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Influence of compressive biaxial strain on the hydrogen uptake
of ultrathin single-crystal vanadium layers
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We have investigated the influence of biaxial compressive strain on the thermodynamic properties of hy-
drogen in thin, single-crystal vanadium lay€fs9, 1.6, and 2.0 nin At H/V <0.1 (atomic ratig, the host-
mediated H-H interaction was found to be attractive. For M0/1, the interaction was found to be extremely
weak in the 0.9-nm-thick layer and repulsive in the 1.6- and 2.0-nm-thick V layers. The repulsive interaction
was found to increase with increasing layer thicknesses. These results are unexpected as the interaction is
attractive in both bulk V and in thin vanadium layers under biaxial tensile strain fortd/¥. Both the
strained and unstrained vanadium lattices are found to have roughly the same hydrogen affinity-@t1H/V
(0.3 eV/H. No ordered bulklike3 phase was observed at any concentrafxH/V<1) in the temperature
range 30-250 °C. Methods used in this study are resistivity measurements, x-ray diffraction, and nuclear
reaction analysig.S0163-182607)02003-1

I. INTRODUCTION dium layer do not interact with hydrogen atoms in the adja-
cent layers. If the individual V layers are thin enough, they
The effects of boundary conditions and reduced dimenwill constitute a quasi-two-dimensional metal host for hydro-

sionality on the hydrogen uptake of metals have only regen, as in the Mo/\001) superlattices. Therefore, investi-
cently begun to be the subject of experimental investigationgdations of hydrogen in the Fe/V superlattice system should
Alefeld treated the influence of changed boundary conditionender valuable contributions to the knowledge of the influ-
on the H-H interaction in a metal-hydrogen systeme€nce of boundary conditions and strain on the therquy—
theoretically! but experimental activity has, until recently, Na@mic properties of the V-H system. The use of superlattices

been scarce. The hydrogen uptake of epitaxial, clamped NS & host opens up a way of investigating the properties of
films (32—527 nm was investigated by Sonet al? In that hydrogen in extremely thin films, as the strain state can be

work the authors showed that boundaries play a major rolgal‘t('}red by praper selection of the hydrogen free layer. The

for films as thick as 100 nm. The phase boundaries ar ttice parameter of Mo is larger thap th"?‘t O.f v, an.d t.herefore
. . . e vanadium layers are under tensile biaxial strain in epitax-
shifted and the critical temperature for the order-disorder

e . ial Mo/V superlattices. In epitaxially grown Fe(®01) su-
phage trar'lsmon is found to be strongly reduced with decrea%’erlattices, on the other hand, vanadium has the larger lattice
ing film thickness.

i L parameter, with a lattice mismatch between Fe and V of
To our knowledge, the only thorough investigation of ba-g 194 Thus the in-plane, biaxial strain of the V layers is

sic thermodynamic properties of hydrogen in extremely thin,omnressive. Within the linear elasticity approach, the biax-
hydrogen absorbing layers is that performed by Stillesjo| strain state is expected to scale linearly with the ratio of
et al® on hydrogen in Mo/V001) superlattices. The effective the constituents’ thicknesses.
potential seen by the hydrogen atoms in a Mo/V superlattice previous studies of Fe/V multilayers have only concerned
is strongly modulated, and the hydrogen is exclusively foundmagnetic and structural propertigtintil recently, the Fe/V
in the vanadium layers. This material combination thereforemultilayers grown have usually been polycrystalline with
gives rise to a one-dimensional modulation of the hydrogerf110 texture and alloy regions at each interface. However,
concentration. The thicknesses of the hydrogen absorbingecently some other groups have been able to grow Fe/V
layer were 1.5 and 2.1 nm, respectively, which correspond tepitaxially,® hence making samples entitled to be called su-
five and seven unit cells of vanadium. An example of aperlattices. The Fe/01) samples used in this study were
weakly modulated potential is a Nb/Ta superlatiisee, e.g. all epitaxial, single-crystal superlatticgs.
Ref. 4 and references thergin
In one important aspect, the Mo/V and Fe/V superlattice
systems are similar: neither Mo nor Fe will dissolve hydro-
gen, the heat of solution being endothermic for both metals The Fe/V superlattices were prepared by dc magnetron
(+0.48 eV/H atom for Mc and +0.30 eV/H atom for Fe sputtering onto polished Mg©01) substrate$10x10 mnr)
(Ref. 5. The hydrogen concentration modulation perpen-at 330 °C, and with an Ar gas pressure of B 2 torr (1
dicular to the film will therefore be one dimensional in atorr=133 Pa. The sputtering equipment and the epitaxial
Fe/V superlattice, as in Mo/V. growth of the Fe/V system are described in detail elsewhere.
The interaction of hydrogen atoms in a strongly modu- Samples of three different wavelengttid =Lg.+Ly)
lated potential is to first approximation limited to within each were grown:A=1.8, 3.2, and 4.0 nm. They were all sym-
minimum. In other words, the hydrogen atoms in one vanametric, i.e.,Ly,=Lg=A/2. The samples for the resistivity

IIl. EXPERIMENTAL DETAILS
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measurements were covered with a ttBhnm) Pd layer, to
prevent oxidation and facilitate hydrogen loading, while
those for concentration measurements were covered by
10-nm polycrystalline V for reasons discussed below. The
samples were characterized by low- and high-angle x-ray
diffraction (XRD), which showed that the superlattices were
of high crystalline quality with a small interface roughness
(on the order of 0.2 ni The resistivity of each sample was
measured at room temperature before cutting off a 2-mm-
wide strip for the following measurements. A typical resis-
tivity value was 56.3u() cm for a sample with.,,=1.6 nm.

The gas system in which the four-point resistivity mea-
surements were performed has been described in some detail
elsewheré. In the measurements presented here, hydrogen
pressures in the range 0—-6000 t(@800 kPa were used,
and the temperature was varied between 30 and 250 °C.
Above 250 °C the Pd cap layer becomes roughened, which
could affect the kinetics of the hydrogen uptake. However,
the Fe/V superlattice in itself is thermally stable up to Ti .
340 °C? ime (min)

The applied ac current was 5@A (corresponding to

roughly 25 A/cn?r),. which gave a yoltage drop of 0'2_1'1. FIG. 1. Example of a hydrogen loading curve, measured at
mV over the sensing contacts. This voltage drOP Was regiSgg oc. The pressure is increased in stéfs4.1 torr,(2) 7.4 torr,
tered by a Stanford Research 830 DSP lock-in ampllﬁer(s) 14 torr, (4) 38 torr, (5) 77 torr, (6) 154 torr,(7) 295 torr,(8) 578
(resolution 0.1% of full scale Hydrogen pressures Were o and(9) 731 torr. The inset is an enlargement of stép
measured with two CCM capacitive pressure gauges with

0-760- and 0—7600-torr pressure spans, respectively, wition, where the®H(**N,ay)*?C nuclear resonance reactin

an accuracy of 0.1% of reading. The base pressure in th@as used. The annealing at 250 °C was not sufficient to ac-
system was 8102 torr, and the residual gas consisted tivate the V surface completely, but this was of no concern as
mainly of hydrogen, with a partial pressure of other impuri-the slow kinetics ensured accurate determination of the rela-

Ap (UQcm)

ties in the 10-torr region. tion between the concentration and the change in resistivity.
After the sample was mounted and the cell evacuated, the
temperature was raised to 250 °C, and the sample was Ill. RESULTS

flushed several times with pure, kb remove water from the . _ o

chamber walls and oxygen from the sample surface. When !N Fig. 1, a typical example of the resistivity change upon

the voltage reading was stabilized, the series of measuré2'SId the hydrogen pressure is shown. The resistivity re-

ments was started. turns to its original value as the hydrogen is desorbed from
At each temperaturé50, 200, 150, 100, 65, and 30FC the sample when the reactor is evacuated. Thus the change in

the hydrogen pressure was raised in steps up to a maximuf® resistivity is found_to be completely_ reversible. Conse-
pressure of 6000 torr. The allowed equilibration time at eacffluently, the hydrogen-induced changes in the sample can be

step was 5—20 min, depending on temperature and pressuféssumed to be reversible. The structural reversibility was in-

After the last pressure increase the system was evacuateffStigated by x-ray-diffraction measurements. In Fig. 2,

and the voltage was monitored to see whether the hydrogeRRD SPectra of one of the calibration sampleg=2.0 nm
before and after hydrogen loading are shown. The XRD mea-

loading was reversible. If so, the voltage drop over the .
sample was the same before and after hydrogenation. THurement was repeated after desorbing the hydrogen, and the

temperature was then lowered to the next value of interest.“?SUIting qiﬁ(actogram was found to be .identical to the vir-
The change in resistivity upon hydrogen loading was regin one(within the experimental qncertamtbes?l’he bottom _
lated to the hydrogen concentration in the V layers by the*PECtrum shows that the only noticeable structural change is
following procedure. First we loaded V-capped Fe/Van out-of-plane expansion of the lattice. At this particular
samples with hydrogen and measured the change in resistigoncentration, the expansion of the V layers is approximately

ity simultaneously. When equilibrium was reached after 50->%- De_tailgd investigations of _the hydrogen-indgced lattiice
expansion in Fe/\001) superlattices are reported in Ref. 11.

100 h, the samples were cooled down quickly to room tem- . ;
perature, and removed from the hydrogen reactor. Due to the 11€ average hydrogen concentratiéfiM) in the calibra-

V capping layer, the amount of hydrogen in the superlatticé'on samples was determined by nuclear reaction andsis.

is not affected during the cooling, as the kinetics are ex-1© Obtain the average hydrogen content of the V layers is

tremely slow. After exposure to air, the kinetics are still Straightforward, using the following relatidfi:
slower, due to formation of oxides and hydroxyl complexes

H\ Ly+Lg/H
at the surface. The samples were hydrogenated at selected c=\y/)= [ M (1)
temperatures and pressures, to give a range of concentrations v
as wide as possible. The samples were analyzed by x-rayrom the results of the calibration measurements the relation
diffraction prior to the hydrogen concentration determina-betweenAp/p,,.c andc was established. The resulting cali-
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FIG. 2. XRD spectra of &,,=2.0-nm calibration sample before 80 x5 15I0°C 'l'do'o'c" RS
(No. 1) and afteriNo. 2) hydrogenation at 200 °C, 825-tor,HThe 1 ,: /’ X cco 2]
clearly visible hump to the left of one of the satellite peaks is the . ; ¥ 65°C ¢ 30 O
signal from the V cover layer. The structural changes are further J J /./ ]
discussed in Ref. 11. b , ]

Vo4 #
/ /
bration is shown in Fig. 3, where the results are fitted by the o P Fa 1
following function: k= ‘ / ]
N / / b
{ ]
Ap A i . 7Q~ /}< / ]
=Ac|1-5c| c=(H/V) (atomic ratig, (2 X ‘ ]
P20°C B * /j
which is a truncated power series expansion. The particular /’
form for the coefficients was obtained from demanding that v .
the maximum value ofp/p,q-c should agree with that ob- e 2500C
served in the measurementimaximum of Ap/p,gec T —I’Z?OC'
=0.32Q1) for all three wavelengtfsThe values oA andB 0 01 02 03 04 05 06
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FIG. 4. (a) Pressure vs average composition at different tem-
peratures for the.,,=1.6-nm sample(b) The corresponding data
for theL,,=0.9 nm sample.

obtained were 1.0®) and 1.2804), respectively. This rela-
tion was used to draw the pressure-composition isotherms,
shown in Fig. 4a) for Ly,=1.6 nm and in Fig. &) for
L,=0.9 nm. No deflection point in the resistivity, like the
one found in bulk vanadium and Mo/V superlattices at H/V
=0.5, was observed.

The resistivity of the superlattices can be expressed as

P= PHT Pphononst Pinterfacest Pdefectst Pothers: ©)

where the four dominating terms are the scattering from the
hydrogen atoms, phonons, interfaces, and defects, respec-
tively. The observed scattering &fp/p,q ¢ iS most probably

due to variations in the defect density and the interface qual-
ity between the different samples. In the calibratibs—=p,,

was assumed. The hydrogen density did not affect the tem-

FIG. 3. Calibration of the average hydrogen concentration, valigoerature dependence of the resistivity, as observed for bulk

for all wavelengths. The line is a fit to the function given in E2).

vanadium3
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FIG. 6. XRD of the MLSL before(No. 1) and after(No. 2
hydrogenation. The position of tH602 Bragg peak for the unhy-
drogenated sample gives the average out-of-plane lattice parameter,
which is identical for the three wavelengths.

FIG. 5. A selection of van't Hoff plots for thé.,=1.6 nm
sample. The excess resistivilyp is a function of the average hy-
drogen concentration.

. . width at half maximun of both the#-26 scan and the rock-
To determine the changes in enthalpy and entropy of soing scan(w scan retained their original values.
lution as functions of hydrogen concentration, van't Hoff A hydrogen depth profile of the MLSL is shown in Fig. 7,
plots were made for constant values &p. A selection of and in Fig. 8 the average H/V atomic ratio is plotted versus
these plots, fol.y=1.6 nm, is shown in Fig. 5. The van't 1/.,,. The intersection of the linear fit with thell/ axis,
Hoff plots were fitted by i.e., the V layer thickness at which the hydrogen concentra-
- tion is zero, gives the extent of the interface region. This was
., P AHy ASy found to be approximately 0.45 nm, or 3 ML of V. When
2N =T @ h he i ion with thexis gi
Po  ksT kg v approaches zero, the intersection with thaxis gives
) the concentration in the interior region of the V layers, as the
Herep is the hydrogen pressurp, _the reference pressure weight of the interfaces becomes negligible. For a further

(760 torp, T the temperature in KAH, the enthalpy change  discussion on these phenomena, see Refs. 12 and 14.
and AS,, the entropy change with respect to the gas phase.

The values ofAH,; andA S, do not depend on whether one
chooses to use constafip or constantc for the van't Hoff
plots. Ll A, | A, A, MgO3
The solubility in theL,,=0.9 nm samples was observed to i \\Q
be considerably lower than for the other two wavelengths. 400 | NN
Thus it was motivated to investigate if there were any inter- : {
face effects of the kind found in Mol@01) T{—}—{—‘r}—ﬂ
superlatticed?'* The existence of “dead layers” at the in- {} ; t
terfaces will affect the concentration determination, as the J_}T

500 LA SRR ML REARE RS RN A LA

300
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1

extension of these can be comparable to the thickness of the

V layers. For this purpose, a multilayered superlattice

(MLSL) was grown, with three wavelengtia=4.4, 3.1,

and 1.8 nm,L.=L,,) matching as closely as possible an [

integer number of the bct unit cells. In this way one ensures 100 F

identical conditions for all wavelengths during and after hy-

drogenation, as the subsamples must be in thermodynamic

equilibrium. 0 -.'...l... |....|...'.|....|....|..:..'|....
In Fig. 6, x-ray-diffraction spectra for this sample before 0 50 100 150 200 250 300 350 400

and after hydrogenation are displayed. These show that the Depth (nm)

structural quality of the sample is indeed high, as the peaks

are sharp and well defined. An additional XRD measurement F|G. 7. Hydrogen depth profile for the MLSL hydrogenated at

was performed after unloading the sample. The hydrogenarso °C, 2100-torr H. The wavelengths ard;=1.8 nm, A,=3.1

tion process was found to be reversible, as the structure rémm, andA;=4.4 nm. The 10-nm V cover layer is not shown. The

mained unaltered by the hydrogen cycling. The FWIfivlI normalized yield is proportional to=(H/V).

200

Normalized Yield

L
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FIG. 8. Normalized yield vs the inverse vanadium layer thick- 0.15
ness. The linear fit intercepts theL{/axis at a point corresponding R LA
. F L, =2.0nm a4l
to approximately 0.45 nm, or 3 ML. 020 L v R E
’ - AAAA
The fact that three V monolayers at each Fe interface do -0.25 -‘ st 3
not dissolve hydrogen to the same extent as the interior re- " o ahatt ]
gion must be taken into account when discussing a concen- -0.30 L atat ]
tration dependence of the observables. This as the concentra- 035 Fa . | | . ]

tion in the interior region of the V layers is considerably

larger than the average concentration. The relation between 0.0 020 040 060 080 1.0

the interior concentration and the average concentration is Interior H/V (atomic ratio)
Lv H _ o
Cinte,ior=m C, Cinterio—=\o , (5) FIG. 9. AHy vs interior H/V atomic ratio. At the top, the results
v interior for Ly,=0.9 nm are shown together with those for Mo{Ref. 3

. ) . ) and bulk V (Ref. 15 [the latter agree quite well with those of
where A is the thicknesgin the same units aky) of the  \euffels (Ref. 16]. The dashed line shows the bylkphase value
interface region. Here we have assumed that the hydrogest —0.42 ev/H atom(Ref. 17. The center and bottom plots show
content of the interface region is negligible. A correction for the results folL,=1.6 and 2.0 nm, respectively. The H/V scale has
the population of the third vanadium layer from the inter- a systematic error of at most 10%.
faces is straightforward, using a two-level model. This is not
considered here, as the correction is only significant at higlletermination by théH(**N,«y)*?C nuclear resonance reac-
concentrations. For the shortest wavelength, which in printion and the scattering in the measured resistivity.
ciple consists of an interface region only, the hydrogen at- Let us first consider the experimental data with respect to
oms can be assumed to be distributed in the two centrglossible phase formation and ordering. The points of inflec-
monolayers. Thus the interior concentration is roughly thredion of the In(p) composition isotherms are commonly ac-
times the average H/V in this case. cepted as markers of a critical concentration of a phase tran-

_After this final calibration of the H/V atomic ratio, the sition. The only region where inflection points are observed
AH,, andA S, data obtained before were plotted as functionsis at low concentrations. For the two longer wavelengths, this
of Cinerior» S€€ Figs. 9 and 10. In these figures are also showaritical concentration is independent of temperature and cor-
the corresponding data for the Ma801) systeni and bulk  responds to an average H/V ratio of roughly 0.09Lfgr=2.0
vanadium®>~1/ nm and 0.08 forL,=1.6 nm. This implies an interior con-
centration of 0.16 and 0.17, respectively, i.e., approximately
one hydrogen per six vanadium atoms. For the shortest
_ __ wavelength, no reliable information can be obtained at

It should be emphasized that the values\éf,, andA S, higher temperatures. At lower temperatures however, the
do not depend on the determination of the relation betweearitical interior concentration is almost the same as in the
Ap andc. The only influence of the uncertainty in the con- other casesinterior H/\V=~0.2), but the accuracy of the data
centration calibration is a shift in the scale in H/V. The maxi-is not sufficient to establish any temperature dependence.
mum error in the concentration scaling is 10%. This origi- In the work on Nb films by Songt al.? the slope at the
nates in the uncertainty of the hydrogen concentratiorpoint of inflection(H/Nb around 0.5, atomic ratias shown

IV. DISCUSSION
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results forLy=1.6 and 2.0 nm, respectively. The H/V scale has a
systematic error of at most 10%.

to obey a Curie-Weiss type of law, i.e.,

d(In p) C

= , (6)
dc [42(In p)/ac2]=0 T-Tc

which is not observed here. The slope at the critical conce
tration exhibits a minimum at some point in the temperatur
interval 100—-200 °C for the samples with V thicknesses o
1.6 and 2.0 nm. This behavior is observed in bulk Mdr

x>1, in the temperature range 0—80 °C and pressures up to

50 bar(5 MP3.*®
The entropy changéFig. 10 differs significantly from

1779

reduced number of degrees of freedom in the quasi-two-
dimensional host. It is beyond the scope of this article to
treat this in any detalil.

The hydrogen atoms most likely reside in octahe@®al
positions in the bct vanadium latti¢é,even at the lowest
concentrations. We do not observe any sign of a transition to
a bulklike B phase, although the hydrogen resides in sites
characteristic of that phase. This observation implies lower-
ing, or even extinction, of the critical temperature for the
bulklike o~ to B-phase transition. The absence of the regular
B phase is supported by the results from XRD
measurements, the absence of a deflection pointAp, and
the constancy ofAp,., at all temperatures. To extend the
temperature range further, a V-capped sample with interior
H/V=0.24 was slowly cooled to liquid-nitrogen temperature
and then allowed to return to 25 °C, while monitoring the
resistivity. Ordering of the hydrogen atoms would result in a
discontinuity in8p/ 8T,*2 which was not observed.

A. Low concentration limit (H/V<0.1)

The critical concentration is very close to the concentra-
tion whereAH has its minimum. Below this concentration,
the host mediated H-H interaction is attractive. If we regard
the thinnest V layer§0.9 nn), assuming that the H atoms are
distributed in the two central monolayers, the conclusion
must be that the attractive interaction is within the plane.
This behavior is probably connected to the gigantic
hydrogen-induced lattice expansion observed at low
concentration$! The expansion up to interior HA/0.2 was
found to be more than three times larger than at high and
intermediate concentrations. The change in the effective po-
tential is closely linked to the change in the interstitial elec-
tron density. We can easily obtain a rough estimate of this
change. The electronic charge associated with the interstitial
protons can be assumed to be local compared to the range of
the elastic interaction. When the hydrogen content of the
sample is increased from 0 to 0.1, the average volume in-
crease of the V layers is 2%. The interstitial electron density
is then decreased, and the change in the absorption potential
can be estimated within the framework of the effective-
medium theory?

SAE=(7961y+20.85n, (eV). @

With an average interstitial electron density=0.0312 a
change of 2% in volume results in a 27-meV change of the
effective potential. This is in_reasonable agreement with the
values seen in the plot ckH,, for the change in energy,

ngjoing from zero concentration to interior HA0.1. Thus it

s probable that the attractive H-H interaction is closely
linked to the gigantic volume expansion of the host. Direct
interaction is not plausible at these low concentrations.

B. Intermediate and high concentrations

that observed in the Mo/V and bulk V systems. The decrease For the shortest wavelengitL,=0.9 nm), AH_H has a

from zero is very fast, and the~ S, levels out to become
almost constant, with the possible exceptionlfge=2.0 nm,

much weaker H/V dependence than observed in_the thicker
vanadium layers at H/%0.2. The almost constatkH,, im-

where there are signs of an increase. This implies less ordeplies that there is weak interaction between hydrogen atoms
ing in the longer wavelength at higher concentrations. Stillwithin the samg001) plane at interior concentrations above

the degree of ordering is higher than in the M@91) and
bulk V systems. This feature is most likely linked to the

0.2. The hydrogen is therefore best described as a weakly
interacting, two-dimensional gas or liquid at these concentra-
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2 If we now assume that the hydrogen resides in the same
site throughout the concentration range 0.1 to 1, we can con-
clude that the nearest- and next-nearest neighbor H-H inter-
action in this concentration range is repulsive, and that the
interaction strength increases linearly with the V layer thick-
ness. That the assumption about the site occupancy is rea-
sonable is evident from the structural investigatibhahich

also show that the strain field associated with each hydrogen
Diffusion coordinates atom is close to uniaxial.

An ordered, low concentration hydride phase is observed
in yttrium.*® For temperatures up to 130 °C and H/Y below
approximately 0.20, a metastable, ordered solid solution de-
noted thea* phase is observed instead of the regular, ran-
dom « phase. The critical concentration for the transition
from the o™ to the (a+ ) region is independent of tempera-
ture, as observed for H in the thin V layers. It is plausible to
assume that a quasiordered phase is established in the Fe/V
samples, similar to the phase observed in Y. The driving
FIG. 11. A schematic view of the potential seen by a diffusing Hforce for this phase formation could be the interplay between

atom. The shadowed areas are the iron layers surrounding the nge long-range attractive interaction and the repulsive short-

nadium, which iga) 10 ML and(b) 6 ML thick, respectively. In(a) range interac“qn' .
the energy difference between monolayers 3 and 4 from the inter- 10 Summarize the conclusions drawn so far about the

face is 975) meV. E, in (b) is 87(6) meV higher than ina). phase diagram of _hydroggn in. the Fe/V samples, there is only
one phase transition, at interior HA0.16, in the tempera-

) ) . ture region 30—250 °C. Below this critical concentration we
tions. In this sample, the vanadium layers do not have aRaye the disordered, gaslikephase. In a small concentra-

“interior region.” The dissolved hydrogen atoms can be as-tion region in the vicinity of the transition, a short-range
sumed to be distributed in the two central vanadium layersgrdereda* phase, as observed in yttrium, is plausible. At
which correspond to the first dead layer in the thickerhigher concentrationéup to H/V~1), we have a liquidlike
samples. These two layers are expected to be equally favophasea’. In this phase the ordering in the planes parallel to
able for the hydrogen atoms to reside in. Figure 11 shows ¢he sample surface is of short range, while in zhdirection
schematic view of the deduced potential, as seen by the hyhe correlation length is, by necessity, limited by the V-layer
drogen atoms in thé,,=1.6 and 0.9 nm samples. The two thickness. This phase can be described as a “two-
values ofE,,;, differ by 87(6) meV, with the shorter wave- dimensional liquid.”

length at the higher energy. This value is the observed dif-

ference betwee H,, for the sample with the shortest wave-

length and the averagaH, for the other two at interior V. SUMMARY

concentrations of H/%0.1. A further confirmation of this The So|ubi|ity and thermodynamics of hydrogen in com-
observation is obtained from the hydrogen distribution in thepressively strained vanadium layers of thicknesses 0.9, 1.6,
multilayered superlatticésee Fig. 7. Boltzmann statistics, and 2.0 nm in Fe/{001) superlattices were studied using a
applied on a simple two-level model of the third and fourthresistometric method. The long-range host-mediated H-H in-
V monolayers from the interface, results in g®7meV dif-  teraction in the plane was found to be attractive. The short-
ference between these energy levels, in good agreement witenge interaction was discovered to be close to uniaxial in
the difference deduced from the enthalpy changes. As thedbe z direction and repulsive, as seen in the 1.6- and 2.0-nm
energy differences are much larger tha for the tempera- layers. This behavior is the opposite to that seen in bulk V
tures used, we do not need to consider any temperature dand thin V layers under tensile strain. The average repulsive
pendence of the enthalpy change in the low concentratioimteraction was found to increase with increasing thickness
limit. The population of the interface region only becomesof the vanadium layers.
prominent at high interior concentrations. The increase in the For the thinnest sample in this study, the heat of forma-
slope of AH, with increasing layer thickness is a clear signtion was determined to be0.181) eV/H atom in the infinite
of repulsive H-H interaction, which can be shown using adilution limit. The energy difference between hydrogen in
simple interface modéf 0.9-nm vanadium layers and thicker samples was found to be
A local correlation between H atoms in taedirection is  87(6) meV/H atom at H/\*=0.1. The only phase transition
inferred for the two samples with an “interior region” observed is from the phase to a liquidlikex' phase, with a
(Ly=1.6 and 2.0 nm*! This correlation is necessarily lim- possibility of an orderedv* phase close to this transition.
ited by the finite size of the V layers, as no higher-orderThus the critical temperature f@-phase formation has been
interactions can be mediated by the Fe spacer layer. As thetewered to below at least 25 °C for all concentrations. The
is no deflection point in the resistivity, no long-range corre-triple point between the three phases is above 250 °C.
lations are expected in the-y plane. This conclusion is The *H(**N,ay)*°C nuclear resonance technique was used
supported by the temperature independence of the maximuto probe the concentration variation within a multilayered
Ap value reached, as mentioned above. superlattice. An interface region of 3 ML was inferred. This

v Fe

| interior |
region |

Diffusion coordinates
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