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ABSTRACT

We assess the linearity between the reduction of the optical transmittance in the wavelength range of 600-1000 nm and the hydrogen concentration in Cr/V hy-
drogenated superlattice structures, with a nominal Cr/V ratio of 2/14. The V layers, contained inside an epitaxial Cr/V superlattice, were exposed to gaseous H
atmosphere. The hydrogen uptake, as well as the changes in their optical properties, due to the hydrogenation, were monitored through optical transmittance
measurements. The resonant H(*°N,ay)'2C nuclear reaction was used to obtain the hydrogen depth profile and to determine the average hydrogen concentration per
host atom in the V layers. Linearity was experimentally confirmed between the change in optical transmittance in a wide wavelength range and the H concentration,
showing that optical data can be used to extract the relative hydrogen concentration. Additionally, the changes in the optical transmittance of the superlattice were
found to be more pronounced for incident light with a wavelength of 600 nm, while the corresponding optical changes in the wavelength range 700-1000 nm,

presented negligible dependence on the wavelength.

1. Introduction

Transition metals can absorb hydrogen reversibly in large quantities,
making them interesting to be used as hydrogen storage materials, in a
hydrogen economy [1]. Hydrogen storage in these materials allows
higher H volumetric density and improved safety, compared to high-
pressure gas containers [2,3]. Interstitial vanadium hydrides are of
particular interest since they exhibit higher gravimetric storage capacity
[4] than hydride systems based on heavier transition metals, favorable
kinetics [5] at ambient conditions, as well as a low heat of formation.
This low heat of formation allows release of hydrogen at temperatures
below 300 °C. However, hydrogenation/dehydrogenation cycles at a
temperature below the critical temperature can cause mechanical strain,
originating from the co-existence of different phases, pulverizing the
material. In bulk vanadium, the solid-solution a-phase is disordered with
hydrogen occupying tetrahedral T sites, while the p-phase is character-
ized by occupation of O sites, with the ; phase being ordered and the f,
phase being disordered. In order to suppress the phase co-existence and
preserve the integrity of the storage material, the loading of hydrogen
needs to take place in a temperature that surpasses the critical temper-
ature. Nanostructured systems, featuring a high surface-to-volume ratio,
can exhibit thermodynamic properties that are even more favorable for
applications, compared to their bulk counterparts, due to improved
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reaction kinetics [6] and reduced critical temperature [7] of the phase
transition between a and p-phase. Furthermore, the effect of finite size
[71, strain [8,9] and proximity of other, non-absorbing layers on the
thermodynamics of hydrogenation of vanadium have been addressed
with model systems such as Fe/V and Cr/V superlattices and shed light
on the underpinning mechanisms, yet the question of the hydrogen oc-
cupancy has not been fully resolved.

The preferred occupancy has been extensively studied for different
phases in bulk systems [10] and it has been found to be sensitive to the
presence of strain [8,9,11,12,13]. The interstitial hydrogen atoms
interact with each other through long-range elastic forces [14], that are
mediated by the host metal. To gain insight into the effects of finite size
[71, proximity and stress on hydrogen absorption, superlattice structures
have been used as model systems [15]. Superlattice structures can be
grown epitaxially [16,17,18] with precise control of the layer thickness,
allowing for investigations in systems of different sizes and under
different strain conditions. Diffusion [19], EXAFS [20] and XRD [13,21]
studies have indicated octahedral occupation in Fe/V superlattices,
which is supported by recent real-space channeling studies [22,23]
where hydrogen was confirmed to occupy octahedral sites in Fe/V
superlattice structures for high H/V concentrations.

Certain metal hydride systems have been found to change their op-
tical properties by undergoing metal-to-semiconductor phase transitions
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[24]. However, even without a change in the phase, information on the
thermodynamic properties of metal hydrides can be extracted by
monitoring the changes in the optical transmittance for thin films on
transparent substrates [25,26]. Such effects are currently being exploi-
ted in the context of hydrogen sensors [27,28]. Recently [29], a linear
relation between the change of optical transmittance of red light upon
deuterium absorption was confirmed for Fe/V and Cr/V 2/14 super-
lattices by combined optical transmission and neutron reflectometry
measurements. Linearity was also verified in Fe/V hydrogenated
superlattices, using nuclear reaction analysis (NRA) [30]. At present, the
Cr/V system has not been studied as extensively as the Fe/V system,
even though a very distinct behavior of the two aforementioned systems
in excess resistivity upon hydrogenation [31] and hydrogen uptake [32]
has been revealed. In this study, we assessed the linearity of the optical
transmittance reduction, in the visible light spectrum, with respect to
hydrogen concentration, in Cr/V superlattices, using NRA and optical
transmittance measurements. The results of this study offer the means to
convert changes in optical transmittance to hydrogen concentration for
the Cr/V system, for a wide wavelength range, namely 600-1000 nm.
Additionally, the presence of a compact dataset, in a wide wavelength
range, will allow the comparison of the Cr/V system with more exten-
sively studied systems, such as Fe/V.

In vanadium, the presence of interstitial hydrogen triggers a hy-
bridization between the 1s orbital of H and the 3d band of V, inducing
changes in the density of states, with the most profound changes being
observed approximately 7 eV below the Fermi energy [33]. Similar
changes in the electronic structure have been observed in Fe/V super-
lattices [34]. Additionally, the absorption of interstitial hydrogen in-
duces a volume expansion &Y, which is linearly dependent on the
hydrogen concentration c, through an expansion coefficient k

(A—VV = kc), for a given hydrogen site occupancy [35]. For the case of

epitaxial structures, the registry with the substrate induces uniaxial
strain. Recent DFT calculations predict changes to the electric dipole
tensor, and thus the transmittance, due to uniaxial expansion of the
vanadium unit cell [29]. Hydrogen-induced changes to the optical
properties, i.e. the transmitted intensity I, can be quantified by the Beer-
Lambert law: I =Ipe %, which expresses an exponential reduction of the
incident intensity I, based on a wavelength-dependent absorption co-
efficient a. Both a and d are expected to change due to the hydrogena-
tion. Experimental determination of the changes in thickness d,
combined with the change in optical intensity I, could give information
on the absorption coefficient, and therefore the band structure. An
average of the changes in optical transmittance upon hydrogenation can

be assessed by comparing the transmitted intensity —In <1(Ic(3))) for a

non-hydrogenated and a hydrogenated sample.
2. Methods
2.1. Sample preparation

Fig. 1 illustrates the Cr/V superlattice structure utilized in this work.
The full details of the growth process, as well as detailed diffraction and
reflectometry analysis of both the Fe/V and Cr/V systems, are described
in [36]. Alternating V and Cr layers were grown epitaxially by DC
magnetron sputtering on a MgO (00 1) single crystalline substrate, with
a nominal Cr/V ratio of 2/14 monolayers (ML), repeated 23 times, with
an additional 14 ML of V on top. The registry of the V, lattice constant a
=3.024 A [37], and Cr layers to the MgO substrate, with an interatomic
distance of d = 2.98 A in the 110 plane, requires the (100) crystalline
direction of the grown V to be parallel with the (110) crystalline di-
rection of the MgO. During the epitaxial growth the roughness of the
interatomic layers is not expected to exceed 1 ML, as seen in the study of
the sibling Fe/V system, grown under identical conditions [17]. The
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Fig. 1. Schematic representation of the Cr/V superlattice structure prior to (left
part) and after (right part) absorbing hydrogen. The formation of the hydride
phase leads to out-of-plane expansion.

lattice mismatch results in compressive in-plane stress on V, causing out-
of-plane expansion of approximately 1.5 % [36]. The V layers in the
superlattice therefore exhibit locally a base centered tetragonal-like
symmetry. Due to the clamping with the substrate, volume expansion
occurs primarily along the out-of-plane direction [20]. A thin Pd layer of
7 nm was grown for oxidization protection and for facilitating the
dissociation of H, molecules. Due to the differences in the lattice con-
stants of Pd and V [37], the former does not grow epitaxially. A capping
of amorphous aluminum oxide was added using reactive magnetron
sputtering. This oxide layer acts as a diffusion barrier [38] to allow the
NRA measurements, which were performed in vacuum. The thickness of
the aluminum oxide layer was later estimated from the NRA data to be
approximately 22.5 nm, but an exact value was not obtained, as it does
not directly affect any of the results of this study.

2.2. Hydrogen loading and optical measurements

Hydrogen loading was investigated by measuring the optical trans-
mittance, in the wavelength range of 200-1000 nm using a self-
stabilized polychromatic light source, while applying a defined
hydrogen gas pressure, in a dedicated setup [39]. The steps of the
hydrogen loading procedure are presented in Fig. 2. The optical trans-
mittance measurement was averaged over the wavelength range of
630-1000 nm. As presented in Fig. 2, the duration of an average loading
experiment is in the order of 20 h. The background signal from the room
lighting was negligible compared to the intensity of the focused light
source, as verified by optical spectra acquired with the light source
turned off.

Prior to each loading process, the sample was annealed at 140 °C for
several hours at ultra-high vacuum (UHV) conditions to remove any
remaining hydrogen from the vanadium layers. The sample was then
cooled to room temperature to obtain a reference value for the trans-
mission spectrum of the non-hydrogenated state. Afterwards, the sample
was reheated to 140 °C and exposed to gaseous hydrogen, of 99.999 mol
% purity, of pressures in the range of 0.05-200 mbar. The observed
decrease of the transmittance during the heating stage and prior to the
introduction of the Hj gas, could potentially be attributed to a temper-
ature dependence of the refractive index of the V layers. The afore-
mentioned transmittance reduction was not observed during the heating
of a pristine MgO substrate, therefore it does not originate from it. Hy-
drogenation occurs exothermically only in the V layer (AHpyx = -0.3
eV/atom) [40], while MgO and Cr [41] do not absorb hydrogen, in the
temperature range used in this study. Palladium is not expected to
absorb more than 4 % hydrogen for the temperature and pressure range
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Fig. 2. Time evolution of the statistical average of the optical transmittance in the wavelength range of 630-1000 nm, in a typical loading experiment (H; loading
pressure: 2 mbar). Inset: Optical transmittance spectra recorded at room temperature prior to (green) and after (orange) the hydrogenation process. (For inter-

pretation of the references to colour in this figure legend, the reader is referred

[42] investigated in this work. For such low H/Pd concentrations, the
dielectric function of Pd, in the wavelength range studied, presents
negligible changes [43]. The presence of aluminum oxide capping
slowed down the absorption of the hydrogen, but is not expected to
affect the optical properties in any way. The contribution of blackbody
radiation from the heated sample to the measured optical spectrum was
verified to be negligible, as the optical transmittance background
spectra with the sample at room temperature and heated up to 140 °C
were similar. In order to verify that the optical properties of the non-
hydrogenated sample recover to their original value upon return to
room temperature, the sample was repetitively annealed at 140 °C and
cooled down, in a separate measurement, while monitoring its optical
transmittance.

The stability of the optical transmittance over time indicated that
equilibrium had been reached in each stage of the experiment and
simultaneously confirmed the absence of any significant intensity drifts
over the course of a few hours. Optical spectra corresponding to the non-
hydrogenated and the hydrogenated state, at room temperature are
illustrated in the inset of Fig. 2, showing the reduction of the optical
transmittance, for all wavelengths in the range of 600-1000 nm.

Finally, the Hy gas was pumped out of the chamber, while the sample
was simultaneously cooling down. When the sample temperature had
reached 60-70 °C, the pressure of the chamber was already in the UHV
regime. During this simultaneous cooling and the pumping out of the Hy
gas, the aluminum oxide capping reduces hydrogen desorption at
elevated temperature sufficiently to retain the hydrogen until the sample
is cooled to room temperature. The hydrogen in the sample remains
stable for the duration of the subsequent ion beam analysis experiment.
Using this method of following a high temperature isotherm and

quenching at room temperature, a wide range of hydrogen concentra-
tions can be achieved.

2.3. Ion beam analysis

Ion beam analysis for quantitative hydrogen depth profiling was
performed using the 5SMV 15SDH-2 pelletron tandem accelerator [44],

to the web version of this article.)

at the Tandem laboratory at Uppsala University. The absolute hydrogen
concentration in the Cr/V layers of the superlattice was extracted
through the use of the 6.385 MeV resonance of the 1H(15N,(xy)12C nu-
clear reaction. The nominal width of this resonance is equal to 1.8 keV.
During the irradiation, the >N primary ion-beam current was kept
below 1.5 nA and the beam spot was broadened to an approximate area
of 20 mm? in order to avoid beam-induced hydrogen losses [45]. The
4.43 MeV gamma rays, originating from the deexcitation of 2C*, were
detected using a bismuth germanate (BGO) scintillation detector placed
behind the sample. A lead shield was used to reduce the gamma back-
ground radiation from the naturally occurring radioactive nuclides [30],
leading to lower dead time in the detector and less pile-up events in the
gamma spectrum. In the energy range of interest, the signal from cosmic
ray muons is virtually the sole background contribution. Gamma back-
ground spectra were acquired prior to each NRA measurement in order
to perform the background subtraction.

Starting from an energy of 6.37 MeV, the beam energy of the '°N
primary ions was increased in steps of 15 keV, up to a maximum value of
6.7 MeV, positioning the resonance at different depths of the sample.
The off-resonance contributions were considered negligible since the
resonance cross section is 4 orders of magnitude larger than the corre-
sponding off-resonance cross section [46]. The energy resolution of the
experiment is governed by the doppler broadening originating from the
zero-point vibration of hydrogen [47], which corresponds to a FWHM
contribution of approximately 12 keV, the energy distribution of the
primary beam, as well as the energy straggling of the ion beam in the
material, which is dependent on the depth. The energy scans were
repeated in backwards direction to verify the absence of hydrogen loss
during the irradiation. The acquisition time for a spectrum was varied
between 200 and 250 sec, leading to a statistical error, per point, from 7
% and up to 30 % for the high and low concentrations, respectively.

The absolute hydrogen concentration was obtained in a relative
measurement, which eliminates the need for precise knowledge of the
cross section and the solid angle of the detector [48]. The reference
sample used in the present study was a standard of H-implanted silicon,
with a nominal concentration of Cy = 18.5 %. The following formula
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was applied to calculate the hydrogen concentration:

Yoriv Nes Serpv
ng = Tef Im Sref Tlref (@)
In Eq. (1), Y denotes the gamma-ray yield, n the atomic density of H, N
the total number of incoming ions and S the stopping power, of the
reference sample and the Cr/V superlattice. The scattering chamber was
electrically isolated, which allowed for the integration of the current of
the primary beam, in order to determine the Npys/N,y ratio. The
stopping power for the hydrogenated Cr/V was calculated using an
iterative approach. First the sample was assumed to be pure Cr/V and an
initial hydrogen concentration was obtained using formula (1). The
SRIM [49] software package was used to obtain the initial stopping
power values for the Cr/V layer. The stopping power values produced by
the SRIM software for '°N primary ions on V have recently been found to
agree within 2 % with experimental values, with the contribution of
hydrogen to the compound stopping being modelled according to SRIM
to 64.55 eV/10'° &, as experimentally verified for a range of high H
concentrations [50]. Using the hydrogen concentration calculated from
the previous step, a hydrogenated compound was then modeled and a
new stopping power was extracted. This new stopping power led,
through (1), to a new hydrogen concentration. After completing 3-4
steps of this iterative procedure of calculating the stopping power and
the hydrogen concentration, the difference in the hydrogen concentra-
tion between subsequent iterations was below 0.1 % and considered as
converged. The hydrogen concentration was converted to a H/V atomic
ratio, using the atomic density of the clamped V, corrected for the
atomic fraction of Cr, which had been verified through in-house RBS
measurements, using 2 MeV “He ions, prior to this study. It should be
noted that RBS did not feature sufficient depth resolution to resolve the
signals from the Cr and V layers.

3. Results and discussion
3.1. NRA results

Fig. 3 illustrates the hydrogen concentration, in number of hydrogen
atoms per vanadium, versus the energy of the probing °N beam. A
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Fig. 3. Hydrogen concentration versus the energy of the >N primary beam, for
the Cr/V superlattice, for different nominal loading pressures. The dashed blue
lines highlight the energy region of 6.505-6.64 MeV, that was used to obtain
the average gamma yield, for each loading. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of
this article.)
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surface peak is observed at 6.4 MeV and corresponds to hydrogen
accumulated in surface contaminants and in the first layers of the
aluminum oxide capping. The Pd layer could not be resolved with the
energy resolution available, but since it is expected to absorb negligible
hydrogen it is contributing in the intensity dip at 6.46 MeV. The energy
difference of 60 keV between the surface peak and the Pd dip, in the NRA
spectrum, hints a thickness of approximately 22.5 nm for the surface
Al,O3 layer, assuming a stopping power of 2.67 eV/nm, obtained from
SRIM software. The V layers absorb hydrogen, while the Cr layers do
not, however the energy resolution of the present measurement was not
sufficient to resolve these layers. As a result, an intensity plateau was
present in the obtained gamma excitation function. For each loading
experiment the hydrogen concentration was obtained based on the
average gamma yield in the 6.505-6.64 MeV range, excluding the
interface regions with the Pd layer and the MgO substrate. The aver-
aging range was kept the same in the analysis of all measurements. For
pressures lower than 0.25 mbar the hydrogen concentration is observed
to be increased in the energy range 6.60-6.65 MeV, which corresponds
to approximately the first 15 nm close to the MgO interface. This near-
interface enhancement of the hydrogen signal has been observed in the
literature for Fe/V superlattices with low H/V concentrations [30] and
could potentially be attributed to hydrogen occupying defect states near
the V/MgO interface, resulting from the difference in lattice parameters
between MgO and V.

3.2. Optical transmission spectroscopy — wavelength dependence of the
hydrogen induced changes

The ratio of the transmitted intensity of the hydrogenated state, at
different concentrations, versus the intensity from the non-
hydrogenated state, is presented in Fig. 4, for the wavelength range of
550-1000 nm. This ratio is obtained though the following procedure:
Several post-hydrogenation transmittance spectra, at room temperature,
are averaged into one spectrum, which will be referred to as the hy-
drogenated spectrum. In the same manner, room temperature spectra,
prior to the hydrogenation, are averaged into one spectrum, which will
be referred to as the non-hydrogenated spectrum. The number of spectra
that were used to obtain the average spectrum in both of these cases can
vary in number from 5 to 50, but they were always chosen from a time
window of apparent optical stability. The hydrogenated spectrum is then
divided (point by point) by the non-hydrogenated spectrum in order to
obtain the ratio depicted in Fig. 4. The intensity of the light source in the
wavelength region <550 nm was low, resulting in a higher noise-to-
signal ratio in this regime for all loading experiments and is therefore
omitted. The spectral lines around 620 nm have been identified as
scattered light from the laboratory ceiling lighting, and are excluded in
the analysis. The hydrogenated superlattice exhibits up to 35 % lower
transmittance compared to the unloaded system. As the Hj pressure
increases, a higher hydrogen concentration is achieved, up to approxi-
mately 0.6 H/V in this experiment. The results are consistent with high-
temperature isotherm data that are available in the literature [25] for
thin VHy layers. As demonstrated in the next section, the ratios pre-
sented in Fig. 4 were not found constant over the 600-1000 nm wave-
length range studied, with the wavelength dependence of the reduction
of the optical transmittance of the Cr/V superlattice, being more pro-
nounced at lower wavelengths.

3.3. Correlation of optical and NRA results

To further assess the wavelength-dependent changes in the spec-
trum, five optical regions of interest, namely 600 + 5, 700 + 5, 800 + 5,
900 + 5 and 1000 + 5 nm, were chosen to study the response to hy-
drogenation. In each region of interest, the average transmitted intensity
ratio, denoted as I(c)/1(0), was extracted. Fig. 5 presents the optical
changes, expressed in negative logarithm of the intensity ratio, versus
the hydrogen concentration, in units of hydrogen per host V atom. The
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linear fitting procedure for each wavelength.

set of points corresponding to each wavelength was fitted using a linear
function and the results of the fitting process are presented in the inset
table of Fig. 5. The individual datasets are well described by a linear fit.
In the wavelength range 700-1000 nm we observe only a weak wave-
length dependence, i.e. datasets are found to feature identical slopes.

However, the slope for the 600 + 5 nm range is found higher by
approximately 35 %. The fitted linear curves show positive offsets,
which do not surpass 0.022. This very low positive offset value, could
potentially be attributed to an intensity drift taking place over the course
of almost a full day, which was not observable within the individual time
windows, with a duration in the order of few hours, where the optical
transmittance was stable. An additional slope, namely 0.83 + 0.04,
which is not included in Fig. 5, was extracted for the wavelength range
625 + 3 nm, from the present dataset, using the methodology described
in Section 3.2, for the purpose of comparison with the literature. The
scaling of the optical changes to the number of Cr/V layer repeats,
namely N = 23 + 1, in the Cr/V superlattice sample used in the present
study yields a normalized slope of 0.034 + 0.002, for the linear rela-

tionship between the scaled optical changes, namely —In (I(Ic(i)o)) /N,

and the H/V concentration. This obtained normalized slope value is in
excellent agreement with the data presented by Droulias et al. [29], in
figure 4 of their corresponding publication, where a normalized slope in
the order of 0.19/0.6 = 0.032 can be inferred from the blue line of their
plot, for the scaled optical transmittance changes of a deuterated Cr/V
superlattice, with a nominal Cr/V ratio of 2/14.

4. Conclusions

In this study the linearity between the hydrogen concentration and
the reduction of the optical transmittance, for wavelengths in the region
of 600-1000 nm, of Cr/V superlattices, was experimentally confirmed.
This result is consistent with previous studies and indicates that optical
data can be used to easily extract the hydrogen concentration. For the
range 700-1000 nm a weak wavelength dependence was verified,
indicating that the extracted slopes can be used as calibration factors
between optical transmittance reduction on hydrogenated Cr/V systems
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and H/V concentration, in a wide wavelength range. Additionally, the
here reported wavelength dependence, for the lower wavelength
regime, is attributed to the corresponding wavelength dependence of the
changes in the dielectric tensor. Connecting the experimentally
observed wavelength dependence to the dielectric tensor and the band
structure, through corresponding theoretical calculations or experi-
mental measurements, could be part of future studies. Finally, the pre-
sent study on the optical properties of the Cr/V system, will allow direct
comparison with similar superlattice systems, such as the more exten-
sively studied Fe/V system, in order to assess the proximity effect in
epitaxial structures of similar strain states.
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