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Abstract

In this study the effect of hydrogenation on the optical properties in the wavelength range

400-1023 nm of an ultrathin iron-vanadium superlattice is investigated. Specifically, mea-

surements of transmission are performed under different states of hydrogenation, along with

measurements of absolute hydrogen concentration and hydrogen site occupancy. The trans-

mission measurements are used to construct pressure-concentration isotherms. Isotherms

and transmission data are in turn correlated to concentration and hydrogen occupancy.

The results show a wavelength dependent decrease in transmission with hydrogenation.

The decrease is greatest around 550 nm, and the wavelength of maximum decrease shifts

to higher wavelengths with increasing hydrogen pressure. The non-uniform decrease will

make the use of transmission as a measurement of hydrogen concentration dependent on the

wavelength of the probing light.
15N resonant NRA is used to perform direct, real-space measurement of absolute hydro-

gen concentration. The achieved concentrations are 0.092, 0.38 0.40 H/V. Comparing the

concentrations and corresponding transmissions to the location of the plateau region in the

transmission based isotherms, it appears that the system is in a single phase at 0.38 and

0.40 H/V, and in a mixed phase at 0.092 H/V. Using a combination of resonant NRA and

RBS, while exploiting crystal lattice ion channeling, indirect measurements of hydrogen site

occupancy are performed. At all investigated concentrations the system does not display

tetrahedral site occupancy, but it remains uncertain whether the occupancy is octahedral

or some dislocated octahedral-tetrahedral intermediate.

The relation of hydrogen concentration and optical transmission is investigated via a

linear regression analysis. The data points generally deviate by more than one standard

deviation from the fitted lines, and lie outside of the error estimation. These deviations

might indicate that a linear model is inappropriate, where one possible explanation could

be that the mapping from transmission to concentration is dependent on the phase of the

system.



Sammanfattning

Den här studien undersöker upptag av väte i en supertunn kristallstruktur best̊aende

av omväxlande lager av vanadin och järn, samt vätets inverkan p̊a de optiska egenska-

perna i v̊aglängdsomr̊adet 400-1023 nm. Specifikt genomförs mätningar av genomsläpp av

ljus, under olika niv̊aer av väteupptag. I samband med dessa mätningar genomförs ocks̊a

mätningar av absolut vätekoncentration och av väteatomernas position i kristallstrukturen.

Mätningarna av ljusgenomsläpp används för att skapa isotermkuror över tryck och koncent-

ration. Isotermkurvorna och genomsläppligheten av ljus korreleras till vätekoncentration och

väteatomernas position i kristallstrukturen.

Resultaten visar en v̊aglängdsberoende minskning av ljusgenomsläppligheten med en

ökande mängd väte i kristallstrukturen. Minskningen är som störst omkring 550 nm, samti-

digt som v̊aglängden för störst minskning flyttas mot högre väglängder med högre koncent-

ration av väte. Att minskningen i genomsläpplighet är beroende av v̊aglängd innebär att

ljusgenomsläpp som metod för att mäta vätekoncentration är beroende av den ljusv̊aglängd

som används.

Metoden 15N resonant NRA används för att genomföra direkta mätningar av absolut

vätekoncentration. De uppmätta koncentrationerna är 0.092, 0.38 och 0.40 H/V. När dessa

koncentrationsmätningar jämförs med genomsläpplighet och tillhörande isotermkurvor, s̊a

verkar det som att systemet befinner sig i en enskild fas vid koncentrationerna 0.38 och 0.40

H/V, och i en blandad fas vid koncentrationen 0.092 H/V. Indirekta mätningar av vätets

position i kristallstrukturen genomförs baserat p̊a en kombination av resonant 15N NRA och

RBS, där det utnyttjas att projektiljonerna under vissa förutsättningar kan komma att sty-

ras in i kristallstrukturen (p̊a engelska crystal lattice ion channeling). Vid de tre uppmätta

koncentrationerna s̊a visar systemet inga tecken p̊a att väteatomerna finns p̊a tetrahedrala

positioner. Det är inte helt uppenbart om väteatomerna istället finns p̊a oktahedrala posi-

tioner, eller om det handlar om förskjutna positioner som är mellanliggande till oktahedrala

och tetrahedrala.

Relationen mellan vätekoncentration och optisk genomsläpplighet analyseras med linjär

regression. Datapunkterna avviker generellt med mer än en standardavvikelse fr̊an de anpas-

sade linjerna, och ligger utanför feluppskattningen. De här avvikelserna kan indikera att en

linjär modell inte är lämplig, och en möjlig förklaring kan vara att ljusgenomsläppligheten

beror av den fas i vilken systemet befinner sig.
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1 Introduction

Globally there is an energy transition happening, where fossil-based energy is phased out and

sustainable alternatives are phased in. Hydrogen is one sustainable alternative fuel and energy

carrier which is predicted to play a large role in the future. [1] [2] Hydrogen can i.a. be produced

by electrolysis from water, using electricity, and the reaction can at a later stage be reversed

exothermically, releasing water and energy. [3] Apart from being used as fuel and energy carrier,

hydrogen can also replace coal in steel production. [4]

In order for hydrogen to be this sustainable alternative in an efficient way, safe and dense

methods to store it are needed. The commonly used pressurized hydrogen gas as storage is

explosive, and at 100 bar, the energy content per unit of volume is about 3 % of that for

gasoline. [5] The density of cryogenically cooled liquid hydrogen is about ten times higher, but

as storage method it is energetically inefficient due to the very low temperatures required. [5]

These issues provide reason to look for other storage methods.

One such storage method is to dissolve hydrogen in metals, forming so-called interstitial metal

hydrides. The theoretically achievable volumetric density is 150 kgH2 m−3, compared to < 40

kgH2 m−3 for hydrogen gas pressurized to 800 bar, and to 70.8 kgH2 m−3 for liquid hydrogen

in cryogenic tanks. [6] In interstitial metal hydrides atomic hydrogen is bound to the metal,

making this storage method inherently safe with respect to the danger of explosion. The energy

content per unit of volume is however still lower than for gasoline

Apart from energy storage, metal hydrides are also important in the context of superconduc-

tors [7] and hydrogen-induced embrittlement of metals [8] respectively.

The investigation of interstitial metal hydrides have in recent times focused on ultrathin

epitaxially grown 2D metal films. [9] [10] [11] In such thin films excellent crystallinity can be

achieved. Also, finite size effects and strain states can have substantial effects on hydrogen

uptake, location of hydrogen interstitials and lattice expansion, making it possible to tune the

thermodynamic properties of the metal hydride system. [12] [13] [9]

In the efforts to investigate thin metal hydride films, it is essential to have methods for quick

assessment of absolute hydrogen concentration and interstitial site location. Due to hydrogen

being the lightest element, few experimental methods are able to detect it. Hydrogen reacts

weakly with electron or X-ray probes, it cannot be detected with photoemission based detec-

tion, like X-ray photoelectron spectroscopy (XPS), or Auger electron spectroscopy, and thermal

desorption spectroscopy will act destructively on the hydrogen content. [14] Also Rutherford

backscattering spectrometry (RBS) is unable to detect hydrogen. [15] Resonant nuclear reaction

analysis (NRA), using the 1H(15N,αγ)12C reaction, [14] and neutron reflectometry [16] are two

working methods of measurement, but they require large ion/neutron accelerator facilities and

are therefore not very accessible.

One indirect method that can detect hydrogen in thin metal films is optical transmission,

which has been used over the past two decades to obtain pressure-concentration isotherms.

[17] [18] [10] [19] [20] Upon hydrogenation, the transmitted light is reduced, and the current

understanding is that the main reason behind this reduction is a change in electronic structure
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by the hydrogen induced expansion of the hydride, [21] where the expansion is affected not only

by the amount of absorbed hydrogen but also by the type of hydrogen site occupancy. [22] A full

understanding of the mechanisms driving the reduction in transmission is however still lacking.

It has for example not been studied thoroughly how the wavelength of the probing light affects

the reduction of transmission, if the reduction is independent of the phase of the metal hydride

system, and what the hydrogen site occupancy is at different concentrations.

This study concerns the above mentioned areas, and the general purpose is to investigate the

effect of hydrogenation on the near visible range optical properties of an iron-vanadium super-

lattice model system. Specifically, measurements are performed regarding transmission of wave-

lengths ranging from 400 to 1023 nm, absolute hydrogen concentration, and hydrogen interstitial

site occupancy. The transmission measurements are used to determine pressure-concentration

isotherms. The isotherms and transmission data are correlated to absolute concentration and

site occupancy measured by 15N resonant NRA and RBS channeling.

2 Theoretical background

2.1 Interstitial metal hydrides

Interstitial metal hydrides is a term conventionally used to describe metals that remain metallic

under hydrogen absorption, where interstitial refer to the hydrogen atoms being situated in-

between the metal atoms. This section gives a closer look into some characteristics of interstitial

metal hydrides in general, and vanadium in specific. Section 2.1.1 discusses the mechanisms of

hydrogen absorption in metals, section 2.1.2 introduces the types of site occupation for hydrogen

in vanadium and phases of the vanadium-hydrogen-system, and section 2.1.3 introduces pressure-

concentration isotherms, based on a discussion of the chemical potential.

2.1.1 Absorption of hydrogen in metals

Hydrogenation of vanadium can be theoretically studied from first order principles. P. H. An-

dersson et al. [23] have performed such a study, in which they calculate the change in electronic

structure upon hydrogenation. They compare the electronic structure of pure vanadium to that

of hydrogenated, showing a hybridization between the hydrogen 1s and vanadium 3d states. A

complementary experimental study shows that this hybridization is at 6 eV. [24] Overlapping

electronic states will hybridize and form bonding and/or antibonding states, where bonding

states lower the binding energy and stabilizes the hydrogen-metal bond, and antibonding states

increases the binding energy and destabilizes the bond. If many antibonding states fill up, it

effectively means that the hydrogen and metal do not form stable bonds. [23]

The metals that form interstitial metal hydrides are in the transition metal series (group 3

to 12 in the periodic system [25]), although not all transition metals form these hydrides. In

the hydrogen-metal reaction, the filling of the antibonding states increase to the right in the

transition metal series, due to an increasing number of electrons in the d-band. [26] This trend

in antibonding state filling implies that, in general, elements to the left in the transition metal
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series is more reactive to hydrogen, and elements to the right less reactive. The differing ability

to react with hydrogen is seen in figure 1, where the heat of solution (equivalent to binding

energy) is plotted for the elements in the periodic system rows 3 to 5, group 1 to 12. Iron, for

example, is not reactive to hydrogen since the heat of solution is positive.

Figure 1: The reactivity to hydrogen, of the elements in group 1 to 12, and period 3 to

5 of the periodic system. Heat of solution on the y-axis is equivalent to binding energy,

and a negative binding energy represents exothermic reactivity. Figure from ref. [26],

with permission from Elsevier.

The process of hydrogen absorption in a metal can be described in terms of a potential energy

curve. Such a curve is presented in figure 2, where the energy of a mole of hydrogen and the metal

is set as reference level. When the hydrogen is far from the metal surface, the energy difference to

the potential reference is equal to the dissociation energy, which is the energy needed to separate

a hydrogen molecule into two separate hydrogen atoms. Closer to the surface, attractive van der

Waals forces affect the hydrogen molecule, causing physisorption to the surface. Even closer to the

surface, individual hydrogen atoms share electrons with the surface metal atoms, and overcome

the activation barrier. This state is denoted chemisorption, and the height of the chemisorption

activation barrier varies with the metal involved. When chemisorbed, the hydrogen atoms can

diffuse into interstitial sites of the metal lattice. For metals having endothermic hydrogen-metal

reactions, no diffusion will take place. [26]
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Figure 2: Potential energy of hydrogen and metal plotted against distance to the metal

surface. When the potential energy at the interstitial site is lower than that of molecular

hydrogen and metal, hydrogen will diffuse into the metal. Figure from ref. [26], with

permission from Elsevier.

2.1.2 Hydrogen site occupancy and phases

In vanadium the hydrogen atoms occupy either octahedral or tetraheral interstitial sites. If the

vanadium is free to expand only in one direction, the hydrogen atoms will occupy only specific

positions of those sites. In a superlattice structure the available direction of expansion is the out-

of-plane direction, and the hydrogen will only occupy z-sites. [22] The octahedral and tetrahedral

site occupancy configurations are presented in figure 3, where also the z-sites are seen.
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V H H, z-sites

tetrahedral

octahedral

Figure 3: The octahedral and tetrahedral hydrogen occupancy, where the hydrogen

z-sites are marked specifically. The hydrogen atoms are depicted on three sides only,

but the pattern repeats on the remaining sides. Both occupancy figures are based on

information from ref. [27] and [28].

Besides different hydrogen site occupancy, metal hydride systems display different phases.

The full phase diagram of bulk vanadium hydride is presented in figure 4, where a multitude

of different phases and combinations are seen. The phases correspond to different ordering of

the hydrogen atoms in the metal-hydride system, and ordering to the degree of symmetry in the

larger scale distribution of hydrogen atoms in the lattice. The bulk α-phase is for example a

disordered phase where hydrogen atoms occupy sites in a random manner, while in the β-phase

the hydrogen atoms occupy every other octahedral z-site in the (110) plane. [30] [28] The phases

of the ultrathin metal hydride layers of a superlattice are not equivalent to those of bulk, and

for example the phase boundaries can be shifted depending on the thickness of the layers. [9]
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Figure 4: Phase diagram of the bulk vanadium hydride system. Figure from ref. [31],

with permission from Elsevier.

2.1.3 Chemical potential and pressure-concentration isotherms

The chemical potential is an important thermodynamic quantity in the metal hydride context.

If the surrounding gas and metal hydride system is in equilibrium, their chemical potentials are

equal. In a metal hydride system, changes in the chemical potential due to hydrogen uptake

can be expressed as the difference between the chemical potential of the metal hydride and the

hydrogen gas

∆µ = µMH − 1

2
µH2 . (1)

When the system is at chemical equilibrium the change in µ is zero,

µMH =
1

2
µH2

, (2)

and under the ideal gas approximation eq. (2) reduces to

µMH(T, P ) =
1

2
ϵb +

1

2
kT log

(
P

Pr(T )

)
, (3)
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where ϵb is the 4.46 eV binding energy of molecular hydrogen, k the Boltzmann constant, P

the hydrogen pressure, and Pr an arbitrary reference pressure. [19] The takeaway is that the

chemical potential solely depend on temperature and external hydrogen pressure, and at chemical

equilibrium neither will change.

The changes in chemical potential of a multi-phase metal hydride system can be visualized

by pressure-concentration isotherms. A few such isotherms are schematically presented in figure

5. The metal hydride system is at equilibrium at all points on the red isotherms, and the blue

line marks the spinodal curve. At lower concentration and external hydrogen pressure, the metal

hydride system is in a lower order phase, here denoted the A-phase. At higher concentration

and pressure the system is in a higher order phase, denoted the B-phase. When the system is

at conditions corresponding the the isotherm regions inside the spinodal curve, the system is

in mixed phase, meaning that the system displays both types of ordering simultaneously. In

this coexistence region the equilibrium is not well defined. Above the critical temperature the

isotherms will show a slope in the plateau region with increasing temperatures.

T1 °C

T2 °C

T3 °C

T4 °C

A-phase

mixed phase

B-phase

critical temperature

hydrogen concentration 

p
re

ss
u
re

Figure 5: Schematic pressure-concentration isotherms (in red), presenting a general

picture of how the chemical potential varies with pressure and concentration, at different

temperatures. The temperatures are related as T4 > T3 > T2 > T1. The blue

line marks the spinodal curve, and above the critical temperature there is no phase

separation. The figure is based on information from ref. [26].
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2.2 Transmission of light and concentration of hydrogen

For light of near visible range wavelengths, the intensity of light traveling through a material

is reduced by absorption and reflection. The absorption is in main due to photon-electron

interactions dependent on the electronic structure of the material, [32] where the photons excite

electrons in populated states to higher energy unpopulated ones. This kind of absorption hinges

on that there are pairs of populated-unpopulated electron states whose energy difference matches

the energy of the photon. The wavelength dependent absorption coefficient describes the rate of

intensity decrease due to absorption. This coefficient is directly related to the imaginary part of

the dielectric function. The attenuation of light is described by Lambert-Beer’s law as

I = I0 exp(−αd), (4)

where I is the intensity of the light after travelling a distance d in the material, I0 is the incident

intensity, and α is the absorption coefficient.

When a thin metal film takes up hydrogen, the transmission of light through it will be reduced,

[17] and this reduction has been used as basis for hydrogen concentration measurements during

the last two decades. [17] [18] [10] [19] [20] The current understanding is that the reduction is

mainly due to a change in electronic structure induced by the expansion upon hydrogenation.

[21]

Lambert-Beer’s law can be reformulated in the context of metal hydrides in order to describe

the hydrogen induced reduction of transmission

I(c) = I0 exp[−α(λ, c)t(c)]. (5)

In this new form I(c) and I0 are the transmitted intensities through the hydrogenated and

unhydrogenated metal film respectively, α is the absorption coefficient dependent on hydrogen

concentration c and probing light wavelength λ, and t(c) is the concentration dependent full

thickness of the film. Solving eq. (5) for the concentration dependent parts,

log

(
I0
I(c)

)
= α(λ, c)t(c). (6)

Equation (6) shows that log(I0/I) serves as an indirect measure of hydrogen concentration.

The measure will however only give a relative value, and the absolute concentration has to be

measured by other methods.

2.3 Ion beam methods

In this section the bases of the ion beam methods to determine depth profiled hydrogen concen-

tration and site occupancy are introduced. The methods are 15N resonant NRA and RBS. The
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former is used to determine depth profiled hydrogen concentration, and both are used to deter-

mine site occupancy while exploiting a phenomenon called channeling. Section 2.3.1 introduces

resonant NRA, section 2.3.2 RBS and 2.3.3 the channeling phenomenon.

2.3.1 Resonant nuclear reaction analysis

There are only a few experimental techniques able to directly detect hydrogen, due to it being

the lightest and simplest element. One non-destructive method is resonant NRA. [14] The basis

of the method is a resonant nuclear reaction, in this case the 1H(15N,αγ)12C reaction,

15N+ 1H → 16O∗ → 12C+ α+ γ (4.43 MeV). (7)

15N-ions react with hydrogen, forming first the excited and highly unstable 16O-nucleus, which

instantaneously decays to 12C by emitting an alpha-particle and a gamma-photon, where the

gamma has the characteristic energy 4.43 MeV. The nuclear reaction cross section has a very

narrow resonance region, with a width of 1.8 keV, centered around the lab-frame ion energy 6.385

MeV. In the resonance region the reaction cross section is increased by four orders of magnitude

compared to adjacent non-resonance energies. [33] [34] The resonance in the nuclear reaction

cross section of the 1H(15N,αγ)12C reaction is presented in figure 6.

Figure 6: The sharp peak of the reaction cross section resonance region of
1H(15N,αγ)12C. Figure from ref. [14], with permission from Elsevier.

The total number of 4.43 MeV gammas emitted is equal to the number of reactions happening,

in turn proportional to the number of hydrogen atoms in the target sample. Therefore, the
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number of emitted gammas provide a relative measure of concentration. A depth profile of

hydrogen concentration is achieved by irradiating the sample with 15N-ions, and varying the

beam energy. When the ions penetrate into the sample they interact with the target atoms and

lose energy. If the incident ion energy is greater than the resonance energy, these interactions

make the resonance energy nuclear reaction happen some distance into the sample. The energy

loss per distance is described by the ion-target stopping power, which (assuming the stopping

power can be determined) provides a calibration between incident energy and distance travelled

before reaction. [14]

Following a method presented by M. Wilde and K. Fukutani [14], among others, the detected

number of gammas Y can be expressed by

Y = KNσR

(
πΓ

2

)
c/S. (8)

In eq. (8) K is a gamma detection efficiency factor of the apparatus, N is the accumulated

number of impinging ions, σR is the resonance nuclear reaction cross section, Γ is the width of

the resonance, c is the concentration of hydrogen measured in atoms/cm3, and S is the stopping

power of the ion projectile in the target material. σR and Γ are specific to the reaction and

are not related to the apparatus or sample. By measuring the gamma yield and number of

impinging ions for a sample of known concentration and stopping power, the efficiency factor K

can be exchanged. Introducing subscript r for reference sample,

K =
YrSr

NrσR

(
πΓ
2

)
cr
. (9)

Inserting eq. (9) into eq. (8), introducing subscript s for sample, and solving for cs,

cs =
Ys

Ns

Nr

Yr

Ss

Sr
cr. (10)

Now, given that cr is known, all components in the right hand side of this equation can be

measured or calculated, providing a way to determine the hydrogen concentration.

2.3.2 Rutherford backscattering spectrometry

Rutherford backscattering spectrometry (RBS) is a method to determine material composition

and structure, by sending high energy ions onto a target material. [35] The collisions between

projectile ions and target atoms considered in this method are elastic collisions. Some of the

incident ions will be scattered backwards, given that the target element is heavier than the ion.

The energy of a scattered ion is given by the incident ion energy times the kinematic factor k

10



k =

mi cos θ ±
√
m2

t −m2
i sin

2 θ

mi +mt

2

, (11)

where mi and mt are the ion and target element masses respectively, θ is the scattering angle,

and the plus sign holds for the case of the target element being heavier than the impinging ion.

The kinematic factor, taking values between 0 and 1, grows closer to 1 the greater the difference

in mass between ion and target, and the smaller the angle. The angle θ = 180° corresponds to

the ion being scattered straight backwards. By measuring the energy of ions being backscattered

at a specific angle, it is possible to determine from which element the ions have been scattered.

2.3.3 Channeling of ions

In crystalline materials there are axes of symmetry, where one ideally can follow atomic strings.

If such an axis is translated half an interatomic distance, it will instead periodically intersect the

empty space between atoms, never intersecting them. In figure 7 a 2D square lattice is exemplary

depicted with the two symmetry axes [10] and [11], and the general idea extends to 3D lattices.

[10]

[10]

[11]

[01]

Figure 7: Schematically depicting the [10] and [11] symmetry axes of a 2D square

crystal lattice.

When projectile ions impinge on a crystalline target material, they might channel into the

structure, depending on crystal orientation. The impinging ions will on the first atomic layers

backscatter only at a small probability. The majority of the ions will experience small angle

scattering. If a beam of ions irradiates the target crystal at an angle aligned or closely aligned to

a crystal axis, the small angle scattering effectively creates a shadowing cone, where the atoms

in the atomic row behind the first atom are being shielded. Coulomb repulsion between ions
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and target element nuclei and the symmetric nature of the crystal lattice cause the ions to travel

along the axis, and the probability of close encounter with target nuclei is reduced. [36]

This channeling phenomenon can be used to determine the site occupancy of interstitial atoms

in a crystalline material. In a situation of ion irradiation of a crystal containing interstitials the

probability of ion-interstitial interaction will highly depend on whether the interstials are in the

channeling path or inside the shadowing cone, indicated in figure 8. Therefore, provided there

is a way to determine ion-interstitial interaction and occurrence of channeling, it is possible to

determine the interstitial location.

Figure 8: 2D depiction of ions channeling into a crystal lattice, also indicating how the

probability of ion-interstitial interaction depends on the position of the interstitials.

Figure due to Kristina Komander.

3 Experimental methodology

In these sections the experimental methodology is described, where section 3.1 describes the two

iron-vanadium superlattices used in this study, the three subsections of section 3.2 describes the

methodology of the transmission measurement, and the four subsections of section 3.3 describes

the methodology of the ion beam measurements.

3.1 Sample structure

Two different samples are used in this study, both being superlattices of alternating layers of iron

and vanadium, grown on magnesium oxide (MgO) and capped with palladium. One sample also

has a covering layer of 20 nm of aluminum oxide (Al2O3), and this sample is used for the ion beam

measurements. The capping with palladium facilitates hydrogen absorption and desorption, by

catalyzing the dissociation of molecular hydrogen at the surface, and also hinders oxidation. [37]

The aluminum oxide acts as an diffusion barrier, and has the purpose of hindering leakage of

hydrogen during the ion beam measurements. [38] Both samples were previously grown by DC
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magnetron sputtering on a 10x10 mm single crystalline magnesium oxide substrate.

The layout of both samples (aluminum oxide layer excluded) is: MgO / [V 14 ML/ Fe 2

ML]23 V 14 ML/ Pd 7 nm, where ML is short for atomic monolayer, and subscript 23 denotes 23

repetitions. The ratio of vanadium to iron is specifically chosen to optimize the crystal quality.

[29]

In the sample the [100] direction of vanadium is parallel to the [110] direction of magnesium

oxide, corresponding to a in-plane rotation of 45°, and under the rotation the effective magnesium

oxide lattice parameter is 4.22/
√
2 = 2.98 Å. The rotation is necessary in order for the crystal

structure to match the magnesium oxide lattice parameter. The in-plane lattice parameter of

the superlattice is the rotated magnesium oxide parameter of 2.98 Å, and the out-of-plane lattice

parameters are 3.07 Å for vanadium and 2.74 Å for iron. These out-of-plane parameters can

be compared to 3.03 and 2.87 Å for vanadium and iron respectively when unstrained. The

anisotropic lattice parameters are explained by the slight mismatch in lattice parameters to the

magnesium oxide substrate due to epitaxial growth. Due to this clamping of the vanadium layers,

they can only expand in the out-of-plane direction upon hydrogenation.

More details on the sample-making can be found in ref. [29], and figure 9 presents a nm-

resolved cross-section of the same sample acquired by HAADF-STEM, showing the layered struc-

ture.

Pd V

V
Fe

V

Fe

MgO

Figure 9: A cross-section of the an Fe/V sample in nm-resolved detail, acquired by

HAADF-STEM, where the layers are labelled to the right. The original image is from

ref. [10], which is open access under the terms of CC BY 4.0.
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3.2 Transmission measurements

In these sections the transmission measurement apparatus OSFOLD is introduced in section

3.2.1, some details regarding the calibration of the pressure gauges are given in section 3.2.2, and

the experimental protocol of the transmission measurements is presented in section 3.2.3.

3.2.1 The transmission measurement apparatus OSFOLD

The transmission measurements are conducted at the experimental setup OSFOLD at Tandem

laboratory, Uppsala University. The name OSFOLD is an abbreviation for Optical Setup FOr

gas LoaDing, and figure 10 presents a schematic depicting the relevant parts and their intercon-

nections. Using this setup, the temperature and hydrogen pressure of the sample chamber can

be varied, while optical transmission through the sample is measured.

Spectrometer

Lamp

Lenses

Vacuum
system

Empty  
chamber 

Pressure
gauge P3

H supply line

Temperature
control unit

Sample
chamber 

Software receiving &
showing data 

Pressure
gauge P2

Figure 10: The OSFOLD experimental setup depicted schematically, showing the im-

portant parts and their interconnections.

In the sample chamber the sample is held in place by a sample holder, and the sample is

mounted perpendicular to the optical axis. Through the view ports of the sample chamber light

enter and exit. The light source is a filament lamp, emitting white light of wavelengths 400 to

2400 nm, with its power density peak at about 1000 nm. Four lenses and an aperture is used

to collimate and focus the light onto the sample, and again into the spectrometer. The details

of the optical setup are presented in figure 11. The spectrometer is a CCS200 Compact CCD

spectrometer from Thorlabs, measuring in the range 198 nm to 1023 nm. The spectrometer

is connected to a computer with a software accompanying the spectrometer, and this software

allows for saving time-resolved measurements of mean intensity and full spectra saved at chosen

intervals. In the software the integration time can be varied, and when saving the spectra it can

be chosen so that the software calculates an average spectrum using all spectra taken during the

time interval between saves.
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Figure 11: The optical setup at OSFOLD used during the experiments. The four oval

shapes are lenses, and the numbers above them correspond to the focal length, with

the plus sign indicating that the lenses are converging.

To achieve different pressures there is the supply line, connected to a pressurized hydrogen

gas bottle, and the vacuum system. The vacuum system consists of a turbo molecular pump

working together with a roughing pump. The pumps are connected to the larger empty chamber,

which is connected to the sample chamber. The connection between the larger empty chamber

and the vacuum system can be closed. The hydrogen supply line connects to the sample chamber

via a hand driven valve, with which the amount of hydrogen added to the sample chamber can

be controlled very precisely. To measure pressure there are two pressure gauges, denoted P3 and

P2. Gauge P3 is a Pfeiffer CMR 261 ceramic capacitance gauge, and gauge P2 a Pfeiffer PKR

360 cold cathode/pirani gauge. The pressure gauge P3 is mounted on top of the sample chamber,

and P2 on top of the larger empty chamber. The nominal range of P3 is 0.1 to 1100 hPa, and

the gauge is insensitive to the medium in which it measures. P2 is gas type sensitive, and the

nominal range for hydrogen is 1E-9 to about 2.5 hPa. The pressure gauges are connected to a

custom built LABVIEW program, which gathers and presents time-resolved pressure data.

Surrounding the sample chamber is a heating band, which in turn is covered in aluminum

foil to isolate. There are two K-type thermocouples, one connected to the sample holder via a

feedthrough and one to the outer part of the sample chamber. The thermocouples are connected

to an automatic temperature control unit using PID control. In the control unit a desired

temperature of the sample holder is set, as well as a highest allowed temperature of the heating

band. The control unit automatically adjusts the temperature of the heating band according

to these set points, and aims to keep the temperature at the sample holder constant at the set

value.

3.2.2 Pressure gauge calibration

The P2 pressure gauge is gas type sensitive, and calibrated for air as standard, which means it

has to be recalibrated for hydrogen. Figure 12a presents the way in which the readings deviate

for other gases than air. In order to correct for hydrogen being the medium, a fitting function to

transform read pressure to effective pressure is constructed by digitizing the deviation curve for

hydrogen using the software Origin. A fifth order polynomial is chosen as fitting function due
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to it giving the highest R2 value. The data points for the fit are manually entered on top of the

deviation curve imported into Origin, and the scale of the deviation curve is matched to number

of pixels. Figure 12b presents the fitting function and its coefficients.

(a)

(b)

Figure 12: (a) The deviation curves of effective vs. measured pressure for different gas

types for the pressure gauge P2, where the x-axis show the real pressure and the y-

axis the readings given by the gauge. (b) The calibration fitting function for hydrogen

gas, made from the deviation curve in (a). In the software Origin the data points are

manually entered on an overlap of the curve for hydrogen seen in (a), and the scale of

the graph matched to number of pixels. Figure (a) is from the P2 gauge manual; ref.

[39].

3.2.3 Experimental protocol of transmission measurements

In total four transmission measurement sessions are conducted: one using the sample not cov-

ered with aluminum oxide, and three using the aluminum oxide covered sample. The goal of

the sessions using the non-covered sample is to gather transmission data covering a portion of

the phase diagram, including a phase transition, and the principal goal of the covered sample

sessions is to achieve certain hydrogen concentration prior to the ion beam measurements. All

measurements are made at a sample holder temperature of either room temperature or 140°C.
For 140°C the set points of the temperature control unit are 140°C and 210°C. The integration

time of the spectrometer is always 200 ms. The software collect data points for the time-resolved

mean of intensity once every second, and full spectrum once every minute. For the spectra the

software calculates an average spectrum, based on all spectra collected during one minute (i.e.

300 spectra). Pressures less and equal to 2.5 hPa are measured using the P2 gauge, and pressures

above 2.5 hPa are measured using P3.

First some details regarding the measurement on the non-covered sample. The pressure points
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done are between 0.01 and 100 hPa, along with one reference measurement at ultra high vacuum,

with pressure of the order 1E-8 hPa. This reference constitutes the I0 intensity (see section 2.2).

At each pressure point the system is allowed to stabilize in the sense that the mean intensity no

longer visibly changes. After stabilized, the data acquisition system is allowed to collect a couple

of spectra, before the pressure is changed.

The sessions where the aluminum oxide covered sample is used are made in a similar manner,

but with fewer pressure points. Starting at room temperature and ultra high vacuum (of order

1E-8 hPa), a few spectra are saved as room temperature intensity reference. The heating is

turned on, and when the system has stabilized in temperature, a few pressure points are done.

Session 1 and session 2 aim at high concentration (past the plateau in the isotherms), and session

3 at low concentration (before the plateau). The temperature is slowly decreased while adjusting

pressure, trying to keep the concentration constant. The aim is to achieve the same value of

log(I0/I), using room temperature intensities, as for the final pressure point at 140°C, taking a

decrease in transmission due to heating into account. When at room temperature, some final

spectra are taken.

In addition to the measurements above, two control measurements are done, in order to

investigate the effect of heating on the transmission. In the first control measurement no sample

is inserted. Mean intensity and spectra are is recorded during the process of increasing hydrogen

pressure from 1E-6 to 150 hPa, and subsequent heating of the chamber and hydrogen to 140°C.
In the second control measurements the aluminum oxide covered sample is used. The sample

chamber is pumped to high vacuum of order 1E-8 hPa, and the heating system is then turned

on. Mean intensity and spectra are recorded during the heating process until the system has

stabilized in the sense that both temperature and transmission are stable.

3.3 Ion beam methods

In these sections, section 3.3.1 briefly introduces the ion accelerator facility and its NRA and

RBS experimental chamber, section 3.3.2 presents the procedure of calculating hydrogen con-

centration, section 3.3.3 describes the method to determine site occupancy, and section 3.3.4

presents the experimental protocol of the ion beam measurements.

3.3.1 The ion accelerator and experimental chamber

The ion beam measurements are done at Tandem Laboratory, Uppsala University, hosting a 5

MV 15 SDH-2 Tandem accelerator. Figure 13 presents an overview of the accelerator facility. At

this accelerator a range of different ions can be accelerated to energies from 2 MeV and up to

tens of MeV, and after being accelerated the ions are deflected towards one of the experimental

chambers. The experimental chamber used in this experiment is the one denoted NRA in figure

13, specifically designed for NRA-measurements. [40] In order to detect gamma radiation a

bismuth germanium oxide scintillator is used, positioned 5 cm behind the sample (using the

beam direction as reference). To measure backscattered 15N-ions a silicon-based solid state

detector is used, positioned at a scattering angle of 165°, above the beam line. The base pressure
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in the sample chamber is of the order of 1E-6 hPa. A schematic picture of the sample chamber

setup is presented in figure 14.

Figure 13: A schematic overview of the Tandem accelerator facility at Tandem labo-

ratory, Uppsala University, Sweden. The target chamber used in this study is the one

denoted NRA in the lower left. Figure from ref. [40], which is open access under the

terms of CC BY 4.0.

gamma detector 

RBSref. sample

Fe/V sample

ion beam

Figure 14: Schematic drawing of the ion beam experimental chamber setup

To measure the number of impinging ions, ions scattered onto the sample chamber walls are

used. Each scattered ion hitting the sample chamber wall induces a current in the wall. The

chamber is insulated but connected to a current amplifier and ammeter, and this setup provides

a way to determine the integrated current events, which gives a relative measurement of the

number of impinging ions.
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The achievable hydrogen concentration depth resolution with this apparatus and in these

experiments is 5 - 10 nm. [10]

3.3.2 Concentration calculations

The hydrogen concentration is determined using eq. (10), where the gamma yields Y and number

of impinging ions N are measured directly, while the stopping powers S need to be calculated.

The stopping powers are calculated using the software SRIM, [41] developed by J. Ziegler. SRIM

calculates stopping power based on an input consisting of the type of impinging ions and their

kinetic energy, the target material and its stoichiometry, and the target density.

The input to SRIM for the reference sample is calculated in the following way. The relative

amount of hydrogen is 18.5 %, [42] and the lattice parameter of silicon is assumed to be unaffected

by the hydrogen amount. Using the number densities and tabulated values of the atomic masses,

the density in g/cm3 is determined. The stoichiometry is given directly by the hydrogen content.

The procedure to calculate the SRIM input for the iron/vanadium sample is similar to that of

the reference sample. Using the superlattice in- and out-of-plane lattice parameters of vanadium

and iron, the number of vanadium and iron atoms per cubic cm is determined. Based on the

number of atoms, the density of unhydrogenated iron/vanadium is determined via tabulated

atomic masses. In the hydrogenated superlattice hydrogen also contributes to the energy loss of

the ions besides vanadium and iron, and the density of the lattice changes. The stopping power

of hydrogenated iron/vanadium is correlated to the hydrogen concentration in the sense that

the amount of hydrogen affects the stoichiometry and density, needed to determine the stopping

power, needed to determine the amount of hydrogen in the sample. The calculations are done in

iterations. First a concentration calculation is done using the stopping power of unhydrogenated

iron/vanadium, giving a first approximation of the hydrogen concentration. A new density and

stopping power is determined, and the concentration is calculated anew. Such iterations are done

until the stopping power no longer changes at the accuracy given by SRIM, which in practice is

one iteration.

The stopping power of the reference sample Sr is 146.0 eV/Å, and the reference hydrogen con-

centration cr is 1.1336 ·1022 atoms/cm3. The stopping power of unhydrogenated iron/vanadium

is 310.0 eV/Å. 6.5 MeV 15N-ions are used for all stopping power calculations.

3.3.3 Site occupancy by resonant NRA and RBS

To determine the lattice site occupancy of the hydrogen atoms a combination of resonant nuclear

reaction analysis (resonant NRA) and Rutherford backscattering spectrometry (RBS) is used

simultaneously, while exploiting channeling. If the crystal lattice contains hydrogen at interstitial

sites coinciding with the path of channeled ions, the probability of the 1H(15N,αγ)12N reaction

increase, and correspondingly, if the interstitial hydrogen is within the shadowing cone, the

probability of reaction decrease. By measuring the amount of ions being backscattered when

varying the angle of the target, it can be determined when the ions channel, visible in a reduction

in number of backscattered ions. By simultaneously measuring gamma yield, it can be determined
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whether the number of 1H(15N,αγ)12N reactions increases or decreases, and from this the site

occupancy can be inferred.

Simulations of the channeling reduction in backscattering has been done by K. Komander

et al. [10], where they simulate the normalized nuclear encounter probability (NEP) of ion

projectiles to iron/vanadium atoms. In figure 15 such simulations are compared to an angular

line scan of 6.55 MeV 15N-ions backscattered from iron/vanadium. The identified planes (100),

(310) and (110) are marked in the figure.

Figure 15: Simulated normalized nuclear encounter probability of 6.55 MeV 15N-ions

on Fe/V, for backscattering circumstances, compared to experimental results. The

inset is showing the experimental angular line scan on a stereographic projection, with

[001] channel normal to paper. Figure from ref. [10], which is open access under the

terms of CC BY 4.0.

In the same paper by K. Komander et al. they simulate the NEP of 15N-ions to hydrogen

atoms along the same three planes, for three different site occupations. These simulations are

presented in figure 16. In the upper panels are the normalized nuclear encounter probabilities

for three different site occupations, illustrated along the [001] channel in the insets. The leftmost

angular map depicts octahedral z-sites, the rightmost projection depicts tetrahedral z-sites, and

the middle projection depicts a tetrahedral-octahedral intermediate site occupancy. The lower

panels show the normalized simulated gamma yield (solid lines) in the three planes (100), (310)

and (110), along with experimental data. There are three simulated lines per graph, correspond-

ing to different thermal vibration amplitudes, and for octahedral occupancy a greater amplitude

increases the gamma yield in all three planes.

Comparing experimental data to the simulations presented provides a way to determine the

site occupancy of the hydrogen atoms in the hydride system.
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Figure 16: Upper panels show a simulated angular map of normalized gamma

yield, when hydrogen occupies octahedral sites (left), tetrahedral sites (right) and an

octahedral-tetrahedral intermediate occupancy (middle). The beam angle is varied

around the [001] channel. The insets of the top panel show the different hydrogen occu-

pations, viewed along [001]. The lower panel show experimentally measured normalized

gamma yield in red, compared to simulations of yield for the different occupancy and

hydrogen vibration modes. Full figure from ref. [10], which is open access under the

terms of CC BY 4.0.

3.3.4 Experimental protocol of concentration and site occupancy measurements

After hydrogenating and cooling the aluminum oxide covered sample to room temperature (see

section 3.2.3 for details), it is moved to the ion beam experimental chamber. The sample is

mounted onto a stage, giving it a slight outward angle of approximately 5° (see figure 14), and

the purpose of this angle is to avoid the [001] channel. The sample is fastened using using

adhesive copper tape, and on the sample holder is also the reference sample. The ion beam is

adjusted regarding beam area and beam current in order to minimize local heating which could

induce hydrogen loss; the beam area is maximized in regards to the size of the sample, and the

beam current minimized to below 4 nA, which still allows for statistical errors in the gamma-yield

below 5 % of the absolute yield.

The data acquisition system displays gamma yield, integrated chamber current (to measure

impinging ions), and backscattered ions on the form presented in figure 17. In the figure the

regions of interest (ROIs) are also indicated, covering the 4.43 MeV gamma peak and Compton

background, and the iron/vanadium backscattering peak. A scaling to energy for both the
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gamma and backscattering spectrum have been done previously. [28] The two peaks apart from

the iron/vanadium peak in the backscattering spectrum is aluminum (left) and palladium (right).

In order to correct for background gammas one measurement is done with the beam off,

giving the number of background gammas in the ROI per unit of time.

The reference sample measurements are done at beam energies of 6.5, 6.53, 6.56 and 6.59

MeV, and the iron/vanadium sample measurements at beam energies between 6.37 and 6.685

MeV, in steps of 0.015 MeV. The angle resolved channeling measurements are done at the beam

energy 6.55 MeV, at which the ions penetrate approximately halfway into the iron/vanadium

part of the sample before reaching the resonance energy of 6.385 MeV.

The channeling measurements start at the angle -180°, where the minus sign is due to the

reference of the goniometer. The angle is mainly changed in steps of 0.07° or 0.14°, and at each

step gammas, backscattered ions from iron and vanadium, and current are measured. Some

angles are measured more than one time, to increase statistical accuracy. The angle is changed

until all three crystal planes seen in figure 15 have been covered, in order to identify the planes

and compare the respective gamma yields.
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Figure 17: Representative graphs of the raw output of the ion beam measurements.

Top graph presents gamma yield, where the region of interest used to measure 4.43

MeV gammas is highlighted. Two measurements are overlaid, one without beam and

one with beam energy of 6.58 MeV. Middle graph presents the cumulated current from

the chamber, used to measure the number of impinging ions. Bottom graph presents

number of backscattered ions, where the left peak corresponds to aluminum (lightest

resolved element present, giving smallest energy when backscattered from), middle peak

to iron/vanadium, and right peak to palladium
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3.4 Error estimation

In this section the methods used to determine statistical errors are discussed briefly, starting

with the transmission measurements and then the ion beam measurements.

The spectrometer averages intensity data automatically (section 3.2.1), meaning that the

standard deviation of the intensity cannot be determined directly, and that the statistical error

has to be estimated in some other way. To estimate the error it is assumed that it is the same

for all wavelengths, and under this assumption the error of the mean is the same as the error

of a single wavelength. The statistical error of 300 data points of the integrated mean intensity

is then equal to the error of each wavelength intensity of a spectrum constructed by averaging

300 individual spectra. One such error is calculated, and then taken to be representative for all

measurements. The error of log(I0/I) is calculated assuming only statistical and independent

errors, by standard error propagation

σf(x1, x2, ..., xn) =

√(
∂f

∂x1
σx1

)2

+

(
∂f

∂x2
σx2

)2

+ ...+

(
∂f

∂xn
σxn

)2

, (12)

where f is some function dependent on variables x1, x2, ..., xn, and σ denotes the uncertainty.

The pressure uncertainties are in the case of gauge P3 determined by taking the standard

deviation of the measurements at each respective pressure interval, and in the case of P2 by

taking the nominal gauge uncertainty of 30% [39] with error propagation through the fitting

function.

In the ion beam measurements, gamma yield, impinging ions and backscattered ions are all

quantities following a Poisson distribution, which provides a way to estimate the statistical error.

A Poisson distribution describes the probability of measuring a certain number of events during

a certain number of time, given that the average rate at which the events happen is constant

and that the events do not affect each other. The standard deviation of a quantity governed

by a Poisson distribution is the square root of the total yield, [43] so the statistical error of

gamma yield, impinging ions, and backscattered ions are estimated by using the square root of

the respective total yield. Error propagation as above is used to get the error in concentration.
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4 Results and discussion

These three sections presents the results of the study, with simultaneous discussion. The section

4.1 contains the transmission results, section 4.2 contains the ion beam results, and section 4.3

correlates the transmission and ion beam results.

All results are acquired at four different measurement sessions. Measurements on the sample

not covered with aluminum oxide are performed during only one of those sessions, in order to

investigate transmission and acquire a representative 140°C isotherm. In this session no ion beam

measurements are performed. It is made evident in the text when these results are discussed.

The other three measurement sessions are performed using the aluminum oxide covered sample,

where transmission, absolute concentration and hydrogen site occupancy are measured. The

first and second of those measurement sessions aim at a high hydrogen concentration (past the

plateau in the isotherms), and the third aim at a lower concentration (before the plateau). These

three sessions are denoted measurement session 1, 2 and 3 respectively.

4.1 Transmission results

The raw output spectra and normalized spectra for all hydrogen pressures measured using the

sample not covered with aluminum oxide is presented in figure 18. The normalization is against

the high vacuum spectrum of 1E-8 hPa. A greater hydrogen pressure means a greater amount

of absorbed hydrogen, and one can see that the transmission decreases with increasing hydrogen

pressure and absorption, as expected. Interesting to note is that the decrease in transmission

does not happen evenly over all wavelentghs, seen in figure 18b. The normalized spectra show a

minimum at about 550 nm, where the magnitude of decrease increases with increasing pressures,

and where the minimum appears to get shifted towards higher wavelengths.

25



200 400 600 800 1000
wavelength [nm]

0.0

0.2

0.4

0.6

0.8

in
te

ns
ity

 [a
rb

. u
ni

t]

1E-8 hPa
0.01 hPa
0.05 hPa
0.1 hPa
0.15 hPa
0.2 hPa
0.3 hPa
0.35 hPa
0.4 hPa
0.45 hPa
0.5 hPa
0.6 hPa
0p8 hPa
1.2 hPa
2 hPa
2.5 hPa
4 hPa
10 hPa
18 hPa
30 hPa
50 hPa
100 hPa

(a)

500 600 700 800 900 1000
wavelength [nm]

0.70

0.75

0.80

0.85

0.90

0.95

1.00

in
te

ns
ity

 n
or

m
. t

o 
1E

-8
 h

Pa
 sp

ec
tra

1E-8 hPa
0.01 hPa
0.05 hPa
0.1 hPa
0.15 hPa
0.2 hPa
0.3 hPa
0.35 hPa
0.4 hPa
0.45 hPa
0.5 hPa
0.6 hPa
0.8 hPa
1.2 hPa
2 hPa
2.5 hPa
4 hPa
10 hPa
18 hPa
30 hPa
50 hPa
100 hPa

(b)

Figure 18: (a) spectra for all pressures measured on the sample not covered with

aluminum oxide, and (b) the same spectra normalized to the high vacuum spectrum

The spectra collected during measurement session 1 on the aluminum oxide covered sample,

normalized to the 1E-8 spectrum of this measurement, is presented in figure 19a. These spectra

follow the same general pattern as the spectra of the non-covered sample; with an uneven decrease

in transmission and a minimum at about 550 nm. Figure 19b presents a comparison of two spectra

from the covered and non-covered sample respectively. The decrease in transmission is greater

for the non-covered sample in comparison to the covered sample (this difference is discussed in

some more detail below), but except for this one can qualitatively conclude that the decrease

in transmission of the non-covered and covered sample follow the same trend. That they follow

the same trend is expected. The only difference between the samples is the aluminum oxide

layer, and since the normalization is done against each respective high vacuum spectrum, the

effect of the decrease in transmission due to the aluminum oxide layer is removed, together with

any potential differences due to the measurements being done at separate occasions. Ideally the

hydrogenation is the only factor behind the reduction of transmission during the process, and

since the hydrogenation happens only in the vanadium layers it should affect both samples in

the same way.
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Figure 19: (a) Representative spectra for the measurements done on the aluminum

oxide covered sample, in this case the session 1 measurements, showing the same general

pattern as for the non-covered sample. (b) Comparison of one low pressure spectrum

and one higher pressure spectrum, for non-covered and covered sample respectively,

showing the likeness in the pattern of decrease, but also that the non-covered sample

spectra display a greater decrease in transmission

Transmission-pressure isotherm points for all transmission measurements conducted, where

the log(I0/I)-values are calculated using the mean of all wavelengths, are presented in figure 20.

The more data dense isotherm of the non-covered sample show great likeness to the schematic

theoretical isotherms presented in figure 5, and based on this likeness the plateau region of

the measured isotherm indicates a phase transition. The fact that the plateau region is not

completely flat possibly indicates that the measurement temperature of 140°C is above the critical

temperature, or that the sample is not entirely homogeneous. The non-flat plateau could however

also be due to the system not being fully equilibrated before the pressure was changed.

Comparing the isotherms of the covered and non-covered sample, there is a general difference

in that the non-covered isotherms appear to be shifted upwards. This difference connects to

the unexpected difference in transmission between the aluminum oxide covered sample and non-

covered sample mentioned above, and seen in figure 19b. An explanation to the transmission

difference might be found in an exchange of the hydrogen bottle, which was made in-between the

non-covered sample measurements and covered sample measurements. Late during the course of

this project suspicions of a leak in the hydrogen supply line were risen, potentially originating

in the exchange of the bottle. Such a leak could provide an explanation to the shift upwards,

sine the measured pressure would be the result not only of hydrogen but also of air. The time

frame of this study did however not allow for this suspicion to be verified. While the shift is

something that needs to be investigated, it will in the remainder of this report be assumed that

27



the transmission of the non-covered sample and the covered sample is affected in the same way

by hydrogen absorption, i.e. that the non-covered sample transmission data is representative

also for the covered sample.

Also worthwhile to note is the session 2 isotherm point, in blue, which deviates from the

isotherm pattern to quite a large extent in the sense that it shows a low log-value in regards of

its high pressure. This deviation might be the result of something other than the potential leak

in the hydrogen supply line.
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Figure 20: 140°C transmission-pressure isotherm points for all transmission measure-

ments done. The intensities used are the respective mean intensities

In figure 21 pressure-transmission isotherm points are presented, where four different wave-

lengths are analysed. The wavelength intensities correspond to one data point in the respective

spectra, and the sample used is the one not covered with aluminum oxide. The choice of wave-

lengths is based on the spectra seen in figure 18b, where 550 and 625 nm is in the wavelength

region experiencing the greatest decrease in transmission, 900 in the region experiencing a rela-

tively small decrease, and 780 nm in a region where the slope of the normalized spectra does not

change much with increasing pressure. The isotherms differ much depending on the wavelength

used, and this difference would be highly relevant when scaling log(I0/I) to absolute hydrogen

concentration.

The differing wavelength behaviour seen in the isotherms and in the normalized spectra of
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figure 18b shows that the optical properties of the sample changes upon hydrogen absorption. As

previously mentioned, the current understanding is that the hydrogen induced volume expansion

generates a change in the electronic structure of the thin vanadium layers. Such a change in

electronic structure can be the reason behind the change in optical properties seen here. The

1s − 3d hybridization is at 6 eV, corresponding to an energy higher than that of near visible

light, meaning that the vanadium-hydrogen bonding cannot in itself explain the change in optical

properties. The fact that the difference between wavelengths is greater after the plateau in the

isotherm might indicate that the change in optical properties is connected to the phase of the

system, although it might also be that the change is simply enhanced by the higher hydrogen

concentration.
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Figure 21: Transmission-pressure 140°C isotherm points for the sample without alu-

minum oxide, for four different wavelengths

There might be other causes to the effects discussed above, some of which are excluded in

the following. Figure 22a presents time resolved mean transmitted intensity measured through

the sample chamber, without any sample being inserted, during the process of adding hydrogen

and subsequent heating. The region between the vertical green lines represent the process of

increasing hydrogen pressure, from 1E-6 to 150 hPa, and the region between the orange lines

represent the process of increasing temperature from room temperature to 140°c. Figure 22b

presents spectra corresponding to the system being at 1E-6 hPa and 23°C, 150 hPA and 23°C,
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and reaching 140°C at 150 hPa, where all spectra are normalized to the 1E-6 hPA 23°C spectrum.

Looking at figure 22a no apparent change in transmission during the process of adding hy-

drogen can be seen, nor during the process of heating. Between the time when 150 hPa was

reached and the heating started there appears to be a slight decrease in transmission, but this

decrease is however very small, as qualitatively seen in the comparison of spectra in figure 22b.

Quantitatively, the mean of the 140°C 150 hPa normalized spectrum is about 0.2 % lower than

the 23°C 1E-6 hPa spectrum. The conclusions based on these results is that there is no significant

effect on transmission originating from the process of adding hydrogen, or from the heating of

only the chamber and the hydrogen.
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Figure 22: (a) Time resolved mean intensity measured through the sample chamber

without any sample inserted, during the process of adding hydrogen to a pressure of

150 hPa and subsequent heating to 140°C. (b) Comparison of normalized spectra, for

1E-6 hPa, 150 hPa and the point when 140°C was reached. All are normalized to the

1E-6 hPa spectrum

In figure 23a time resolved mean intensity is presented, measured while heating the aluminum

oxide covered sample from room temperature to 140°C at high vacuum conditions, of the order

1E-8 hPa. In the figure the vertical orange lines indicate temperature increase, in the steps

23°C, 30°C, 40°C, ..., 140°C. The vertical red lines represent times when spectra were saved, and

these spectra are seen in figure 23b, where all spectra are normalized to the room temperature

spectrum.

The heating of the sample produces a clear decrease in transmission, and as seen in figure 23b

the decrease is not evenly distributed over all wavelengths. At about 700 nm the decrease is the

smallest. When heating the sample it will undergo a thermal expansion, and this expansion will

affect all constituent elements of the sample, i.e. aluminum oxide, palladium, iron, vanadium
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and magnesium oxide. It seems likely that it is this combined expansion that gives rise to a

change in electronic structure, in turn resulting in the uneven decrease in transmission. Also

interesting to note is that the decrease in transmission continues after the temperature reaches

140°C, seen in figure 23a as the decrease after the final orange line. If this continued decrease

is truly because of the heating, it points towards a delay in the response of the process affecting

transmission, induced by the heating.

The decrease in transmission could have an effect on the results of this project. If the decrease

in transmission due to heating is not reversible, in the sense that the transmission does not return

to its original value after cooling, the room temperature log(I0/I)-value will be affected. Before

moving the sample from OSFOLD to the ion beam experimental chamber the sample is cooled

to room temperature, after having been heated to 140°C. If the transmission is decreased due to

heating, and that effect not reversed under cooling, the room temperature log(I/I0) will carry an

error. The log-values are used under the assumption that the only difference in transmission is due

to hydrogenation, and this would be false if there is also an effect due to heating. Unfortunately,

only control measurements of heating were conducted; no corresponding measurements of cooling.

However, this sample have been used multiple times, without any suspicions of irreversible effects

due to heating being risen. It will be assumed that the decrease in transmission due to heating

is reversible, and that log(I0/I) is a sound measure of hydrogenation.
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Figure 23: Transmission while heating up the aluminum oxide covered sample from

room temperature (RT) to 140°C, at a pressure of the order 1E-8 hPa. (a) Time resolved

mean intensity, where indicated in orange are temperatures reached, and indicated in

red are times when spectra were saved. (b) The spectra saved during the process of

heating up (indicated in (a)), normalized to the RT spectra

31



4.2 Ion beam results

The hydrogen concentration depth profiles, determined via 15N-NRA, of the aluminum oxide

covered sample are presented in figure 24, for each of the three measurement sessions. The

hydrogen concentrations are presented in units of hydrogen atoms per vanadium atom, H/V,

which have been calculated by the procedure described in section 3.3.2. The concentration scale

is only valid for the iron/vanadium part of the sample, indicated in the figure. The slope of the

yield at the edges of the iron/vanadium part is due to a convolution of the NRA instrumental

function and hydrogen depth distribution, used in the derivation the equation of concentration;

eq. (8) (see ref. [14] for details). By taking a mean value of the concentration points between 6.5

and 6.6 MeV an average concentration is determined. The resulting concentrations are presented

in table 1.
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Figure 24: Hydrogen concentration for all three measurement sessions, plotted against

beam energy. The concentration values are only valid in the Fe/V region, indicated in

the figure
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Table 1: Average hydrogen concentration in H/V for the three measurement sessions

conducted

measuring session concentration [H/V]

1 0.38 ± 0.05

2 0.40 ± 0.05

3 0.092 ± 0.014

In figure 25 the channeling measurements conducted during measurement session 1 are pre-

sented, with normalized gamma and backscattering yield plotted against angle. The minus sign

of the angles is due to the scale of the goniometer, where -180° represents the direction when

the sample frontal plane is facing the ion beam. The red data points and lines represent the

measured number of ions backscattered from iron/vanadium, divided by the ion induced current

used to measure number of impinging ions. The blue data points represent the number of emitted

gammas divided by current. Both backscattered ions and emitted gammas are normalized to the

respective mean of the yield, to approximate the yield at a random sample orientation free from

channeling effects.

These results can be compared to the simulations done by K. Komander et al. (figures 15

and 16). Based on those simulations the (100)-plane can be identified as corresponding to the

leftmost decrease in iron/vanadium-backscattering, the (310)-plane as the decrease in the middle,

and the (110)-plane as the rightmost decrease. In the simulations of octahedral occupancy by

K. Komander et al. the normalized gamma yield in the (100)-plane is approximately 0.7 and in

the (110)-plane approximately 0.6, both with an hydrogen vibration amplitude of 0.20 Å. The

gamma yield presented in figure 25 is not as low, being around 0.85 in the (100)-plane and around

0.75 in the (110)-plane, Also, there is not a very distinct decrease in gamma-yield at the (310)-

plane in the middle. These discrepancies might indicate an octahedral-tetrahedral intermediate

occupancy, or an octahedral occupancy with a comparatively larger hydrogen vibration mode.

According to the simulations the vibration amplitude must be greater than 0.25 Å. The differences

could also be explained by the normalization base line not approximating a random direction

sufficiently well. It can however be said for certain that it is not a tetrahedral occupancy, since

such an occupancy should yield a very small decrease in the (100)-plane, and a slight increase in

gamma yield at the (110)-plane.
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Figure 25: Channeling results for session 1, where normalized yields of gammas and

ions backscattered from Fe/V are plotted against angle of the sample to the beam.

-180° corresponds to the sample frontal plane facing the ion beam. Indicated are the

planes covered

In figure 26 the channeling measurements of session 2 are presented. The normalization is

done in the same manner as for session 1. The comments of the measurement session 1 results

to a large extent also hold for session 2. The decrease of gamma yield in planes (100) and (110),

and the lack of a distinct gamma decrease in the (310)-plane might indicate an octahedral-

tetrahedral intermediate occupancy, or an octahedral occupancy with a comparatively larger

hydrogen vibration mode. Again, it can be said for certain that it is not tetrahedral occupancy.
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Figure 26: Channeling results for session 2 ion beam measurements, where normalized

yields of gammas and ions backscattered from Fe/V are plotted against angle of the

sample to the beam. -180° corresponds to the sample frontal plane facing the ion beam.

Indicated are the planes covered

In figure 27 the channeling results of measurement session 3 are presented. In these results

the decrease in gamma-yield for planes (100) and (110) appears to be slightly smaller compared

to session 1 and 2, and mainly so for the (110)-plane. The normalized gamma yield in the

(110)-plane is about 0.8, compared to about 0.75 for session 1 and 2. It is however difficult

to say anything conclusive regarding the difference in decrease, due to the statistical error,

and due to that the normalization base line differs some between the measurement sessions,

since it is based on each respective mean yield. If the lesser decrease is a true effect, it could

point towards a hydrogen octahedral-tetrahedral intermediate occupancy somewhat closer to

tetrahedral, compared to session 1 and 2. Also in this session it can be said with certainty that

it is not tetrahedral occupancy.
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Figure 27: Channeling results for ion beam measurements, session 3, where normalized

yields of gammas and ions backscattered from Fe/V are plotted against angle of the

sample to the beam. -180° corresponds to the sample frontal plane facing the ion beam.

Indicated are the planes covered

4.3 Correlating concentration and transmission

In figure 28 the room temperature log(I0/I)-values of measurement session 1, 2 and 3 are com-

pared to the isotherm of the sample not covered with aluminum oxide seen in figure 20. For

session 3 the log-value is in the middle of the plateau region, and for both session 1 and 2 it is

after the plateau region. The isotherm positions indicate that for session 3 the system might be

in a coexistence phase, while for session 1 and 2 the system is in a higher concentration phase,

assuming that the temperature of 140°C is below the critical temperature. These results are

summarized together with some results of the preceding section in table 2.
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Figure 28: The room temperature log(I0/I)-values of the three loading sessions.

The log-values are calculated using the mean intensity, and are compared to the

transmission-pressure isotherm points measured using the sample not covered with

aluminum oxide

Table 2: Summary of some of the results presented so far

measurement

session

isotherm region/ phase concentration [H/V] site occupancy

1 after plateau, higher

conc. phase

0.38 ± 0.05 not Tz

2 after plateau, higher

conc. phase

0.40 ± 0.05 not Tz

3 in plateau, poss. coex-

istence phase

0.092 ± 0.014 not Tz; poss. Oz-Tz

intermediate closer to

Tz cf session 1 & 2

In figure 29 the room temperature log(I0/I)-values for four different wavelengths are pre-
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sented, plotted against hydrogen concentration. Based on the data points a linear regression

analysis is performed, where the fits are forced to intersect the origin. The slopes of the fitted

lines are written out explicitly, and these values would correspond to scaling factors between

transmission as log(I0/I) and absolute hydrogen concentration, assuming the relation between

them is linear.

The data points of figure 29 scatter rather much compared to their respective fitted lines,

generally by more than one standard deviation. These deviations might point towards a linear

model not being appropriate, but it might also point towards measurement errors besides the

statistical errors. An indication of the second notion is that the concentrations of measurement

session 1 and 2 are very similar, but their transmission values as log(I0/I) differ much.

The log-values are expected to be very similar if the concentrations are very similar, and the

difference in transmission between session 1 and 2 then indicate a larger error than estimated.

However, even if measurement session 1 or 2 is removed from the data presented in figure 29, the

data points and fitted lines would still not align very well, which one can see by inspection of the

figure. It might then be that a linear model is not well suited to describe the relation between

transmission and concentration in this case.

Looking towards explanations of a linear model not being appropriate, it could be that

the relation between transmission and concentration differs in dependence of the phase of the

vanadium hydride system. If it holds true that measurement session 1 and 2, and session 3 in

part covered different phases, this could explain the deviations between data and fits, although

a larger error than covered by the statistical error is still needed to explain the difference in

transmission between session 1 and 2.
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Figure 29: log(I0/I)-values of four different wavelengths plotted against hydrogen con-

centration, for all three measurement sessions. A linear regression analysis is performed,

forcing the fits to intersect the origin. The slopes of the fitted lines are written out
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5 Conclusions and a look ahead

Measurements of transmission are performed during the process of hydrogenation, and three

subsequent measurements of absolute hydrogen concentrations are conducted, along with three

measurements to determine hydrogen site occupancy. The concentration measurements are per-

formed by using 15N resonant NRA, and the site occupancy measurements by using a combination

of resonant NRA and RBS. The transmission data are used to construct pressure-concentration

isotherms, and isotherms and underlying transmission data are correlated to hydrogen concen-

tration and site occupancy.

The transmission results show a clear wavelength dependence in the reduction of transmission.

The reduction due to hydrogenation is greatest around 550 nm, but the maximum in reduction

appears to be shifted somewhat to higher wavelengths with increasing hydrogen concentration.

The uneven reduction will clearly affect the usage of transmission as a measure of concentration.

Absolute hydrogen concentrations of 0.092, 0.38 and 0.40 hydrogen atoms per vanadium atom

are achieved, and these concentrations are correlated to the corresponding values of transmission

for the wavelengths 550, 625, 780 and 900 nm. A linear regression analysis on the transmission

and concentration data is performed, showing that generally the data deviate by more than one

standard deviation from the fitted lines. Although there are indications of one transmission

measurement containing a larger error than covered by the statistical error, this cannot in itself

explain the large deviations, pointing towards a linear model not being suitable. One possible

explanation to the discrepancy between the data and the linear model could be differing phase

affiliations of the system at the concentrations measured. Of the three concentrations, 0.092

H/V correspond to the plateau region in the concentration-pressure isotherm region, and 0.38

and 0.40 correspond to the region after the plateau, indicating that at 0.092 H/V the system is

in a mixed phase, while at 0.38 and 0.40 H/V the system is in a single phase. If the relation

between transmission and concentration differs depending on phase, this could then explain why

the linear model appears faulty.

At all three concentrations the system display mainly but not fully the characteristics of

octahedral occupancy. It cannot be concluded whether the occupancy is octahedral with a

comparatively large hydrogen vibration amplitude, greater than 0.25 Å, or some octahedral-

tetrahedral intermediate occupancy. It is with certainty not tetrahedral occupancy at these

three concentrations.

A natural continuation of this project is to do more measurements on absolute concentra-

tion and corresponding values of transmission, to cover more parts of the phase diagram. Such

measurement would provide more insight regarding the mapping between transmission and con-

centration, and the effect of the phase of the system. The wavelength dependence in trans-

mission is here stated, but its cause not investigated. In a recent article, S. A. Droulias et al.

[21] investigate the influence of volume changes on optical transmission in iron-vanadium and

chromium-vanadium superlattices. An application of their results might provide explanatory

power regarding the wavelength dependence. When it comes to the site occupancy, it would be

interesting to measure on temperatures and concentrations both lower and higher than those of
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this study, to see in what sense the results differ, and if it is possible to achieve tetrahedral z-site

occupancy.
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