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bstract

We measure the evolution of the optical transmission (200–760 nm) and the electrical resistivity of Ho films, 50 nm thick, as a function of
concentration up to 2.9 [H]/[Ho]. The Ho films are covered with a 15 nm thick Pd overcoat for hydrogenation and ex situ measurements.

oncentration is measured using a quartz crystal microbalance; the films are deposited in a high vacuum chamber and all measurements are

ade at room temperature. From the measured transmission spectra, using an inversion method, the complex refraction index of the Ho film is

etermined; from it the dielectric function, ε = ε1 + iε2, is calculated. This procedure is applied to the hydrogenated Pd coated Ho films finding the
volution of ε as a function of hydrogen concentration. Furthermore, using the inversion method in the trihydrided films the plasma frequency and
he band gap are calculated.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen absorption in rare earths (RE) has been extensively
tudied in many and diverse forms. Of particular interest has
een the study of their optical properties after the discovery by
uiberts et al. [1] of their dramatic changes upon reaching the

rihydride phase. Although more complex systems [2,3] are now
he center of study for possible application as switchable mirrors
4], their study continues trying to understand further aspects of
he basic phenomena involved [5].

As one of the RE, holmium also shows the metal-insulator
ransition as it absorbs hydrogen and concentration nears 3 [6].
owever, very few works centered on its optical properties are

ound in the literature and to our knowledge, none on Ho thin
lms. In this work we present the evolution of the transmission
pectra of these films as hydrogen is absorbed and extract further
nformation from them.
∗ Corresponding author. Tel.: +506 207 4705; fax: +506 225 5511.
E-mail address: deazofei@cariari.ucr.ac.cr (D.E. Azofeifa).
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. Experimental

.1. Deposition and hydrogenation

The films are prepared in a high vacuum chamber at a 4 × 10−7 Torr base
ressure by electron beam deposition. The Ho (3N) films are deposited on
uartz substrates and immediately covered with a Pd (3N) protection layer to
llow ex situ optical measurements. Their thicknesses are between 50 nm and
0 nm for the Ho films and between 12 nm and 17 nm for the Pd overcoat.
heir geometric form is a 1.2 cm diameter circle which allows simultaneous
easurements of transmission and resistivity. Further details of the sample

reparation are given in [7]. A twin sample is deposited on a previously cal-
brated quartz crystal microbalance (QCM) to determine the concentration,
= [number of H atoms]/[number of metal atoms], details are given in Ref. [8].
nce deposited, the bilayer is moved to a hydrogenation chamber which is evac-
ated to 2 × 10−5 Torr before hydrogen gas is allowed in. The pressure increase
ate is around 20 mTorr/min up to 10 Torr. Thereafter the rate is increased to
pproximately 20 Torr/min until a maximum pressure of 600 Torr is reached.
his slow rate is chosen to have the gas-film system in quasi-equilibrium and

hus allowing concentration calculations using the QCM data. Due to the affinity
f hydrogen with the RE, the hydrogen concentration in the as-deposited films,
ay not be exactly zero but within the uncertainty of our measurements the

nitial concentration is taken as such. Samples and measurements are made at
oom temperature.
.2. Electrical and optical measurements

The electrical resistivity, ρ, is measured using the van der Pauw method [9]
n the same sample on which the optical transmission is measured. The four

mailto:deazofei@cariari.ucr.ac.cr
dx.doi.org/10.1016/j.jallcom.2007.02.061
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lectrical contacts are placed at the end of two perpendicular diameters and
he measurements are recorded by means of a data acquisition unit (Agilent
4970A). This unit also records the pressure measurement done with a baratron
ype meter.

The transmission spectra, Texp(λ), in the visible and near ultraviolet
200–750 nm) are taken with a spectrometer (Avantes 2048) illuminating from
he Pd side with normally incident light. Texp(λ) is continuously measured as
as is slowly introduced in the hydrogenation chamber.

. Results and discussion

.1. From electrical measurements

The resistivity of the Ho film, ρHo, is calculated assuming
parallel model in the bilayer and the known behavior as a

unction of H pressure for the resistivity of the Pd coating (ρPd).
s depicted in Fig. 1, ρHo(x) has a similar behavior to other RE’s.
fter a small initial increase (maximum at x = 0.21), it decreases

eaching a minimum of 0.2ρHo(0) as concentration nears 2.0,
nd then it shows a large increase which begins as concentration
ears 2.1. This increase indicates that the trihydride is being
ormed and the M–I transition has occurred.

.2. From optical measurements

The optical transmission measurements as a function of
avelength and hydrogen concentration for a bilayer are shown

n Fig. 2. The large increase in Texp(λ) for concentrations larger
han 2.2 indicates that the M–I took place in the Ho film. This
ncrease is smaller for shorter wavelengths, i.e., higher energies,
nd disappears below 370 nm. Also, as in other RE:H systems,
transmission window occurs approximately centered on x = 2.

n the case of Ho this window is noticeable from λ = 370 nm to

he highest λ measured and for 1.9 < x < 2.1

From these measured spectra, Texp(λ, x), the values of refrac-
ion index and extinction coefficient of the Pd, n and k, and of
he Ho, N and K, are retrieved. From them the complex dielec-

ig. 1. Normalized resistivity of a Ho film 60.2 nm thick caped with 12.6 nm Pd
lm as a function of hydrogen concentration. The data was obtained assum-

ng a parallel behavior in the bilayer. Initial resistivity for the Ho film is

o = 121.5 �� cm. A rapid increase occurs as H-concentration increases above
indicating a M–I transition.
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ig. 2. Transmission of a Ho(50.1 nm)/Pd(12.6 nm) bilayer as a function of H
oncentration in the Ho film and wavelength. The large increase in the visible
egion indicates the M–I transition in the Ho film. The transmission window
entered at x ≈ 2 is clear in the region between 375 nm and 750 nm.

ric functions for each metal are calculated. In this form their
volution as a function of hydrogen concentration is studied.
he retrieving procedure was done applying an optimization
ethod based on a projected gradient formalism. The details of

his numerical approach have been published elsewhere [10–12].
he optimization gradient methods require an initial estimation
f the optical constants of the bilayer component materials. In
he spectral region considered, the quartz substrate is taken as
on-absorbing material, whose optical constants have been taken
rom the literature [13]. For the Pd coating layer values of n and
were taken from [14] (see circles in Fig. 3a) and used as a first

pproximation for the optical constants during all the optimiza-
ion calculations. As for the initial values of N and K, the optical
onstants of Ho, we used those reported by Weaver and Lynch
15] made on crystalline Ho samples (see circles in Fig. 3b).
he retrieved values of the dielectric function, ε = ε1 + iε2, for
oth metals are shown in Fig. 3. As expected both materials
isplay a metallic character in the visible and near ultraviolet,
ith negative values for ε1 and decreasing ε2 as energy increases.
dditionally Ho results show some structure for energies around
eV and a departure from the crystalline sample behavior in the
V region. However, the close similarity between the retrieved
alues and those reported, indicates that contamination in our
amples is not significant.

The optimized values for the Pd and Ho optical constants of
he as-deposited unhydrided bilayer system were used as the first
pproximation for the optical constants of the hydrided Pd coated
o film with x = 0.56 to invert the corresponding transmittance

pectrum. This new solution provides a first approximation of
he optical constants of the hydrided Pd coated Ho film for the
ollowing concentration considered, and so on. The results are
epicted in Fig. 4 where the spectral dependence of the real and

maginary parts of the dielectric function of a hydrided Ho film
re displayed for a few particular concentrations.

Congruent with the resistivity results, the overall evolution
f the dielectric function of the Ho:H system is to a semi-
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Fig. 3. Optimized values of the dielectric function: (a) of a Pd layer 12.6 nm
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Fig. 4. Spectral dependence of the real (a) and imaginary (b) parts of the dielec-
tric function of a hydrided Ho film 50.1 nm thick coated with a Pd layer of
t
p
c

o
i
lar materials in Table 1. This table shows that Ho has the largest
gap among the similar RE’s trihydrides considered.

With the purpose of checking possible oxygen contamination
during the hydrogenation process, one sample was submitted to

Table 1
Values of the optical band gaps for different trihydride rare earths; the first three
are from our own calculations

Element Eg (eV)

Ho 3.30
Tb 2.6
Dy 2.35
Gd 2.38a; 2.55b

La 1.8c

Y 2.4c
hick and (b) of a Ho film 50.1 nm thick. They (solid lines) were obtained from
he as deposited bilayer optical transmittance spectrum. The circles specify some
f the values taken from the literature as initial estimation.

onducting material. The behavior of ε2 indicates that the
bsorption of light decreases significantly in the visible range as
he HoH3 composition is approached. The residual value in ε2
ndicates that some absorption is still occurring in the trihydride
hase which may be due to the presence of localized states in the
nterband region that allow some energy absorption. ε1 becomes
ess negative in the visible wavelength range, with small vari-
tions in the near UV and with a crossover defining a plasma
requency, this gives a value of h̄ωp = 2.30 eV for the dihydride
nd tends to a value of 2.87 eV at the higher concentrations
eached. Fig. 5b displays the blue shift of the plasma frequency
hen the film is exposed to increasing hydrogen pressures, the
alue for the crystaline Ho was also included as calculated from
he values reported by Weaver and Lynch [15] an indicated in
ig. 5a.

Of particular interest is the semiconducting behavior of the
o film with the highest hydrogen concentration in which the
rihydride phase has formed. In this case the absorption coef-
cient, α = 4πK/λ, is calculated and the result is plotted as a
unction of energy (Tauc plot) [16]. Best fit is found if indirect
llowed transitions are assumed. From this plot (see Fig. 6), the
hickness 12.6 nm, for a few values of H concentration in the Ho film. Both
arts of ε show the change towards the semi-conducting phase as hydrogen
oncentration increases.

ptical gap has been estimated as Eg = 3.30 ± 0.05 eV. This gap
s compared with others found in the literature [17–19] for simi-
a From Ref. [17].
b From Ref. [19].
c From Ref. [18].
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Fig. 5. (a) Energy plasma frequency of a hydrided Ho film under increasing
hydrogen pressure, displaying the frequency shift from the IR to the near UV.
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he inset in Fig. 4a indicates the corresponding concentration values for each
ressure. The value of h̄ωp for the crystalline Ho (non-hydrided) was calculated
rom the spectral behavior of ε1 given in Ref. [15], which is depicted in (b).
everal hydrogenation cycles [20], calculating Eg at the end of
ach one; also the absorption coefficient in the region described
y the Urbach rule, for energies lower than the optical gap, was
alculated after each cycle. Neither Eg or α showed an appre-

ig. 6. Tauc plot to estimate the optical band gap from a Ho film 50.1 nm thick.
est fit is obtained assuming indirect allowed transitions (m = 2) involved in the
xcitation of electrons through the gap characterizing the HoH3 state.
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iable change as a function of hydrogenation cycle. From the
onsistency of these parameters and the large difference between
ur estimated optical gap in HoH3 phase and the holmium oxide
ap: 5.2 eV [21], we conclude that the effect of oxidation is not
ignificant in our samples.

. Summary

The evolution of the electrical resistivity and the optical trans-
ittance on hydrogenated Ho thin films shows a transition from

he metallic state to the semi-conducting phase as hydrogen con-
entrations goes above 2.1. We have calculated the values of the
ielectric function of films of Ho and its hydrided phases. For
he semi-conducting trihydride phase we have also calculated a
lasma frequency energy of 2.87 eV and a band gap of 3.30 eV.
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