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Influence of compressive biaxial strain on the hydrogen uptake
of ultrathin single-crystal vanadium layers

G. Andersson, B. Hjo¨rvarsson, and P. Isberg
Department of Physics, Uppsala University, Box 530, S-751 21 Uppsala, Sweden

~Received 12 August 1996; revised manuscript received 24 September 1996!

We have investigated the influence of biaxial compressive strain on the thermodynamic properties of hy-
drogen in thin, single-crystal vanadium layers~0.9, 1.6, and 2.0 nm!. At H/V,0.1 ~atomic ratio!, the host-
mediated H-H interaction was found to be attractive. For H/V.0.1, 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 for H/V,0.5. Both the
strained and unstrained vanadium lattices are found to have roughly the same hydrogen affinity at H/V50.1
~0.3 eV/H!. No ordered bulklikeb phase was observed at any concentration~0,H/V<1! in the temperature
range 30–250 °C. Methods used in this study are resistivity measurements, x-ray diffraction, and nuclear
reaction analysis.@S0163-1829~97!02003-1#
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I. INTRODUCTION

The effects of boundary conditions and reduced dim
sionality on the hydrogen uptake of metals have only
cently begun to be the subject of experimental investigatio
Alefeld treated the influence of changed boundary conditi
on the H-H interaction in a metal-hydrogen syste
theoretically,1 but experimental activity has, until recentl
been scarce. The hydrogen uptake of epitaxial, clamped
films ~32–527 nm! was investigated by Songet al.2 In that
work the authors showed that boundaries play a major
for films as thick as 100 nm. The phase boundaries
shifted and the critical temperature for the order-disor
phase transition is found to be strongly reduced with decre
ing film thickness.

To our knowledge, the only thorough investigation of b
sic thermodynamic properties of hydrogen in extremely t
hydrogen absorbing layers is that performed by Stille¨
et al.3 on hydrogen in Mo/V~001! superlattices. The effective
potential seen by the hydrogen atoms in a Mo/V superlat
is strongly modulated, and the hydrogen is exclusively fou
in the vanadium layers. This material combination theref
gives rise to a one-dimensional modulation of the hydrog
concentration. The thicknesses of the hydrogen absor
layer were 1.5 and 2.1 nm, respectively, which correspon
five and seven unit cells of vanadium. An example of
weakly modulated potential is a Nb/Ta superlattice~see, e.g.
Ref. 4 and references therein!.

In one important aspect, the Mo/V and Fe/V superlatt
systems are similar: neither Mo nor Fe will dissolve hyd
gen, the heat of solution being endothermic for both me
~10.48 eV/H atom for Mo,3 and10.30 eV/H atom for Fe
~Ref. 5!. The hydrogen concentration modulation perpe
dicular to the film will therefore be one dimensional in
Fe/V superlattice, as in Mo/V.

The interaction of hydrogen atoms in a strongly mod
lated potential is to first approximation limited to within ea
minimum. In other words, the hydrogen atoms in one va
550163-1829/97/55~3!/1774~8!/$10.00
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dium layer do not interact with hydrogen atoms in the ad
cent layers. If the individual V layers are thin enough, th
will constitute a quasi-two-dimensional metal host for hydr
gen, as in the Mo/V~001! superlattices.3 Therefore, investi-
gations of hydrogen in the Fe/V superlattice system sho
render valuable contributions to the knowledge of the infl
ence of boundary conditions and strain on the thermo
namic properties of the V-H system. The use of superlatti
as a host opens up a way of investigating the propertie
hydrogen in extremely thin films, as the strain state can
altered by proper selection of the hydrogen free layer. T
lattice parameter of Mo is larger than that of V, and therefo
the vanadium layers are under tensile biaxial strain in epit
ial Mo/V superlattices. In epitaxially grown Fe/V~001! su-
perlattices, on the other hand, vanadium has the larger la
parameter, with a lattice mismatch between Fe and V
5.1%. Thus the in-plane, biaxial strain of the V layers
compressive. Within the linear elasticity approach, the bi
ial strain state is expected to scale linearly with the ratio
the constituents’ thicknesses.

Previous studies of Fe/V multilayers have only concern
magnetic and structural properties.6 Until recently, the Fe/V
multilayers grown have usually been polycrystalline w
$110% texture and alloy regions at each interface. Howev
recently some other groups have been able to grow F
epitaxially,7,8 hence making samples entitled to be called
perlattices. The Fe/V~001! samples used in this study wer
all epitaxial, single-crystal superlattices.9

II. EXPERIMENTAL DETAILS

The Fe/V superlattices were prepared by dc magne
sputtering onto polished MgO~001! substrates~10310 mm2!
at 330 °C, and with an Ar gas pressure of 531023 torr ~1
torr5133 Pa!. The sputtering equipment and the epitax
growth of the Fe/V system are described in detail elsewhe9

Samples of three different wavelengths~L5LFe1LV!
were grown:L51.8, 3.2, and 4.0 nm. They were all sym
metric, i.e.,LV5LFe5L/2. The samples for the resistivit
1774 © 1997 The American Physical Society
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55 1775INFLUENCE OF COMPRESSIVE BIAXIAL STRAIN ON . . .
measurements were covered with a thin~5 nm! Pd layer, to
prevent oxidation and facilitate hydrogen loading, wh
those for concentration measurements were covered
10-nm polycrystalline V for reasons discussed below. T
samples were characterized by low- and high-angle x-
diffraction ~XRD!, which showed that the superlattices we
of high crystalline quality with a small interface roughne
~on the order of 0.2 nm!. The resistivity of each sample wa
measured at room temperature before cutting off a 2-m
wide strip for the following measurements. A typical res
tivity value was 56.3mV cm for a sample withLV51.6 nm.

The gas system in which the four-point resistivity me
surements were performed has been described in some d
elsewhere.3 In the measurements presented here, hydro
pressures in the range 0–6000 torr~0–800 kPa! were used,
and the temperature was varied between 30 and 250
Above 250 °C the Pd cap layer becomes roughened, w
could affect the kinetics of the hydrogen uptake. Howev
the Fe/V superlattice in itself is thermally stable up
340 °C.9

The applied ac current was 50mA ~corresponding to
roughly 25 A/cm2!, which gave a voltage drop of 0.2–1.
mV over the sensing contacts. This voltage drop was re
tered by a Stanford Research 830 DSP lock-in ampli
~resolution 0.1% of full scale!. Hydrogen pressures wer
measured with two CCM capacitive pressure gauges w
0–760- and 0–7600-torr pressure spans, respectively,
an accuracy of 0.1% of reading. The base pressure in
system was 331028 torr, and the residual gas consiste
mainly of hydrogen, with a partial pressure of other impu
ties in the 10211-torr region.

After the sample was mounted and the cell evacuated,
temperature was raised to 250 °C, and the sample
flushed several times with pure H2 to remove water from the
chamber walls and oxygen from the sample surface. W
the voltage reading was stabilized, the series of meas
ments was started.

At each temperature~250, 200, 150, 100, 65, and 30 °C!
the hydrogen pressure was raised in steps up to a maxim
pressure of 6000 torr. The allowed equilibration time at ea
step was 5–20 min, depending on temperature and pres
After the last pressure increase the system was evacu
and the voltage was monitored to see whether the hydro
loading was reversible. If so, the voltage drop over
sample was the same before and after hydrogenation.
temperature was then lowered to the next value of intere

The change in resistivity upon hydrogen loading was
lated to the hydrogen concentration in the V layers by
following procedure. First we loaded V-capped Fe
samples with hydrogen and measured the change in res
ity simultaneously. When equilibrium was reached after 5
100 h, the samples were cooled down quickly to room te
perature, and removed from the hydrogen reactor. Due to
V capping layer, the amount of hydrogen in the superlatt
is not affected during the cooling, as the kinetics are
tremely slow. After exposure to air, the kinetics are s
slower, due to formation of oxides and hydroxyl complex
at the surface. The samples were hydrogenated at sele
temperatures and pressures, to give a range of concentra
as wide as possible. The samples were analyzed by x
diffraction prior to the hydrogen concentration determin
by
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tion, where the1H~15N,ag!12C nuclear resonance reaction10

was used. The annealing at 250 °C was not sufficient to
tivate the V surface completely, but this was of no concern
the slow kinetics ensured accurate determination of the r
tion between the concentration and the change in resistiv

III. RESULTS

In Fig. 1, a typical example of the resistivity change up
raising the hydrogen pressure is shown. The resistivity
turns to its original value as the hydrogen is desorbed fr
the sample when the reactor is evacuated. Thus the chan
the resistivity is found to be completely reversible. Cons
quently, the hydrogen-induced changes in the sample ca
assumed to be reversible. The structural reversibility was
vestigated by x-ray-diffraction measurements. In Fig.
XRD spectra of one of the calibration samples~LV52.0 nm!
before and after hydrogen loading are shown. The XRD m
surement was repeated after desorbing the hydrogen, an
resulting diffractogram was found to be identical to the v
gin one~within the experimental uncertainties!. The bottom
spectrum shows that the only noticeable structural chang
an out-of-plane expansion of the lattice. At this particu
concentration, the expansion of the V layers is approxima
5%. Detailed investigations of the hydrogen-induced latt
expansion in Fe/V~001! superlattices are reported in Ref. 1

The average hydrogen concentration^H/M & in the calibra-
tion samples was determined by nuclear reaction analys10

To obtain the average hydrogen content of the V layers
straightforward, using the following relation:12

c[ KHVL 5
LV1LFe
LV

KH
M L ~1!

From the results of the calibration measurements the rela
betweenDr/r20 °C andc was established. The resulting ca

FIG. 1. Example of a hydrogen loading curve, measured
100 °C. The pressure is increased in steps:~1! 4.1 torr,~2! 7.4 torr,
~3! 14 torr,~4! 38 torr,~5! 77 torr,~6! 154 torr,~7! 295 torr,~8! 578
torr, and~9! 731 torr. The inset is an enlargement of step~2!.
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1776 55G. ANDERSSON, B. HJO¨ RVARSSON, AND P. ISBERG
bration is shown in Fig. 3, where the results are fitted by
following function:

Dr

r20 °C
5AcS 12

A

B
cD c[^H/V& ~atomic ratio!, ~2!

which is a truncated power series expansion. The partic
form for the coefficients was obtained from demanding t
the maximum value ofDr/r20 °C should agree with that ob
served in the measurements@maximum of Dr/r20 °C
50.320~1! for all three wavelengths#. The values ofA andB

FIG. 2. XRD spectra of aLV52.0-nm calibration sample befor
~No. 1! and after~No. 2! hydrogenation at 200 °C, 825-torr H2. The
clearly visible hump to the left of one of the satellite peaks is
signal from the V cover layer. The structural changes are fur
discussed in Ref. 11.

FIG. 3. Calibration of the average hydrogen concentration, v
for all wavelengths. The line is a fit to the function given in Eq.~2!.
e

ar
t

obtained were 1.07~9! and 1.280~4!, respectively. This rela-
tion was used to draw the pressure-composition isother
shown in Fig. 4~a! for LV51.6 nm and in Fig. 4~b! for
LV50.9 nm. No deflection point in the resistivity, like th
one found in bulk vanadium and Mo/V superlattices at H
50.5, was observed.

The resistivity of the superlattices can be expressed a

r5rH1rphonons1rinterfaces1rdefects1rothers, ~3!

where the four dominating terms are the scattering from
hydrogen atoms, phonons, interfaces, and defects, res
tively. The observed scattering ofDr/r20 °C is most probably
due to variations in the defect density and the interface q
ity between the different samples. In the calibrationDr5rH
was assumed. The hydrogen density did not affect the t
perature dependence of the resistivity, as observed for b
vanadium.13

e
r

d

FIG. 4. ~a! Pressure vs average composition at different te
peratures for theLV51.6-nm sample.~b! The corresponding data
for theLV50.9 nm sample.
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55 1777INFLUENCE OF COMPRESSIVE BIAXIAL STRAIN ON . . .
To determine the changes in enthalpy and entropy of
lution as functions of hydrogen concentration, van’t Ho
plots were made for constant values ofDr. A selection of
these plots, forLV51.6 nm, is shown in Fig. 5. The van
Hoff plots were fitted by

1
2 ln

p

p0
5

DH̄H

kBT
2

DS̄H
kB

. ~4!

Here p is the hydrogen pressure,p0 the reference pressur
~760 torr!, T the temperature in K,DH̄H the enthalpy change
andDS̄H the entropy change with respect to the gas pha
The values ofDH̄H andDS̄H do not depend on whether on
chooses to use constantDr or constantc for the van’t Hoff
plots.

The solubility in theLV50.9 nm samples was observed
be considerably lower than for the other two wavelengt
Thus it was motivated to investigate if there were any int
face effects of the kind found in Mo/V~001!
superlattices.12,14 The existence of ‘‘dead layers’’ at the in
terfaces will affect the concentration determination, as
extension of these can be comparable to the thickness o
V layers. For this purpose, a multilayered superlatt
~MLSL! was grown, with three wavelengths~L54.4, 3.1,
and 1.8 nm,LFe5LV! matching as closely as possible a
integer number of the bct unit cells. In this way one ensu
identical conditions for all wavelengths during and after h
drogenation, as the subsamples must be in thermodyna
equilibrium.

In Fig. 6, x-ray-diffraction spectra for this sample befo
and after hydrogenation are displayed. These show tha
structural quality of the sample is indeed high, as the pe
are sharp and well defined. An additional XRD measurem
was performed after unloading the sample. The hydroge
tion process was found to be reversible, as the structure
mained unaltered by the hydrogen cycling. The FWHM~full

FIG. 5. A selection of van’t Hoff plots for theLV51.6 nm
sample. The excess resistivityDr is a function of the average hy
drogen concentration.
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width at half maximum! of both theu-2u scan and the rock-
ing scan~v scan! retained their original values.

A hydrogen depth profile of the MLSL is shown in Fig. 7
and in Fig. 8 the average H/V atomic ratio is plotted vers
1/LV . The intersection of the linear fit with the 1/LV axis,
i.e., the V layer thickness at which the hydrogen concen
tion is zero, gives the extent of the interface region. This w
found to be approximately 0.45 nm, or 3 ML of V. Whe
1/LV approaches zero, the intersection with they axis gives
the concentration in the interior region of the V layers, as
weight of the interfaces becomes negligible. For a furth
discussion on these phenomena, see Refs. 12 and 14.

FIG. 6. XRD of the MLSL before~No. 1! and after~No. 2!
hydrogenation. The position of the~002! Bragg peak for the unhy-
drogenated sample gives the average out-of-plane lattice param
which is identical for the three wavelengths.

FIG. 7. Hydrogen depth profile for the MLSL hydrogenated
150 °C, 2100-torr H2. The wavelengths areL151.8 nm,L253.1
nm, andL354.4 nm. The 10-nm V cover layer is not shown. Th
normalized yield is proportional toc5^H/V&.
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1778 55G. ANDERSSON, B. HJO¨ RVARSSON, AND P. ISBERG
The fact that three V monolayers at each Fe interface
not dissolve hydrogen to the same extent as the interior
gion must be taken into account when discussing a con
tration dependence of the observables. This as the conce
tion in the interior region of the V layers is considerab
larger than the average concentration. The relation betw
the interior concentration and the average concentration

cinterior5
LV

LV22D
c, cinterior[KH

V
L
interior

, ~5!

whereD is the thickness~in the same units asLV! of the
interface region. Here we have assumed that the hydro
content of the interface region is negligible. A correction f
the population of the third vanadium layer from the inte
faces is straightforward, using a two-level model. This is
considered here, as the correction is only significant at h
concentrations. For the shortest wavelength, which in p
ciple consists of an interface region only, the hydrogen
oms can be assumed to be distributed in the two cen
monolayers. Thus the interior concentration is roughly th
times the average H/V in this case.

After this final calibration of the H/V atomic ratio, th
DH̄H andDS̄H data obtained before were plotted as functio
of cinterior, see Figs. 9 and 10. In these figures are also sh
the corresponding data for the Mo/V~001! system3 and bulk
vanadium.15–17

IV. DISCUSSION

It should be emphasized that the values ofDH̄H andDS̄H
do not depend on the determination of the relation betw
Dr andc. The only influence of the uncertainty in the co
centration calibration is a shift in the scale in H/V. The ma
mum error in the concentration scaling is 10%. This ori
nates in the uncertainty of the hydrogen concentrat

FIG. 8. Normalized yield vs the inverse vanadium layer thic
ness. The linear fit intercepts the 1/LV axis at a point correspondin
to approximately 0.45 nm, or 3 ML.
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determination by the1H~15N,ag!12C nuclear resonance reac
tion and the scattering in the measured resistivity.

Let us first consider the experimental data with respec
possible phase formation and ordering. The points of infl
tion of the ln(p) composition isotherms are commonly a
cepted as markers of a critical concentration of a phase t
sition. The only region where inflection points are observ
is at low concentrations. For the two longer wavelengths,
critical concentration is independent of temperature and c
responds to an average H/V ratio of roughly 0.09 forLV52.0
nm and 0.08 forLV51.6 nm. This implies an interior con
centration of 0.16 and 0.17, respectively, i.e., approximat
one hydrogen per six vanadium atoms. For the shor
wavelength, no reliable information can be obtained
higher temperatures. At lower temperatures however,
critical interior concentration is almost the same as in
other cases~interior H/V'0.2!, but the accuracy of the dat
is not sufficient to establish any temperature dependence

In the work on Nb films by Songet al.,2 the slope at the
point of inflection~H/Nb around 0.5, atomic ratio! is shown

-

FIG. 9. DH̄H vs interior H/V atomic ratio. At the top, the result
for LV50.9 nm are shown together with those for Mo/V~Ref. 3!
and bulk V ~Ref. 15! @the latter agree quite well with those o
Meuffels ~Ref. 16!#. The dashed line shows the bulkb-phase value
of 20.42 eV/H atom~Ref. 17!. The center and bottom plots sho
the results forLV51.6 and 2.0 nm, respectively. The H/V scale h
a systematic error of at most 10%.
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55 1779INFLUENCE OF COMPRESSIVE BIAXIAL STRAIN ON . . .
to obey a Curie-Weiss type of law, i.e.,

]~ ln p!

]c U
@]2~ ln p!/]c2#50

5
C

T2TC
, ~6!

which is not observed here. The slope at the critical conc
tration exhibits a minimum at some point in the temperat
interval 100–200 °C for the samples with V thicknesses
1.6 and 2.0 nm. This behavior is observed in bulk VHx for
x.1, in the temperature range 0–80 °C and pressures u
50 bar~5 MPa!.18

The entropy change~Fig. 10! differs significantly from
that observed in the Mo/V and bulk V systems. The decre
from zero is very fast, and thenDS̄H levels out to become
almost constant, with the possible exception forLV52.0 nm,
where there are signs of an increase. This implies less or
ing in the longer wavelength at higher concentrations. S
the degree of ordering is higher than in the Mo/V~001! and
bulk V systems. This feature is most likely linked to th

FIG. 10. DS̄H vs interior H/V atomic ratio. The top plot show
the results forLV50.9 nm and the corresponding data for Mo/
~Ref. 3! and bulk V~Ref. 15!. The center and bottom plots show th
results forLV51.6 and 2.0 nm, respectively. The H/V scale has
systematic error of at most 10%.
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reduced number of degrees of freedom in the quasi-t
dimensional host. It is beyond the scope of this article
treat this in any detail.

The hydrogen atoms most likely reside in octahedralOZ
positions in the bct vanadium lattice,11 even at the lowest
concentrations. We do not observe any sign of a transitio
a bulklike b phase, although the hydrogen resides in si
characteristic of that phase. This observation implies low
ing, or even extinction, of the critical temperature for t
bulklike a- to b-phase transition. The absence of the regu
b phase is supported by the results from XR
measurements,11 the absence of a deflection point inDr, and
the constancy ofDrmax at all temperatures. To extend th
temperature range further, a V-capped sample with inte
H/V50.24 was slowly cooled to liquid-nitrogen temperatu
and then allowed to return to 25 °C, while monitoring th
resistivity. Ordering of the hydrogen atoms would result in
discontinuity indr/dT,13 which was not observed.

A. Low concentration limit „H/V<0.1…

The critical concentration is very close to the concent
tion whereDH̄H has its minimum. Below this concentration
the host mediated H-H interaction is attractive. If we rega
the thinnest V layers~0.9 nm!, assuming that the H atoms ar
distributed in the two central monolayers, the conclus
must be that the attractive interaction is within thex-y plane.
This behavior is probably connected to the gigan
hydrogen-induced lattice expansion observed at l
concentrations.11 The expansion up to interior H/V'0.2 was
found to be more than three times larger than at high
intermediate concentrations. The change in the effective
tential is closely linked to the change in the interstitial ele
tron density. We can easily obtain a rough estimate of t
change. The electronic charge associated with the inters
protons can be assumed to be local compared to the rang
the elastic interaction. When the hydrogen content of
sample is increased from 0 to 0.1, the average volume
crease of the V layers is 2%. The interstitial electron dens
is then decreased, and the change in the absorption pote
can be estimated within the framework of the effectiv
medium theory,12

dDE5~796n0120.8!dn0 ~eV!. ~7!

With an average interstitial electron densityn050.03,12 a
change of 2% in volume results in a 27-meV change of
effective potential. This is in reasonable agreement with
values seen in the plot ofDH̄H for the change in energy
going from zero concentration to interior H/V50.1. Thus it
is probable that the attractive H-H interaction is close
linked to the gigantic volume expansion of the host. Dire
interaction is not plausible at these low concentrations.

B. Intermediate and high concentrations

For the shortest wavelength~LV50.9 nm!, DH̄H has a
much weaker H/V dependence than observed in the thic
vanadium layers at H/V.0.2. The almost constantDH̄H im-
plies that there is weak interaction between hydrogen ato
within the same~001! plane at interior concentrations abov
0.2. The hydrogen is therefore best described as a we
interacting, two-dimensional gas or liquid at these concen
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1780 55G. ANDERSSON, B. HJO¨ RVARSSON, AND P. ISBERG
tions. In this sample, the vanadium layers do not have
‘‘interior region.’’ The dissolved hydrogen atoms can be a
sumed to be distributed in the two central vanadium laye
which correspond to the first dead layer in the thick
samples. These two layers are expected to be equally fa
able for the hydrogen atoms to reside in. Figure 11 show
schematic view of the deduced potential, as seen by the
drogen atoms in theLV51.6 and 0.9 nm samples. The tw
values ofEmin differ by 87~6! meV, with the shorter wave
length at the higher energy. This value is the observed
ference betweenDH̄H for the sample with the shortest wav
length and the averageDH̄H for the other two at interior
concentrations of H/V'0.1. A further confirmation of this
observation is obtained from the hydrogen distribution in
multilayered superlattice~see Fig. 7!. Boltzmann statistics
applied on a simple two-level model of the third and fou
V monolayers from the interface, results in a 97~5!-meV dif-
ference between these energy levels, in good agreement
the difference deduced from the enthalpy changes. As th
energy differences are much larger thankBT for the tempera-
tures used, we do not need to consider any temperature
pendence of the enthalpy change in the low concentra
limit. The population of the interface region only becom
prominent at high interior concentrations. The increase in
slope ofDH̄H with increasing layer thickness is a clear si
of repulsive H-H interaction, which can be shown using
simple interface model.12

A local correlation between H atoms in thez direction is
inferred for the two samples with an ‘‘interior region
~LV51.6 and 2.0 nm!.11 This correlation is necessarily lim
ited by the finite size of the V layers, as no higher-ord
interactions can be mediated by the Fe spacer layer. As t
is no deflection point in the resistivity, no long-range cor
lations are expected in thex-y plane. This conclusion is
supported by the temperature independence of the maxim
Dr value reached, as mentioned above.

FIG. 11. A schematic view of the potential seen by a diffusing
atom. The shadowed areas are the iron layers surrounding th
nadium, which is~a! 10 ML and~b! 6 ML thick, respectively. In~a!
the energy difference between monolayers 3 and 4 from the in
face is 97~5! meV.Emin in ~b! is 87~6! meV higher than in~a!.
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If we now assume that the hydrogen resides in the sa
site throughout the concentration range 0.1 to 1, we can c
clude that the nearest- and next-nearest neighbor H-H in
action in this concentration range is repulsive, and that
interaction strength increases linearly with the V layer thic
ness. That the assumption about the site occupancy is
sonable is evident from the structural investigations,11 which
also show that the strain field associated with each hydro
atom is close to uniaxial.

An ordered, low concentration hydride phase is obser
in yttrium.19 For temperatures up to 130 °C and H/Y belo
approximately 0.20, a metastable, ordered solid solution
noted thea* phase is observed instead of the regular, r
dom a phase. The critical concentration for the transiti
from thea* to the~a1b! region is independent of tempera
ture, as observed for H in the thin V layers. It is plausible
assume that a quasiordered phase is established in the
samples, similar to the phase observed in Y. The driv
force for this phase formation could be the interplay betwe
the long-range attractive interaction and the repulsive sh
range interaction.

To summarize the conclusions drawn so far about
phase diagram of hydrogen in the Fe/V samples, there is o
one phase transition, at interior H/V'0.16, in the tempera-
ture region 30–250 °C. Below this critical concentration w
have the disordered, gaslikea-phase. In a small concentra
tion region in the vicinity of the transition, a short-rang
ordereda* phase, as observed in yttrium, is plausible.
higher concentrations~up to H/V'1!, we have a liquidlike
phasea8. In this phase the ordering in the planes parallel
the sample surface is of short range, while in thez direction
the correlation length is, by necessity, limited by the V-lay
thickness. This phase can be described as a ‘‘tw
dimensional liquid.’’

V. SUMMARY

The solubility and thermodynamics of hydrogen in com
pressively strained vanadium layers of thicknesses 0.9,
and 2.0 nm in Fe/V~001! superlattices were studied using
resistometric method. The long-range host-mediated H-H
teraction in the plane was found to be attractive. The sh
range interaction was discovered to be close to uniaxia
thez direction and repulsive, as seen in the 1.6- and 2.0-
layers. This behavior is the opposite to that seen in bulk
and thin V layers under tensile strain. The average repuls
interaction was found to increase with increasing thickn
of the vanadium layers.

For the thinnest sample in this study, the heat of form
tion was determined to be20.18~1! eV/H atom in the infinite
dilution limit. The energy difference between hydrogen
0.9-nm vanadium layers and thicker samples was found to
87~6! meV/H atom at H/V'0.1. The only phase transitio
observed is from thea phase to a liquidlikea8 phase, with a
possibility of an ordereda* phase close to this transition
Thus the critical temperature forb-phase formation has bee
lowered to below at least 25 °C for all concentrations. T
triple point between the three phases is above 250 °C.

The 1H~15N,ag!12C nuclear resonance technique was us
to probe the concentration variation within a multilayer
superlattice. An interface region of 3 ML was inferred. Th

va-

r-



y
he
s
l

/
te-

55 1781INFLUENCE OF COMPRESSIVE BIAXIAL STRAIN ON . . .
interface region does not have the same hydrogen affinit
the interior region of the 1.6- and 2.0-nm-thick V layers. T
energy difference between the third and fourth monolayer
V was determined to be 97~5! meV, using a two-level mode
fitting the nuclear reaction analysis data.
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49–50 ~Scitec, Zürich, Switzerland, 1996!, and references
therein.


