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Abstract
We investigate the effect offinite size on the chemical diffusion of deuterium in extremely thinV(001)
layers. Afive fold increase in the diffusion coefficient is observed at concentrations around 0.2 [D/V],
when the thickness of theV is decreased from28 to 14 atomic layers (≈2.1–4.2 nm). The size
dependent deuterium–deuterium interaction energy is argued to be the root of the observed changes
as the diffusion rates are similar at low concentrations. The results demonstrate the feasibility of using
finite-size effects to enhance the chemical diffusion of light interstitials in solids.We discuss the
general applicability of these effects to other systems.

1. Introduction

A fundamental understanding of the physics of hydrogenmigration inmetals and alloys is essential since kinetic
properties, such as diffusion and dissociation rates, are essential engineering criteria for the viability ofmetal
hydrides in a future hydrogen economy [1].Manymetal hydrides,MgH2 being a prime example, offer great
storage capacity of hydrogen yet suffer frompoor kinetics of uptake and release. In contrast, vanadiumoffers less
favourable gravimetric storage capacity, but exhibits one of the fastest diffusion rates of hydrogen in the classical
hydrides, comparable to themobility of liquidwatermolecules at room temperature. There is a large ongoing
effort involving influencing both thermodynamic and kinetic properties by finite-size or nano-scaling [2–4].
However, investigations offinite size effects on diffusion are scarce. There aremultiple effects thatmay influence
the chemical diffusion in an unpredictable and uncontrollable way, when changing the extension of the
hydrogen absorbingmaterials. This includes, for example, changes in the surface to volume ratio, defect density,
crystal symmetry,microstructure, cycling effects, as well as strain. Therefore, it is of large value to have access to
model systems, where all but one identified contribution can be kept constant. This can be achieved by the use of
single-crystalmetallic superlattices which can be grownwith a high structural quality and controllable strain
state [5, 6]. Furthermore, the crystalline quality and interface sharpness ofmetallic superlattices can be
maintained for different thicknesses of the layers, when the strain state is the same. This can for example be
achieved by keeping the thickness ratio of the layers (L LA B) constant, as illustrated by a number of authors
[6, 7].We also note that these superlattices can be loaded and unloaded hundreds of timeswithout any structural
degradation [8], andwe can therefore exclude irreversible influences from grain boundaries andmicrostructure.
Hence the platformprovided by thesematerials is ideal for investigationswhich require a high degree of
reversibility and reproducibility, such as the diffusionmeasurements described here.

Measuring hydrogen diffusion in thinfilms is challenging, but can be achieved, for instance, bymaking use
of optical indicator layers [9, 10]. However it is highly desirable to have access to the spatial concentration
profiles of hydrogen in the hostmaterial itself as a function of time as described by Pálsson [11]. This technique
has been applied recently to the diffusion of hydrogen in 50 nmvanadiumfilms, where the activation energywas
found to change profoundly with concentration, that was linked to a change in site occupancy, even though the
measurements were performed above the knownphase boundaries [12].When combining twomaterials in the
formof a superlattice, one can choose the spatialmodulation of the absorption potential by the choice of
composition, and the spatial distribution of hydrogen concentration is decided by the difference of the
absorption potential in the composition. Nb/Ta superlattcies [13, 14] show aweakmodulation in the hydrogen
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concentration due to the similarity of the free electron density of the elements. As a contrast to this, the use of
molybdenumor iron in combinationwith vanadiumwill result in a strongmodulation of the hydrogen density
in the superlattices [15]. For example, hydrogen is absorbed exothermically in vanadium, while it is endothermic
in iron [16]. As a consequence, the hydrogen is solely absorbed in the vanadium layers in awide temperature
range [17–20] and Fe/V superlattices can be used as amodel system for investigations of thefinite size effects.
This approach has been used for e.g. investigations offinite size effects on the thermodynamics of absorption
[17] aswell as the influence of strain on the diffusion rate ofH in extremely thinV(001) layers at low
concentration [21]. Herewe present results of deuteriumdiffusionmeasured in awide concentration and
temperature range for nFe V 2, 3, 4n 7n =( ) superlattices.Wewill demonstrate large finite size effects on the
diffusion rate, originating fromfinite size induced changes in theD–D interaction.

2. Experimental details

2.1. Sample preparation
The single crystal nFe V 2, 3, 4n n7 =( ) superlattices used for the studywere grown onMgO (001) substrate with
magnetron sputtering as described in [5, 6, 22]. The purity of theV and Fe targets is 99.95% and the size of the
MgO (001) substrate is 1×1×0.1 cm3. The thickness of the vanadium and iron layers are 7n and n
monolayers, with n equal to 2, 3 and 4. The superlattices consist of 23 (n= 2), 15 (n= 3), 11 (n= 4) bi-layers of
Fe andV layers, with one additional V layer as illustrated e.g. for Fe V4 28 (n= 4) superlattice infigure 1. The
repetition of the layer sequence is used to improve the accuracy of themeasurement aswell as to allow detailed
structural analysis of the samples. 7 nm thick palladiumwas deposited on top of the vanadium layers in order to
catalyze the dissociation of hydrogenmolecules into hydrogen atoms. In addition, the palladiumprotects the
vanadium fromoxidation. A 10 nm thick amorphous Al O2 3 film is deposited on top of the samples, leaving two
0.1 cmwide stripes of palladiumopen at both ends for hydrogen to enter and subsequently diffuse along the
[110] axis in the vanadium layers. The epitaxial relation between film and substrate is Fe/V (001) MgO 001 ( )
and Fe V 100 [ ] MgO [110] [5]. A schematic illustration of the similar superlattices can be found in [23]. They
were characterised by x-ray reflectivity and diffraction as described in [6, 8]. Briefly they are fully coherent
throughout the total thickness of the samples andwith an in-plane coherence length of several hundred nm [6].

2.2. Concentration profile determination
After inserting the sample, the chamberwas baked for 2 d, reaching a base pressure of low 10−9mbar. As the
sample is exposed to an atmosphere of deuteriummolecules (D2), they can spontaneously dissociate on the
unocoated palladium surface andmigrate into the sample (see the inset offigure 1). This gives rise to a high
deuterium concentration under these areas, which acts as a source in the diffusion experiments.

The deuterium concentration can be calculated from changes in the transmitted light intensity using [17, 24]

c
I c

I
ln

0
, 1a=

⎡
⎣⎢

⎤
⎦⎥

( )
( )

( )

α is a scaling factor; I(c) is the light transmission after hydrogenation; I(0) is the light transmission in the absence
of hydrogen (D). The lateral resolution of the optical system is 10μm, and thewavelength used is 625 nm.
Representative concentration profiles obtained from themeasurements are illustrated infigure 1.

Figure 1.Deuterium concentration profiles at 453K obtained for the Fe V4 28 superlattice. Deuterium is introduced into the samples
fromboth sides. The sample design is symmetric around the point x 0.4 cm= and only one quarter is illustrated as an inset in the
figure.
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2.3.Determination of diffusion constants
The diffusion constants were extracted from the concentration profiles, as described in [12]. Briefly, Fick’s
second law

t x
D

x

c c
2c

¶
¶

=
¶
¶

¶
¶

⎜ ⎟⎛
⎝

⎞
⎠ ( )

is used to describe the diffusion process. The samples can be treated as a semi-infinite systemwithin the given
time frame.One can integrate both sides of the equation from x to L and obtain
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The concentration dependentDc from the profiles c(x) can be extracted at constant times t by this integration
method given by:
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The analysis of the data is restricted to the times forwhich the actual boundary and initial conditions hold [12].
Empirically we have found that this holds for the concentration profiles in the range from x=0 to
x L 0.2 cm= = for t�200 s using the approach described here. The deuteriumdiffusion coefficientsDc as a
function of position and time are obtained from equation (5) using numericalmethods. This involves smoothing
of the concentration profiles in order to reduce the noise in the data (here an 11 point 2nd order Savitzky–Golay
filter was used for the profiles). Thefinal diffusion coefficients are obtained as the average value of the diffusion
coefficients from the different deuterium concentration profiles in the timewindow 0–200 s, at the
corresponding concentration c. Here the concentration range is divided into intervals of width of c 0.01D =
[D/V].More details can be found in reference [12].

If theDc is independent of concentration, the analytic solution of Fick’s law is given by
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for our boundary and initial condition from x=0 to x L 0.4 cm= = throughout the time range (t1500 s) of
diffusion [21]. This function fits concentration profiles of hydrogen diffusion inmetals verywell at c0.05 [D/
V] [21], which is used to extract the deuteriumdiffusion coefficients at low concentration in the current study.

3. Results and discussion

3.1. Concentration dependence of hydrogen diffusion
The deuterium concentration profiles as a function of timewere determined for all the superlattices in the
temperature range 383–523K, as for example illustrated infigure 1 for Fe V4 28. From this data we extract the
concentration dependent diffusion in a single experiment, as described above and illustrated infigure 2. The
diffusion constants are therefore extracted under identical external conditions of temperature and applied
deuteriumpressure. As seen infigure 2, a clearminimum in the chemical diffusion coefficients is obtained. The
observed trend is consistent with that in both bulk and thinfilms of vanadium [12, 25]. At low concentrations,
the diffusion coefficients for the nFe V 2, 3, 4n n7 =( ) superlattices approach the same value, which is consistent
with the absence offinite size effects of the chemical diffusion in the low concentration limit [23].We note a
marked departure of the diffusion rate values between the three superlattices as the concentration is increased
above 0.1 [D/V].We denote the observedminimumdiffusion value as Dcm for later reference.

To ascertain themechanismbehind these finite-size effects, we examine the full expression for the chemical
diffusion [16, 26]
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whereHR(c) isHaven’s ratio, D c0( ) is theArrhenius prefactor, Ea is the activation energy, kB is Boltzmann’s
constant, andμ is the chemical potential.Multiplying by the temperature and taking the natural logarithmof
both sides yields:

3

New J. Phys. 19 (2017) 123004 WHuang et al



TD c T
E

k T

D c

H c

c

k

c T

c
ln , ln

,
. 8o

c
a

B R B

m
=

-
+

¶
¶

⎛
⎝⎜

⎞
⎠⎟[ ( )] ( )

( )
( ) ( )

Wecan now identify possible roots to the finite size effects using equation (8), as illustrated infigure 3where
we display TD c Tln ,cm[ ( )]as a function of 1/T. A linear dependence is observed, wherebywe conclude that the
temperature dependence of the derivative of the chemical potentialmust beweak.We see directly from figure 3
that the slopes and consequently the activation energy is the same for all the samples. Fitting of equation (8) to
the datawas therefore donewith a common value for the activation energy and the product

Y D c H cc

k c o R
B

= m¶
¶

( ) ( ), thesefitting parameters are summarised in table 1. Since there is no difference in the

chemical diffusion at different thickness of vanadium for low concentration range [23], we conclude that there is
no intrinsicfinite-size dependence to the prefactor D c0( ) andHaven’s ratioHR(c). If we assume that these
quantities do not change stronglywith thickness at higher concentrations, the changes in the diffusion rate

(around 0.2 [D/V])would need to originate from the changes in
c

m¶
¶
. Thisfinding is in line with the obtained

Figure 2.DeuteriumDc plotted versus concentration at different extension of vanadium layers at nFe V 2, 3, 4n n7 =( ) superlattices.
The red (colour on-line) open square and triangle correspond to the results offit using equation (6) for concentration profiles at low
concentrations in samples Fe V4 28 and Fe V2 14, respectively.

Figure 3.Product of deuteriumminimumDc and temperature versus inverse temperature at different extension of vanadium layers
for nFe V 2, 3, 4n n7 =( ) superlattices.

Table 1.Activation energies and prefactors in the adapted
Arrhenius equation (equation (7)).

Sample Ea (eV) D c H c cm K sc

k c o R
2 1

B

m¶
¶

-( ) ( )[ ]

Fe V2 14 0.40±0.01 72.0±18.5

Fe V3 21 0.40±0.01 25.1±6.4

Fe V4 28 0.40±0.01 11.5±2.8
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changes forH in thinV(001) layers, where the interaction energy was found to decrease with the inverse
thickness of the layers [17].

A simplemodel for the chemical potential inmetal hydrides that can be used to capture these effects is
[17, 27]

u uc k T
c

r c
ln , 90 Bm = - +

-
( )

where u0 is the binding energy, u the interaction energy and r themaximum concentration. Xin et al [17] found
that the critical temperature (Tc) scales linearly with the inverse thickness in similar superlattices which also
holds for the interaction energy in themeanfield approximation, whence u u L ( ). Taking the derivative of the
chemical potential in thismodel yields:

c
u L k T

r

c r c
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Thus, when the interaction energy u is the dominating contribution to the changes in equation (10), the
c

m¶
¶

should scale with the inverse thickness of the layers. The essence of this analysis is illustrated infigure 4, the

changes in the productY, which is related to
c

m¶
¶

and chemical diffusion of deuterium, are well captured by the

assumed inverse thickness dependencewhich supports the interpretation provided above. Atfirst sight one
might expect a negative slope as in equation (10), however a closer look at Xin’s expression [17] shows that the
sign is reversed in the thickness dependence. Hence the present interpretation also captures the sign of the
changes, which lends further credence of thismodel.

4. Conclusions

Weconclude that the profound (factor of 5) increase in the chemical diffusion constant arises from changes in
the chemical potential and its derivative when changing the thickness of the vanadium layer from28 to 14
monolayers. These changes (chemical potential and its derivative) arise from finite size effects, where the absence
of neighbours at the interfaces reduces the effective attractive elastic interaction.We are also able to separate out
the effects of strain and purefinite size, as the superlattices considered in this work are tuned to have the same
strain state when the thickness is altered. The results highlight the large influence of the interaction between light
interstitials on their chemical diffusion in condensedmatter. The results from this study could aid the
understanding that underpins the improvement of kinetics of uptake and release in hydrogen based storage
materials and batteries. These results can be generalised in that anymechanism, such asfinite size or doping, that
modifies the phase diagramdue to a change in the interaction energy (and subsequentlymanifested in a change
in the thermodynamic factor), will also cause a concomitant change in the kinetic properties, as clearly
demonstrated here in the case of hydrogen diffusion in thin vanadium layers.
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