and the slope at the inflection point of the isotherms
strongly depend on the film thickness. f=9f,
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exclude nonlinearities of the lattice expansion along a mea-

D [nm] sured solubility isotherm by noting that the inflection point
500 100 60 S50 40 30 of the isotherms are at the same time also the centers of
symmetry; that is,
0.070
0.065 | CH,c= CHmal2=T1/2 )
0.060 L or, in terms of lattice parameter changes,
> L
<
§ 0.055 [ SH,CZSH,maJZ- (6)
59 . . I
0050 In conclusion, for the present investigation of hydrogen solu-
0.045 bility isotherms in thin Nb films thd factor is most likely
1 523K { close to the bulk value, indicating that the expansion is more
0.040m— bulk A , A , ™ or less isotropic. This is achieved by loading the film with
0 0.01 0.02 0.03 the maximum hydrogen concentration several times, and
1/D [nm’l] then carefully determining a particular isotherm.

. . ) . B. Maximum hydrogen concentration
FIG. 6. The maximum lattice parameter change in saturation is

plotted a function of the inverse film thickness. ADE: 0 the bulk Obviously e ma is largest for the thinnest sample, and
value known from the literature is shown. decreases with increasing sample thickness. In Fig. 6 we
plotted ey max @s a function of the inverse sample thickness
1 Cy1+3C1—2Cus D. The bulk value at =0 is calculated from the bulk
== 1+ . i i i =0. .
3[1 Crt Copt 2C44” (4) isotherms using the bulk conversion factdr=0.174

Clearly, the maximum lattice parameter chagg, ., in thin
films depends inversely on the sample thickness. This is a

Here y is given for the(110) orientation of the Nb film, and rather surprising result. According to this plot, the 527-nm-

C; ; are the elastic constants. Inserting the known values fo{hick film comes close to bulk properties

the elastic constants we obtajr=0.78, such that =0.136. 1/D dependencies are also observed, for instance, for
This calculatedf value is in stark variance to the reported magnetic anisotropies in magnetic thin fil{sThere they
experimental value of 0.53, being different by almost a factoryre due to a surface contribution of the anisotropy energy. In
of 42 This unusually large uniaxial expansion holds for hy- our case surface contributions to the lattice expansion
drogen concentrations up to about 2%, beyond which i{f_facton and/or hydrogen concentration-acton may also
breaks dowrf? For higher concentrations, dislocations arepe responsible for the increaseg ., in thin films. It is,
formed, and the film loses the high structural coherence, agowever, unlikely that the Pd cap layer induces this surface

already described in Sec. IIl. For these higher H concentragerm, since the hydrogen solubility in Pd is much smaller
tions the lattice expansion is expected to relax to valueghan in Nb.

closer to the three-dimensional bulk behavior. Thus, loading Hjorvarssonet al. also observed a maximum H concen-

a pristine Nb film with hydrogen, a nonlinear lattice expan-tration in Mo/V superlattices which depends inversely on the
sion as a function of the hydrogen should occur. However, tq; |ayer thicknes€® However, in contrast to our single Nb
our knowledge this experiment has not been carried out coryjimg, the H concentration becomes reduced with decreasing
vincingly up to date. After charging and discharging a Nby ayer thickness. This was explained by a depletion zone of
film several times, the structural coherence is lost, and even Rydrogen close to the Mo/V interface due to an electronic
thin film should then expand more like a bulk sample. Nev-gpillover from Mo to V, which in turn reduces the H solu-
ertheless, for thin epitaxial films the conversion from relativebi”ty_ The proximity effect is limited to about three V mono-
lattice parameter changes to hydrogen concentrations shoulgyers next to the Mo/V interface. In contrast, the enhanced
always be done with some caution. hydrogen concentration in thin Nb films is observed over
For the thinnest sample of 32-nm Nb, we have measuregch thicker films. Therefore, in our case a proximity effect
lattice parameter changes as high as 6(5& Fig. 6. As-  from the hybridization of the Nb and Pd bands at the inter-

suming bulk properties, this expansion corresponds 10 a hytyce is quite unlikely the cause for theDLidependence of
drogen concentration of about 112%, which is almost twice,

. . H,max-
as large as observed in the bulk. We have also carried out ‘|t should also be noted that, ., is rather large on an
neutron reflectivity measurements on the same sample to dgpgo|yte scale, reaching values as high as 6.5%. Assuming
termine the hydrogen concentration independently. These rgq4t the in-plane and out-of-plane lattice expansions are the
sults will be reported elsewhef@.It should, however, be same, the film appears to expand and contract by a large

mentioned here that preliminary analysis indicates a maxizmqunt without an apparent loss of adhesion to the substrate.
mum hydrogen concentration on the order of only 95%. This

is still much higher than in the bulk, but somewhat smaller
than estimated using the bulk conversion fadtoiThis dis-
crepancy indicates that tHecoefficient in thin Nb films may From the solubility isotherms the H-H interaction and
still be a bit larger than for bulk samples, in spite of cycling H-metal interaction can be derived. First it should be noted
the isotherms for several times. On the other hand, we cathat the Pd cap layer does not affect the equilibrium solubil-

C. Hydrogen-hydrogen and hydrogen-metal interaction
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ity conditions for the Nb films. This can be easily seen by thea maximum hydrogen concentration in thke phase of
equilibrium of the chemical potentials for the free hydrogen100%. This is, however, unrealistic at least for lower hydro-
gas and hydrogen in the metals, gen pressures up to 100 kPa, whete2cy, . appears to hold
well. At higher pressures, a correctionrofnay be necessary.
Mn,= 2 ipdh) () Finally, u represents the H-H interaction mediated by a long-
range elastic strain field in the samplélere we assumed
thatu is a constant, and that the attractive H-H interaction is
(8) linearly proportional to the hydrogen concentration. This
may be a oversimplification. Strictly speakingconsists of
yielding two contributions, an elastic part and an electronic part,

and

MPdH) = MNb(H) »

MH,= 2 UNb(H)- ©) U= Ugjasit Uelec- (16)

The factor of 2 takes into account the dissociation of theOnly the elastic part may be constant, whereas the electronic
H, molecule before entering the metal. Here the chemicapart depends on details ofehH - 1s and Nb - 41 band
potential of the free hydrogen gas, , as long as it behaves overlap and band fi!lin@? Neglecting the weak concentra-
ideally, can be expressed as tion dependence af in the following analysis, we write the
H-H attractive interaction ascy.
p Considering the equilibrium condition E¢9) and com-
Mn,= —Up,+ kBTln(p_) ) (10 bining Egs.(14) and(15), the external H vapor pressure is

0 related to the internal H concentration via

whereU H, is the dissociation energy of H(4.46 eV}, kg is

the Boltzmann constant, ammj is given by ke TN (p (Fjr*)) _ —Mﬁ2+2,u2t— 2ucH+2kBTIn( r CT: )
0 ~CH
(kgT)26 [ KsTmy,| *2 17)
Po=73 27h? (12) Solving for the external hydrogen pressure yields

Here my, is the mass of the K molecule, andé is the

o . ) . ey |2 [~ (mi—2ud)
moment of inertia. Following Fukdiwe define a standard szpo(T*) — ex T
chemical potential via r—=Cu B

2
—A 2uc
pst _ | CH 2 _ H
uih,= —UH2+kBTln(p—o> , (12 Po(T )(r—cH I e B A
where where we have set
t t__
pS=p3(T*)=10° Pa. (13 M, = 2pe=Ap. (19
Using the standard chemical potential, the chemical potentigbince we cannot measure the hydrogen concentration on an
of the H, gas can be written as absolute scale, we replace
p CH EH
— L = 20
/.LHZ Iu’H2+ kBTll’l pO(T*)) . (14) r_CH SH’maX_SH! ( )
For the monatomic lattice gas, the chemical potential is\"’t?,[er.e the common conversion factbrdrops out, and we
given by obtain
cu —po(T*) ey ZeX —Au ext] — 6(u/f)ey
p,=h,—TS,—ucy+ kBTIn(r_C ) L P—— KeT keT |
H (21)
CH For fitting this expression to the measured isotherms we have
= w5~ ucy+kgTl ) 5 9 P n to T
Mo UCHT e TN (19 three free parameters, includingy may, Au, andu/f. Au

can be determined independently in the small concentration

The subscriptr indicates the state of hydrogen in the metallimit, where the H-H interaction may be neglected. In this

as a d_|sordered Iattlcg gas. Hd'rg is 'ghe partial enthalpy, _limit we can write

which is the energy gained by dissolving a hydrogen atom in

the metal matrix;TS, is the change of the free energy from ey 2 —Aup

the free gas phase to the lattice-gas phegés the hydrogen PH,= po(T*)(—_) eXF( T ) (22
concentration defined as the number ratio of the hydrogen EHmax™ EH B

atoms to the metal atoms per unit volume, arid the maxi- We cannot use the slope of a usual Arrhenius plot gp)in(
mum hydrogen concentration which can be reached in theersus 1T in order to deriveAu, sinceAu contains tem-
disordereda or o' phaser is determined by the short re- perature dependent factors. Therefore we usgedas a fit
pulsive H-H interaction. Often is set to 1, corresponding to parameter. The best fit parameters are listed in Table II.
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TABLE II. Fit parameters derived from the solubility isotherms

for the different Nb film thicknesses and temperatures. 0.3 ' | ' ' |
Db T Ap  uf  eymax  U(EV) Te (K) 025 =]
(nm) (K) (eVv) (eV) f=0.174 fit C.W. o2
32 473 022 0.47 0.068 0.08 = '
523 0.19 0.40 0.069 0.07 254 275 o, 015
573 0.12 0.43 0.065 0.08 s o1k
78 473 021 0.80 0.057 0.14 '
78 523 0.18 0.77 0.056 0.13 390 340 0.05 L[ u(D) = u(eo) [1-(D/15.2 nm) 98]
573 0.12 0.83 0.055 0.15 . . . ' .
O ) ) 1 I I 1
140 473 021 093 0.051 0.16 , 0 00200 300 400 500 600
523 0.18 0.93 0.049 0.16 387 386
D [nm]

573 0.16 0.93 0.050 0.16

527 473 0.20 1.00 0.048 0.17
523 0.17 0.96 0.047 0.17 405 437
573 0.11 1.00 0.046 0.17

FIG. 7. The hydrogen-hydrogen interaction enetgis plotted
vs the Nb film thickness. The interaction energy shows the same
thickness dependence as the critical temperature shown in Fig. 9.
The solid line describes the thickness dependence using finite-size
caling theory. The horizontal dashed line indicates the interaction

These values, which contain contributions from the entha'lp)Znergy in bulk Nb. Note that in the thin films the interaction ener-

of solution and.from the entropy change, are essentially theies are systematically shifted to lower values as compared to the
same as for H in bulk Nb. As expected, they depend on thg

temperature but not appreciably on the film thickness. The

secpnd fit parameter is the ratiof. Hovv.eversH'maX can plotted as a function of the Nb film thickness. The solid line
easily be taken from the x-ray data.. In Fig. 4 th? solid I'r.‘esin Fig. 7 shows a fit to the data points using an expression
represent best fits of E¢21) to the isotherms using the fit from the finite-size scaling theory, as discussed in Sec. V B.
parameters listed in _Table Il. For the ratiéf we find valu_es Assuming that the correct conversion factanas been used
from 0.4 to 1.0 for films from 32 to 527 nm, respectively. j, s analysis, the data reflect a constant shift of the attrac-
u/f depends only on the film thickness but not on the €Mive H-H interaction to lower values for all film thicknesses.
perature. , , This downward shift may be the result of the elastic bound-
Using the fit parameters in Table Il, eitheror f can be 5. condition. Our results on the reduced H-H interaction in
derived, making assumptions about the other factor. For ingin fijms is in general agreement with the observations of
stance, using the bulk value fér=0.174, we find that the Steiger, Blaser, and WeidingérHowever, concerning the

H-H interaction energy varies from 0.08 eV/atom for the gy giematics of the dependence and the quantitative values,
thinnest film to 0.17 eV/atom for the thickest film. These o a gifferences may be noticed.

interaction energies should be compared with bulk values,
which vary in the literature between 0.24 and 0.41 eV/atom.

For the bulk, the H-H interaction energy can be estimated
either from the volume expansion or from the critical tem-  The critical temperature for the-«’ transition in the thin
perature of thex-a’ phase transition, corresponding to the films can be derived using two different approaches. In the
critical temperature for the incoherent phase transition. Thudijrst approach we take the slope of the isotherms at the in-
in the incoherent or strain-free limit the H-H interaction en-flection points, which follow a Curie-Weiss law:

ergy per H atom is given B{ -1 c
)72
(E) (CH=Ch)= T, (25

D. Thickness dependence of the critical temperature

(Av)?
u= 77KO Q ’ (23)

Usual Curie-Weiss plots for the different film thicknesses are

whereK, is the bulk modulus, ang takes short-range elas- shown in Fig. 8, from which the critical temperatures are
tic and electronic repulsions into account. Experimentally,obtained by extrapolation. The solid lines are least-square fits
n~0.43. Then with the bulk modulus of Nl 170 GPawe  to the slopes of the isotherms.

find for u = 0.25 eV/atom. The bulk critical temperature is  In the second approach we estimaiefrom the interac-
related to the H-H interaction via tion energiesu as determined by the fits to the measured

isotherms. According to Eq24),
kgTc=3Ur. (24)
u u
With T.=444 K, andr=0.62 we find again fou = 0.25 Tc=mr= 4_kB(3/f)8vaaX' (26)
eV/atom. In the present thin films the H-H interaction shows
a strong thickness dependence but no temperature depedsing the bulk value foif, we find T, values which are in
dence. Furthermore, the values are systematically reduced good agreement with the critical temperatures derived from
as compared to the bulk even for the thickest film. In Table lithe Curie-Weiss plot. Therefore, using the bélkactor may
we listed the interaction energies, and in Fig. 7 they arébe justified in the present case. Thgs evaluated from both
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via A =1/v. The best fit of the expression in EQ7) to the
100 : . , : experimental critical temperatures is shown by the solid line

! in Fig. 8. From this fit we obtain a shift exponent= 0.73.
80 l- For the interaction energy we applied the same expression

- I to fit the thickness dependence, and find a shift exponent of
fg 60 L 0.68 (see the solid line in Fig.)7 Within the limits of the
-~ | uncertainty the shift exponents fai; andu can be consid-

. wolk ered identical.

=) ] Assuming that hydrogen in Nb films behaves like a three-
S — dimensional Ising modely = 0.64, and thus\ = 1.56 is

predicted® Thus there is a rather large discrepancy between

0 ) / , the model prediction and the experiment. On the other hand,

200 300 400 500 600 hydrogen in metals exhibits a very long-range, macroscopic

T [K] interaction mediated by the elastic strain fiél@iherefore a
molecular-field approximation may be more appropriate for a
FIG. 8. The slope of the isotherm at the inflection point is plot- desc_rlptlc_m of the critical beha\zlgor qf H in Nb In t.hls ap-
proximation,v = 0.5 and\ = 2, which again is quite far

ted as a function of the temperature, showing a Curie-Weiss beha . . L
ior. The intercepts of the solid lines with the temperature axis de_from the expgrlmental value. _Th? OPV'OUS d(lav_latlo.ns from
fines the critical temperatufg, for a specific film thickness. model predictions may be an indication that finite-size scal-

ing is not a good description of the present thickness depen-

approaches are plotted in Fig. 9. They clearly show a strongen_ce_- The small value found far expresses the fact that
dependence on the film thickness. Unlike the interaction endeviations from bulk properties set in at rather large Nb film
ergy u, the T, values steadily approach the bulk value for thicknesses. For instance, B, = 1_00 nm the critical tem-
large thicknesses. The reason for this difference is the fadt€rature drops by about 20%. This should be compared to
that the smalles values are partially compensated for by magnetic thin films where a similar drop 8t is observed
higherr values. for thicknesses which, however, are about two orders of
For the crossover from three to two dimensions finite-sizénagnitude thinner than in our caSeAlthough this may ex-
scaling theory predicts a dependence of the critical temperd'€SS the difference in the range of the elastic and magnetic

ture on the linear dimension of the system accordifg to  Interactions, we believe that the lowering of the critical tem-
perature for thew-a’ transition is rather due to the elastic

To(D)—T() D\ * boundary condition provided by the rigid substrate. In films
T=(D—> (27 of decreasing thickness, critical fluctuations of macroscopic
¢ 0 density modes may be excited which are of decreasing wave-
Here To(«) =444 K, andT.(D) is the critical temperature lengths, and which are associated with lower and lower spin-
for the film of thickness with D, as a fit parameter. The 0dal temperatures. .
shift exponent\ is related to the critical exponentfor the Extrapolating the critical temperatures to smaller thick-
correlation length& (é=&{[To(D)—To()]/To(0)} ~%)  Nesses, we find thak; drops below room temperature for
thicknesses smaller than 30 nm, and thatbecomes zero
below 4 nm. This may also have practical implications.

500

VI. CONCLUSIONS

By in situ x-ray measurements we have determined the
solubility isotherms for hydrogen in niobium thin films as a
function of the film thickness and for hydrogen pressures up
to 10° Pa. The pristing110)-oriented Nb films are of high
300 | = structural _quality grown by molecular-beam epitaxy on

_ } 0.73 Al ,03(1120) substrates. They were capped with a thin Pd
To(D) = Te(o0) [1-(D/8.9 nm) ™ 4 overlayer for oxidation protection and for enhancing the hy-
D30 t1 1 M S S R R R drogen diffusivity across the surface barrier even at rather
0 100 200 300 400 500 600 low temperatures. After loading, the structural coherence
D [nm] breaks up in smaller domains, and the mosaicity increases
considerably. The solubility isotherms react sensitively on

FIG. 9. The critical temperatures for the«’ phase transition the film thickness. 'The maximum lattice p'arameter change
are plotted as a function of the Nb film thickness. The closed circle®PServed in saturation reaches values as high as 6.8% for the
represent values from the Curie-Weiss plot shown in Fig. 7, and théhinnest sample. In spite of this large change, the adhesion of
open circles are calculated critical temperatures from the fit paramthe Nb film to the substrate must still be sufficient, since no
eteru to the solubility isotherms, whereis the hydrogen-hydrogen Peeling off of the film was observed. The maximum lattice
interaction. The solid line shows a fit according to finite size scalingParameter change scales inversely with the film thickness,
theory for the critical temperature. The dashed horizontal line indidindicating a strong surface effect. From fits to the measured
cates the bulk critical temperature. isotherms, H-H interaction energies can be estimated which

400
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decrease with decreasing film thickness, and furthermore exvhich are in strong contrast to exponents expected for mo-
hibit a systematic reduction as compared to the bulk interadecular field or Ising-type phase transitions.

tion energy by more than 20%. The critical temperature

shows the same thickness dependence, although it ap-

proaches the bulk critical temperature of 444 K for large film ACKNOWLEDGMENTS
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