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Deuterium-induced volume expansion in FeysV s/ V superlattices
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Neutron reflectometry was used to investigate the deuterium uptake in a thin metal superlattice that displays
an anisotropic elastic response [FeysVos5/V (6/21 monolayers)]. We see evidence of the presence of a coex-
istence region which has never before been seen in vanadium-based superlattices. The loading process is
completely reversible from which we conclude that the phases must be coherent, in stark contrast to bulk VD,,
where the two-phase region displays hysteresis. The deuterium-induced volume expansion exhibits changes in
slope that correlate with the plateau region and the expansion is comparable and even larger than in the bulk.
The spectacular cooperation between the elastic fields seems to be found only in one-dimensionally confined

structures with biaxial compressive strain states.
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I. INTRODUCTION

The changes in the physical properties of metal hydrides
confined to low-dimensional geometries constitute an excit-
ing research avenue into nanophysics. For example, hydro-
gen can be used to continuously and reversibly tune the mag-
netic interlayer exchange coupling in Fe/V  (001)
superlattices! and highly textured Fe/Nb multilayers,” as well
as strongly enhance the magnetoresistance of embedded
Gd;CoH, nanowires in Gd (Ref. 3). There is also a consid-
erable interest of trying to alter the thermodynamic proper-
ties of metal-hydride particles by reducing their size into the
nanoregime.*~® This is due, in part, to the high surface-to-
volume ratio where surface states have elevated importance.
Nanosized and nanoporous materials are expected to exhibit
faster kinetics of uptake for the same reason.

When hydrogen is confined to extremely thin layers, the
thermodynamic properties are strongly affected by the finite
size, as well as by the strain state of the hydrogen absorbing
layers.'” For example, the hydrogen-hydrogen interaction in
vanadium switches from being repulsive to attractive when
changing the elastic boundary conditions by sandwiching va-
nadium between Mo or Fe.!'"!5 Nevertheless, the influence
of size, strain, and confinement on the phase diagram is not
fully understood. A better understanding of these phenomena
is desirable since these underpin the mechanisms through
which the physical properties of the materials are modified.

The volume changes are often described by hydrogen-
induced expansion coefficients, k, within a phase of continu-
ous solubility. Tabulated values of k for bulk materials are
found in most comprehensive hydrogen reference books and
are defined by

AV Av
— =kx=—ux, 1
v Q (1)
where V is the volume of the sample, x is the concentration
in atomic ratio, () is the volume per metal atom, and Av is
the volume change per hydrogen atom.
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The expansion coefficients found for the transition-metal
hydrides are remarkably similar, suggesting that the effective
volume of a dissolved hydrogen atom is close to constant
(k=Av/Q~0.18).1% The expansion coefficients of thin films
and superlattices are less explored and cannot be assumed to
be the same as in bulk. The early work on the hydrogen
induced volume changes in vanadium-based superlattices
yielded surprising results: the expansion coefficient of the
vanadium layers was determined to be ky;,v=0.04,7 which
is exceedingly small compared to the bulk value k,=0.19.
These experiments were performed using Mo/V (001) (2
nm/2 nm) (001) superlattices, in which the vanadium is un-
der biaxial tensile strain. The notation A/B N/M will refer to
a superlattice comprised of material A and B with N and M
thicknesses, respectively.

Andersson et al.'® measured an unusually large expansion
coefficient (kg,yv=0.35) in Fe/V (001) (1.8 nm/1.6 nm) su-
perlattices at concentrations below 0.1 in H/V (atomic ratio).
The authors concluded that this result could not be explained
by clamping effects. Nonetheless, the strong biaxial com-
pressive strain state of the vanadium layers was inferred to
align the axis of all the local strain fields in the [001] direc-
tion, causing an exclusive octahedral z-site (O,) occupancy.
A complete alignment of the axes of the strain fields is ex-
pected to result in an additional expansion, if the expansion
is restricted to one dimension by adhesion to a substrate.
This result remains unexplained however. The phase diagram
of Fe/V (1.8 nm/1.6 nm) is strongly altered from bulk VH,
where no coexistence region (a+) is found above room
temperature and the disordered « phase has the same con-
figuration as the 3, phase of VH,.

The above results were obtained using x-ray diffraction,
which was recently demonstrated to be unsuitable for accu-
rate determination of the volume change for reversible ab-
sorption in superlattices'® as well as for irreversible pro-
cesses in multilayers.’’ The main reason is that x-ray
diffraction does not capture the volume change originating
from the disordered part of the structure, providing the pos-
sibility for a new interpretation of diffraction data, presented
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in earlier works. The determination of the hydrogen concen-
tration also constitutes a significant uncertainty in the deter-
mined expansion coefficients.

The volume change and the concentration can be mea-
sured simultaneously and independently using neutron re-
flectivity. This approach has previously been used to deter-
mine the deuterium and hydrogen concentration in Mo/V
superlattices, revealing the size of depleted regions at the
interfaces.?! In situ determination of the volume expansion
coefficient was made in Moy 5V 5/ V superlattices, using the
same technique.!> The subscripts denote the atomic fraction
of V in Mo in the alloy. The volume change and the concen-
tration are measured through shifts in the superlattice peaks
and changes in the integrated intensity respectively.

In the present study we examine how volume changes
scale with concentration in a finite-size system which con-
sists of a weakly strained Fe,5V(5/V 6/21 monolayer (ML)
superlattice. We present results using in situ neutron reflec-
tivity which allows highly accurate and unambiguous deter-
mination of the expansion coefficients in a wide concentra-
tion range and at two different temperatures.

II. EXPERIMENTAL DETAILS
A. Sample design

The amplitude of a scattered neutron wave from a nucleus
is governed by its bound coherent neutron-scattering length,
b, which are tabulated.?? The scattering length density of a
material is defined by

= 2 nb;, (2)

where i is the ith of m atoms and n; is the number density.
The composition of the FeV alloy was chosen to match the
scattering length density of VD, ; which corresponds to the
maximum expected concentration at the highest pressure
available to us. This enhances the resolution of the concen-
tration determination. Vanadium has a small negative
neutron-scattering length (by=-0.382 fm) while an alloy of
FeysVis (bpe=+9.45 fm for pure Fe) has a positive value.
This sample design results in a good contrast (Ap=pg.y
—py) for neutrons in the vanadium layers, as shown in panel
(a) of Fig. 1. The presence of deuterium in the vanadium
layers results in an increased scattering length density of the
vanadium layers (bp=+6.671 fm) and thereby decreasing
contrast, as shown in panel (b) of Fig. 1. The scattering
length density of VD, can be written as

Pvp() = nyby + npbp = 'ydyby + FV%dDbD’ (3)
where I'; is the area density of atoms of element i and d; is
the partial thickness of element i. We assume that the area
density of vanadium does not change during the absorption
which allows us to define x=I"p/I'y as a concentration ratio
of deuterium atoms to vanadium atoms. The contrast can also
be tuned to zero, as illustrated in panel (c) of Fig. 1.

Within the kinematic approximation, the neutron reflec-
tivity is the square of the Fourier transform of the scattering
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FIG. 1. (Color online) Schematic view of a superlattice and the
scattering length density profile of an ideal superlattice, panel (a).
The chemical repetition distance is denoted as A. When deuterium
is absorbed into vanadium, the scattering length density changes,
shown in blue. Panel (b) symbolizes a concentration of 0.35 D/V
(atomic ratio), and complete matching is around 0.7 in D/V, as
shown in panel (c).

length density profile shown in Fig. 1 and can be thought of
as composed of a sum of an infinite number of Fourier com-
ponents. The first component is a sine wave that has its maxi-
mum value in the center of one of the layers. The amplitude
of the wave is proportional to the contrast which can be
modified by deuterium. The change in amplitude of the first
Fourier component thus represents a change in deuterium
concentration and a change in its period yields the change in
thickness in the growth direction. The above argument is not
restricted to square wave modulations but holds as long as
the modulation is symmetric. Below we will give a detailed
account of the calculation of the deuterium concentration
from the contrast.

B. Sample preparation and structural characterization

The Fey5Vys/V (6/21) ML superlattice with 100 repeti-
tions was grown on a 20X20X0.5 mm?® polished single-
crystal MgO (001) substrate using UHV-based magnetron
cosputtering.”> The base pressure in the system was 2
X 1077 Pa prior to deposition with the dominating residual
gas being hydrogen. The sample was deposited from targets
of iron and vanadium onto the substrate held at 573 K. Ar-
gon, with purity better than 99.9999% at a pressure of 0.27
Pa was used as the sputtering gas. The deposition rates of Fe
and V were 0.0134 nm s™! and 0.0143 nm s, respectively.
The first vanadium layer was directly deposited onto the
MgO substrate and the superlattice was capped with a vana-
dium layer followed by a 10 nm palladium layer. The palla-
dium was sputtered from a target with 99.99% purity after
cooling the sample to room temperature. The palladium layer
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acts as a catalyst for the deuterium dissociation and protects
the underlying structure from oxidation.

Transmission electron microscopy (TEM) measurements
were made in the Uppsala Microstructure Laboratory using a
JEOL 2000 FX11 transmission electron microscope. Bright-
field images were taken at a magnification of 80 000X at a
voltage of 200 kV and a beam current of 100 uA.

X-ray reflectivity and diffraction were measured using a
Bruker Discovery D8. The operating wavelength of the in-
strument is A=0.15406 nm (Cu Ka, radiation) which is se-
lected by a Gobel mirror and a beam compressor yielding a
wavelength spread of AN/\=1X 107*. X-ray and neutron re-
flectivity curves were fitted using GENX (Ref. 24) which uses
the Parratt®® formalism and takes dynamic effects such as
multiple reflections, absorption and refraction into account.
The program also includes instrumental resolution and geo-
metric corrections.

C. Neutron reflectivity and loading procedure

Neutron reflectivity measurements were performed at the
NGI1 reflectometer at NIST, Gaithersburg. A similar instru-
ment has been described in the literature.”® The neutron
wavelength was 0.475(5) nm and a post sample analyzer was
used to optimize signal to noise. The slits were changed con-
tinuously as specular intensity was recorded to provide a
constant AQ/Q and footprint, where Q is the length of the
scattering vector Q, and is given by

4
0= Tsm 0, (4)

with N being the wavelength and 6 is half the scattering
angle. The sample was mounted inside a vacuum chamber
which can be filled with deuterium of 99.9% of isotopic pu-
rity. The gas pressure inside the chamber was monitored us-
ing Baratron membrane gauges suitable for different ranges
from 133.3 Pa to 0.133 MPa. The sample temperature was
kept constant within 50 mK with the help of a Lakeshore
temperature controller. The temperature sensor was later
found not to be in good thermal contact. A more accurate
temperature was measured after the experiments had fin-
ished. We still assign a large error bar to the absolute value
of the temperature, =5 K.

The deuterium pressure was increased in steps and suffi-
cient time was given for the sample to reach equilibrium.
The uptake was continuously monitored by the changes in
the position and the intensity of the first Bragg peak. The
deuterium concentration was determined from the area of a
Gaussian function fitted to the first-order peak, after an ap-
propriate background correction. As more deuterium enters
the vanadium layers, the difference in the scattering length
densities between the vanadium and Feys5Vys layers de-
creases, resulting in a decreased intensity of the first order
Bragg peak. The sample was realigned after each pressure
step to ensure well-defined scattering conditions. Rocking
curves across the first Bragg peak were recorded regularly to
verify that no in-plane broadening of the peak occurred that
could be misinterpreted as a concentration change.
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D. Deuterium concentration and volume expansion

The reflectivity amplitude from a superlattice can be ex-
pressed using the kinematic approximation as

HO) = % f fR)ei%dz, (5)

where f(z) is the ideal scattering length density profile shown
in Fig. 1. A detailed derivation of the integral can be found in
Ref. 27.

The reflectivity intensity of superlattice peak m is ob-
tained by using the condition of constructive interference and
taking the absolute square of the reflectivity amplitude,

™m A? 2
R( =2_)=[27]TV7(PFeV—PV)SiH( ij\dv)} . (6)

A
where dp.y and dy are the thicknesses of the layers, A
=dg.y+dy is the chemical repeat distance, and N is the num-
ber of repeats.

As can be seen from Eq. (6) the reflectivity depends on
the square of the contrast as qualitatively discussed above.
The observed peak intensity is therefore a direct measure of
the deuterium concentration in the vanadium layers. Com-
bining Egs. (3) and (6) the deuterium concentration, x, ob-
tained from the intensity ratio of the first-order superlattice
peaks is

__ 400 (1_ VR(x) A%(0) _sin[wdy(0)/A] ) )
T Tvdy@bp | VR(0) A2 sin[mdy (/A (0)])

The concentration depends thus primarily on the square roots
of the reflectivity intensity ratios and the changes in thick-
ness of the V layers. The thickness dependence was ne-
glected in the analysis done by Leiner et al'® It is worth
noting that (i) the changes in thickness are much smaller than
the changes in intensity and (ii) the thickness changes have a
tendency to cancel in Eq. (7), somewhat justifying their ap-
proximation.

Fe/V(001) superlattices are known"!%!8 to withstand re-
peated cycling of hydrogen, without loss in structural coher-
ency. Since stress relief through misfit dislocations and
cracking and peeling is not observed, any in-plane expansion
must be negligible. The structure was found to be unchanged
by cyclic loading of deuterium as seen by x-ray reflectivity
and x-ray diffraction measurements before and after the neu-
tron experiments. Resistance measurements were performed
separately on a similar sample with 25 repeats which showed
no irreversible changes with deuterium loading.

Thus it is sufficient to determine the out-of-plane expan-
sion to accurately measure the volume changes. The changes
in the vanadium thickness is thus determined from the ex-
perimentally measured changes in A and simulated values of

dFeV’
Ady__AA

=—. 8
dV A_dFeV ( )

The assumption that the deuterium concentration of the alloy
can be neglected was validated by investigating the hydrogen
uptake of a series of V,Fe,_, single crystals grown on MgO
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FIG. 2. Transmission electron microscope image of part of the
superlattice closest to the substrate. A defect (missing layer) is lo-
cated around the 13th period from the substrate as marked by the
white line. The dark lines correspond to vanadium and the lighter to
FeV.

(001). The composition of the FeV alloy was varied between
0.1 and 0.5 and the hydrogen uptake was determined by
measuring the changes in resistance with pressure at various
temperatures. For low concentrations the solubility is gov-
erned by the enthalpy of solution with an exponential depen-
dence (Sievert’s law). The enthalpy of VsFe,s alloy was
measured and found to be higher than in Pd which is Hg =
+0.10 eV/H atom compared to H? =-0.28 eV per atom for
V. Thus the deuterium concentration in the FeV alloy can
safely be ignored.”®

II1. RESULTS
A. Sample structure

One of the 100 vanadium layers was found to be missing,
which was confirmed by x-ray reflectivity and neutron re-
flectivity data and simulations, and transmission electron mi-
croscopy. The effect of the missing layer is included in the
simulations and was found to have negligible influence on
the accuracy of the deduced expansion coefficients. The
missing vanadium layer results in one thicker FeV layer,
which influences the quality of the subsequently deposited
layers. This is seen in Fig. 2 which displays a part of the
sample closest to the substrate. The defect is clearly visible
around 13 repeat distances from the substrate, marked by a
white bar in the figure. Note that the image has been artifi-
cially brightened for clarity.

Raw data from x-ray diffraction of the as-deposited
sample are shown in Fig. 3, measured with a position sensi-
tive detector. The width (full width at half maximum) of the
fundamental peak (labeled O in Fig. 3) is 0.094°, which cor-
responds to a coherence length of 109 nm, i.e., close to 26
repetitions. This suggests that roughly a quarter of the
sample is scattering coherently in the [001] direction. This is
much larger than the thickness of the repeat distance and
justifies our use of the term superlattice when referring to the
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FIG. 3. (Color online) X-ray diffraction pattern of the as-
deposited sample. The fundamental peak of the superlattice is in-
dexed as zeroth order and corresponds to the average lattice param-
eter of the period. Satellites labeled, =n are visible up to at least
third order which is indicative of sharp interfaces between the alloy
and V. Also visible in the figure are the (002) peak from MgO and
a peak arising from textured Pd (111) planes.

sample. A rocking scan across the (002) Bragg peak, parallel
to the plane of the film, revealed a mosaicity of 0.26° which
can be compared to other Fe/V superlattices in the
literature.'*?° The modulation in the chemical composition is
good, as seen by the number of superlattice peaks which is in
agreement with results from x-ray reflectivity fits which gave
4.7 ML as the root mean square roughness. The TEM image
in Fig. 2 is a local probe of the sample structure but confirms
a relatively good layering of the superlattice.

Figure 4 shows complete neutron reflectivity patterns at
491(3) K in vacuum and 0.132 MPa. The solid lines are fits
generated by GENX. The model input to the fitting program
was, as seen in Fig. 1 with the distortion shown in Fig. 2
taken into account. The fringes that appear before the first
superlattice peak are due to interference between the neutron
reflecting from the substrate interface and the top of the de-
fect. The total thickness of the superlattice is several hundred
nanometers and would give rise to fringes that are much
narrower. These were indeed seen in the region close to the
critical edge. The complete measurements were made at the
indicated pressures only and the fits serve to (i) verify the
initial structure, (ii) rule out the influence of the distortion on
the results, (iii) act as a consistency check at one concentra-
tion for the simplified approach of using Eq. (7). A selected
number of scans around the first superlattice peak as a func-
tion of pressure are shown in the inset to highlight the
changes in intensity upon absorption of deuterium. As is ap-
parent, shifts toward lower Q values come from changes in
A and changes in intensity come from the loading of deute-
rium.

An interface region with reduced deuterium content was
required to quantitatively reproduce the increase in the inten-
sity of the third-order reflectivity peak at 0.132 MPa. The
presence of depleted layers close to the interface are well
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FIG. 4. (Color online) Neutron reflectivity curves for the superlattice at 0.1 Pa (open) and 0.132 MPa (filled) D, pressures. The solid
curves are fits obtained using GenX. The inset shows four of the many scans around the first Bragg peak on a linear scale at different
pressures. The pressures are (in order of decreasing intensity) 0.132 Pa, 733 Pa, 4640 Pa, and 0.132 MPa. Note the large changes in the
intensity during deuterium loading. The solid lines in the inset are guides to the eye. The error bars, = 10, are only shown for every third data

point for clarity.

known in Mo/V superlattices,?'3-32 Fe/V structures,'> and
Moy sVs/V superlattices'® and the results we obtained are
consistent with these findings. Thus, the average concentra-
tion across the whole V layer and the concentration in the
center are not the same as discussed in Sec. II A. Using
GENX, a size of L=0.1 nm was found at both sides of the V
layers, assuming complete depletion. Unless otherwise stated
we will refer to the interior concentration in the vanadium
layers. To correct the volume change to reflect the interior
volume change the following equation can be used:

AdY Adv( ZL)
—=—\1+—.
dl\r/n dV dV

)

B. Elastic response

In Fig. 5 the concentration, determined from the intensity
of the first superlattice peak, vs pressure, is shown. A plateau
is clearly visible for each data set indicating a coexistence
region of some sort. It is not a spinodal region since we are
confident that the points on the plateau are taken at thermo-
dynamic equilibrium. We infer from the relative flatness of
the plateau that we are below a phase boundary which is
remarkable considering that the transition in bulk VD, is
around 406 K. This is also completely contrary to what is
found in symmetric superlattices of Fe/V loaded with
hydrogen'> where no coexistence region has been found.
Since the superlattice structure was found to be unchanged
by cyclic deuterium loading as discussed in Sec. IID we
conclude that the phase transition in the coexistence region
must be coherent. Coherency in this context means that as-
sociated with a change in phase is a continuos change in

lattice parameter. Incoherent phases are characterized by
generation of defects and hysteresis. Two regions can be
identified on either side of the plateau that probably corre-
spond to single phases/configurations.

In Fig. 6 we show the change in thickness of the vana-
dium layers with concentration. Significant scattering of the
data points is observed at the lowest concentrations. In this
region the accuracy of the concentration determination is the
poorest. We observe no temperature dependence which is in
line with bulk observations. It is natural to fit the data on
either side of the coexistence region to separate lines since
these regions are expected to correspond to different phases/

100 b &
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FIG. 5. (Color online) Isotherms at 491 K (black) and 441 K
(red), respectively, obtained from the intensity of the first-order su-
perlattice peak.
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FIG. 6. (Color online) Volume expansion of the vanadium layers
in a Feg5V(5/V superlattice versus deuterium concentration. The
black open and red filled circles correspond to 491 K and 441 K,
respectively. The points were extracted from shifts in the first-order
superlattice peak and its integrated intensity. The shaded region
marks the coexistence curve as found from the isotherms. The solid
blue lines are linear fits to the data. The thin black line is from
hydrogen loaded Fe/V (1.8 nm/1.6 nm) from Ref. 18. The smaller
filled circles are for MoV/V and taken from Ref. 13.

configurations. The slope in the lower region is 0.21(2) and it
is 0.228(8) in the high region. We also note that the expan-
sion in the coexistence region is clearly lower than on either
side.

For comparison, we show data from a hydrogen loaded
Fe/V (1.8 nm/1.6 nm) superlattice (black solid line) in a
strongly compressive strain state (Ref. 18). We see that the
current sample exhibits a distinctly different behavior. We
also show data from a MoV/V superlattice (filled black
circles)'? which is in a weakly tensile strain state. The FeV/V
superlattice has a higher expansion in the low concentration
region compared to MoV/V but the difference is much
smaller in the high concentration region.

IV. DISCUSSION

These results can be discussed in relation to previous
measurements of bulk vanadium and superlattices where va-
nadium is under different strain states. The expansion coef-
ficient of bulk vanadium in the « phase is k,=0.191(3) and
when the expansion is isotropic, the volume change in each
of the crystallographic directions can be found by ki, .
=(1+ky)">~1. We neglect as a first approximation, the slight
asymmetry in the dipole force components. To compare this
to the film expansion coefficient k; we have to account for
clamping to the substrate. As stated in Sec. II D, the film
expansion is reversible and restricted to the z direction. Us-
ing the arguments put forward by Laudahn,* we account for
the clamping using the generalized expression of the elastic
response (Hooke’s law),
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32 Ottes (10)

where ¢;; is the strain, v is Poisson’s ratio, £ is Young’s
modulus, 5” is the Kronecker delta function, and oy is the
stress tensor. The influence of clamping can be obtained by
the following scheme: first we consider isotropic expansion
in all crystallographic directions. The influence of biaxial
clamping is thus obtained by compressing the in-plane lattice
(x,y) to its original value (k). The clamping induced ex-
pansion in the z direction is thereby obtained from the result-
ing elastic response in the z direction. The stresses are un-
known but due to symmetry the x and y components are
equal and the z component of the strain can be written as

2v

Ezzz_EUxx' (11)

The stress is related to the compressive strain by

E
O =— kb,z:' (12)

Combining Egs. (11) and (12) and adding the initial strain
due to hydrogen in the z direction, one obtains

2v ) (13)

1-v

kf = kb,z(l +

Using the bulk value®* for Poisson’s ratio v=0.342(2), we
get ky=0.122(6), which should be compared to the measured
slopes [0.21(2) and 0.228(8)]. This result hinges on (i) appli-
cability of the bulk value of v to the superlattice structure
and (ii) negligible influence of deuterium or temperature on
v. We find that the expansion coefficients are larger than
would be expected from a triaxial strain field, obtained by
occupation of tetrahedral sites.

It is known from bulk VD, that deuterium occupies the
octahedral z (O,) sites in the B phase. In Fe/V superlattices,
loaded with hydrogen it has been shown that hydrogen pre-
fers to occupy the same types of sites (O,) at all concentra-
tions and temperatures. Thus it seems natural to compare the
expansion coefficient with an exclusive O, site occupancy
and include the effects of clamping.

To estimate the expansion coefficient in the z direction
with octahedral site occupancy, we consider the following
hypothetical situation. Let us assume that deuterium occu-
pies octahedral z sites in the same atomic arrangement as in
the bulk B phase. The deuterium-free lattice of bulk vana-
dium has a body-centered-cubic lattice with ¢=0.303 nm
and the S configuration is body centered tetragonal with a
=b=0.3011 nm and ¢=0.3295 nm for VD, s.* We proceed
as in the previous example by allowing the film to expand
freely in the out of plane direction (and contract in the plane)
followed by an expansion in the plane to account for the
clamping and consequently a slight contraction out of plane.
Since the lattice parameters in the B configuration are at a
specific concentration (0.5 D/V) we can extrapolate an ex-
pansion coefficient by dividing by the concentration as fol-
lows:
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B 1 Ac 1 2v Aa
kf=——-— — = 0.16. (14)
05 CZO 05 1 -V a()

This is the expected expansion coefficient assuming an ex-
clusive octahedral z site occupancy at all concentrations and
is lower than the experimentally determined coefficients. The
measured coefficients thus cannot be explained by only tak-
ing clamping into account. The results force us to draw the
conclusion that by clamping the system in a biaxial compres-
sive strain state, the one-dimensional expansion is larger than
the three-dimensional volume expansion in the bulk.

Andersson et al. found a nonlinear hydrogen-induced ex-
pansion of a symmetric Fe/V superlattice'® as shown in Fig.
6. Due to the thicker iron layers used in that study, the initial
strain state of the superlattice is much higher than considered
here. At interior concentrations below 0.1 the expansion was
0.35(1) but at higher concentrations approached the bulk
value. However, the accuracy of the measurements hinders
quantitative analysis in the low concentration region. Thus,
we cannot rule out the large expansion coefficient for deute-
rium as previously observed for hydrogen at concentrations
below 0.1 by Andersson et al.'®

There seem to be at least two possible reasons for the
difference between our results and those obtained by Ander-
sson et al.'® First, the methodology employed by Andersson
et al. for determining the volume changes was based on
x-ray diffraction, which has recently been called into
question.!® An overestimation of around 20% at intermediate
concentrations between the actual volume change and that
measured by x-ray diffraction were found in Fe/V 1/7 super-
lattices. If the overestimation is the same this would explain
the bulk of the discrepancy. Second, there could be an iso-
tope dependence on the expansion coefficient in these struc-
tures. No isotope effects are observed in the volume expan-
sion in bulk vanadium, when the isotopes are occupying
same sites. Thus, different specific volumes of the isotopes
appear to be unlikely in the current context.

A concentration dependence of the expansion coefficient
was obtained from vanadium under an initial biaxial tensile
strain state (MoV/V).!3 The expansion coefficient was found
to change with concentration at 0.2 D/V, measured at 400 K.
A change from tetrahedral to octahedral occupancy at con-
centrations around 0.2 D/V was inferred to cause the change
in expansion. The root of the change in occupancy is the
opening of the octahedral z sites with increasing tetragonal
distortion of the vanadium layers. For the FeV/V superlat-
tice, the initial tetragonal distortion without deuterium is al-
ready larger than would be required based on the MoV/V
data which would lead us to expect O, occupancy already at
low concentrations.

We suggest the following model to understand these ef-
fects. First, since the loading procedure is reversible the tran-
sition must be coherent. If the transition is coherent the
phases must be similar with respect to crystal symmetry and
specific volume. If both phases have O, site occupancy the
transition is much more similar to the S-8, phase in bulk
vanadium hydride. Interestingly no (3, phase is observed in
VD,. However the 3, phase is recovered when external ap-
plied stress is applied to the system which suggests that this
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situation is plausible.’*° What we could be observing is a
density driven transition. At low concentration the elastic
dipoles are far apart and contribute to the expansion linearly.
In the transition region, the deuterium atoms are closer to-
gether and some of the elastic field can be cancelled out,
yielding a lower expansion than at low concentrations. At
concentrations beyond the end of the plateau the deuterium
atoms are closer still but could be much more ordered result-
ing in no cancellation of the fields. The expansion is even
larger than the bulk volume expansion which leads us to
conclude that when the initial strain state is biaxial compres-
sive and the volume expansion is forced to be one-
dimensional, a spectacular cooperative interplay between the
elastic fields tales place.

V. CONCLUSIONS

Isotherms obtained by direct concentration measurements
show a well-defined plateau, hinting at the presence of a
coexistence region, similar to what is found in bulk. The
coexistence however must be made up of phases which are
coherent in contrast to bulk since the loading procedure is
completely reversible. This is in stark contrast to previous
studies on the effect of hydrogen in vanadium-based super-
lattices where no well defined coexistence region has been
reported. The elastic response from the (001) oriented
Fey5Vs/V (6/21 ML) superlattice is found to be concentra-
tion dependent and a kink is observed at 0.1 and 0.35, which
correlates with the plateau. The expansion coefficient is de-
termined to be k=0.228(8) at concentrations below 0.1 and
0.21(2) at concentrations above 0.35. By applying continuum
linear elasticity theory one can account for clamping and the
expansion coefficient is found to be larger than would be
expected for both tetrahedral and octahedral occupancy.

No temperature dependence is found, consistent with bulk
results. A model that explains these observations consists of
a density-driven disorder/order transition where deuterium
occupies the same type of site (probably O, sites). In the
coexistence region the elastic fields could be such that they
cancel some of the expansion due to near-field effects, result-
ing in a lower expansion. At high concentrations, a larger
expansion is found which could be due to the ordering of
deuterium and no cancellation can take place. These results
illustrate the tremendous impact of one-dimensional confine-
ment. By clamping, no in-plane expansion is allowed and the
very nature of the phase transition changes from being inco-
herent to coherent.
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