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Abstract 

A new method has been developed to synthesize compact yttriumtrihydride by making use of a thin film technique. For 
electrical measurements yttrium films of typically 500nm thickness are covered under UHV conditions by a 5 nm thick 
palladium overlayer which consists of electrically disconnected islands. Loading of these films with hydrogen up to the 
trihydride phase can then be done ex-situ in a reasonably short time (around 20-40 h) by applying gas pressures of about 
60 × 105 Pa. For a thicker Pd layer (above 20 rim) this time can be considerably shorter (t - 125 s). The film morphology stays 
intact during the loading process although the film thickness increases by approximately l 1% and the crystal structure changes 
from h.c.p, to f.c.c, and back to h.c.p. These samples are, therefore, very well suited for an investigation of the remarkable 
electrical and optical properties of trihydrides, as recently reported by Huiberts et al. (Nature. 380, 1996, 231 ). In this article we 
give evidence for the island structure of the palladium overlayer and make a comparison of a number of physical properties of 
yttrium and its related hydrides as thin films with literature values for the same material in bulk form. These properties include 
lattice parameters for the different hydride phases, electrical resistivity for yttrium and its dihydride and Hall coefficient for 
yttrium. The characteristics of the yttriumhydride thin films are very similar to those of bulk material. Furthermore, we 
performed concentration measurements and resistivity measurements during hydrogen loading. It is shown that the resistivity 
rises three orders of magnitude when yttrium is loaded up to the trihydride phase at 60 × 105 Pa. 

Keywords: Hydrogen in metals; Metallic films; Characterization: Trihydrides; Metal-insulator transitions 

1. Introduction 

Trihydrides are among the most remarkable  m e t a l -  
hydrogen systems. Because of the large amount  of 
absorbed hydrogen, there are drastic changes in their 
electrical and structural properties.  So far, only prop- 
erties such as the specific heat [1], magnetic order [2], 
electronic [3,4] and crystal structures [5] could be 
investigated quite extensively [6]. Measurements  of 
the electrical properties,  however,  were always compli- 
cated by the rapid oxidation rate of the parent  metals 
and by the fact that the trihydrides could only be 
produced in the form of powders. Direct measure-  
ments were per formed on single crystals but only up to 
the composit ion MH2.75 [7]. Q factor resistivity mea- 
surements [8] were carried out for L a H  2 +~ with higher 
concentrations (0.80 < z < 0.90) [19], but the absolute 
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resistivity values were only accurate within a factor of 
2 o r 3 .  

In this paper  we present a simple alternative method 
to synthesize trihydride samples which are suitable for 
direct measurements  of the resistivity, Hall coefficient, 
optical transmission/reflection or any other physical 
quantity requiring compact  samples. A detailed de- 
scription of the preparat ion and characterization of 
these samples is presented. We also show that the 
electrical propert ies of our YH,  films are essentially 
the same as those of bulk samples with the same 
composition. This comparison is of course only pos- 
sible as far as bulk data are available. The good 
agreement  confirms the quality of our samples which 
can, therefore,  be used with confidence for a detailed 
study of electrical, galvanomagnetic and optical prop- 
erties. Very recently we reported on optical and electri- 
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cal properties for YH,  with x up to 3 [10], while in the 
future we will report on electrical measurements for 
YH x with x up to 3, in fields up to 7 T and tempera- 
tures from 4 to 360K at hydrogen pressures up to 
1(1 ~ Pa. In particular we were able to demonstrate that 
YH 3 is a large gap semiconductor and that near the 
metal-in.sulator transition the optical properties 
change so drastically that it can be used as a switch- 
able mirror (YH 2 is metallic and shiny while YH 3 ~ is 
semiconducting and transparent). 

The central idea of our method is to use a thin Pd 
overlayer to enhance hydrogen absorption as first 
proposed by Pick et al. [ l l]  for Group V transition 
metals. They found that at 500 K the sticking coeffi- 
cient of H on Ta increased to unity when it was 
covered by a palladium overlayer of more than five 
monolayers. They also noticed that the Pd overlayer 
greatly enhanced the hydrogen sticking coefficient for 
Nb at lower temperatures (310K). That hydrogen 
loading in yttrium up to the stoichiometric trihydride 
can be performed at room temperature was first 
predicted by Yannopoulos et al. [12]. 

The use of the overlayer enables us to perform 
ex-situ measurements in contrast with early measure- 
ments or~ trihydride forming thin films (e.g. Y [13-15], 
Ho [16], Er [17], Tb [18]) which had to be loaded in an 
ultra-high vacuum system. In the past the loading was 
done by exposing the films to a hydrogen atmosphere 
at either room temperature [13-151 or elevated tem- 
peratures [16-18] (around 570 K) after evaporation of 
the base metal. At room temperature the loading 
times (to reach the trihydride) were extremely long 
(days) while in the second loading type (at high 
temperalures) the films turned into powder before 
reaching the trihydride phase. Furthermore, the hydro- 
gen uptake slowed down considerably above the 
dihydride phase, possibly due to oxidation of the 
surface. As we were originally interested in synthe- 
sizing traly stoichiometric trihydride YH 3 for inves- 
tigations under high hydrogen pressure (in the 10 GPa 
range in a diamond anvil cell), such an in-situ method 
is not well suited. For this purpose it is essential that 
the films can be removed from the UHV system after 
deposition and transferred to our cryogenic hydrogen 
high pressure system. 

This Faper is organized as follows. In Section 2 we 
describe the yttrium film deposition and the use of the 
palladium caplayer (2.1). Furthermore we describe the 
experimental techniques used in this work to load the 
samples with hydrogen (2.2), determine the hydrogen 
concentration (2.3), measure the resistivity and the 
Hall coefficient (2.4). Section 3 reports the experimen- 
tal results. It starts with an optimization of the pal- 
ladium :aplayer (3.1) and some results concerning 
oxidation (3.2). This is followed by the hydrogen 
concentration (3.3), X-ray (3.4) and resistivity mea- 

surements during (3.5) and before (3.6) hydrogen 
loading. A short subsection is dedicated to resistivity 
measurements near the dihydride phase (3.7), the 
increased residual resistivity of our films (3.8) and Hall 
measurements (3.9). Conclusions are given in Section 
(4). 

2. Experimental 

2. I. Film preparation 

Yttrium films were evaporated on A120 3 substrates 
under UHV conditions by means of an electron gun. 
The purity of the yttrium base material was 99.9% and 
the main impurities 0.061% Ta and 0.0053% Gd. The 
thickness of the yttrium layers was typically 570 nm. A 
Pd overlayer was used for : (i) the catalytic effect of 
Pd on hydrogen dissociation, (ii) the increase of the 
hydrogen sticking coefficient and (iii) the protection of 
the yttrium film against oxidation, which would block 
the absorption completely. During deposition the layer 
thickness was controlled by a quartz crystal microbal- 
ance (QCM). The evaporation rate was between 0.2 
and 0.5 nm per second. The palladium overlayer was 
evaporated by thermal heating of a palladium spiral. 
The optimal palladium overlayer thickness was de- 
termined to be 5 nm for electrical measurements (see 
Section 3.1). For optical measurements we used a 
thicker (20nm) Pd layer to increase the hydrogen 
absorption rate. The substrate was not heated during 
the evaporation of either the yttrium or the palladium 
overlayer since heating the substrate to temperatures 
above T - 4 2 5  K leads to an interdiffusion of the Pd 
overlayer into the yttrium film. The base pressure of 
the system during deposition was in the 10 v Pa range. 
Apart from the pure yttrium films we also produced a 
number of yttrium films with 5%, 10% and 20% 
barium. These films are only used for the characteriza- 
tion of the overlayer structure. Evaporation on other 
substrates (diamond, suprasil, mylar, glass) showed 
that the choice of substrate is not a critical one. More 
important is the quality of the substrate surface before 
evaporation. Proper cleaning (aceton, HNO~) is neces- 
sary to avoid blistering of the film. Especially the 
presence of water on the surface must be avoided. 
Before evaporation we performed a prebake of the 
substrate in UHV for about 10 h at T--500 K. 

2.2, Hydrogen loading 

For the present investigation the loading of the films 
with hydrogen was done by applying hy_drogen gas 
pressures p ~  up to a maximum of 60 × 10 ~ Pa at room 
temperature. For measurements of e.g. electrical resis- 
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tivity and Hall effect as a function of temperature,  the 
gas pressure was kept constant as no information 
about the pressure-composi t ion isotherms of the sys- 
tem were available for temperatures below 500 K. It 
was thus impossible to adjust the pressure during the 
temperature  sweep so as to keep the hydrogen con- 
centration in the sample strictly constant. As the 
hydrogen absorption process in yttrium is exothermic 
the concentration should increase with decreasing 
temperature.  However,  for a material such as YH 3 ,~ 
the hydrogen concentration remains nearly constant 
since the hydrogen diffusion timescale at the tempera- 
tures of interest (T < 350 K) is longer than the time- 
scale of the temperature  sweep. Furthermore,  at high 
hydrogen concentrations it follows from the high 
temperature  solubility isotherms that there is hardly 
any change in composition with pressure. This was 
substantiated by resistivity measurements in which a 
YH,  film was cooled down (1 K min) at P m =  60 × 
105 Pa hydrogen gas pressure and subsequentl3~ heated 
up in 1 × 105 Pa pure helium gas after evacuating the 
hydrogen gas. Comparing resistivity measurements 
performed in this way with those when the same 
sample was both cooled down and heated up at 60 × 
105 Pa hydrogen gas pressure showed, even in this 
extreme case, no significant differences below 300 K. 
As the resistivity is directly related to the hydrogen 
concentration we conclude that the effect of hydrogen 
diffusion and concentration changes during a tempera- 
ture sweep are very small for PH, > 1 × 10 ~ Pa. 

To apply pressures up to 60 >~ l0 t Pa at tempera- 
tures down to 2.0 K we constructed a cryogenic pres- 
sure cell. The sample holder made of copper is about 
10cm long and has a diameter  of 8.0mm. It can 
accommodate one sample and two thermometers.  
Temperatures  were measured by using a Pt l00 resist- 
ance thermometer  for high temperatures and a 100 kl~ 
RuO 2 thick film resistance thermometer  for low tem- 
peratures (T < 40 K). One of the problems with the 
use of Pt l00 thermometers  in a hydrogen atmosphere 
is that platinum adsorbs hydrogen at the surface, 
which results in a resistance increase. This problem is, 
however, relatively easy to cope with because the 
temperature derivative of the resistivity does not 
change. The Pt l00 thermometer  behaves as if hydro- 
gen had peeled off a thin layer from the resistor wire. 

2.3. Hydrogen concentration measurements" 

Hydrogen concentration measurements were per- 
formed with a QCM [19]. This method proved to be 
reliable even in situations with small absorbing vol- 
umes, e.g. in absorption and adsorption studies on 
palladium [20]. By applying a high frequency electric 
field a quartz crystal can be brought into a fundamen- 

tal resonant mode at typically 6 MHz. This frequency 
(f,~.~) depends on the mass which is mechanically 
connected to the crystal. It is thus possible to measure 
small mass changes by monitoring the shift of the 
resonance frequency. In this way we determined the 
amount  of yttrium atoms during evaporation as well as 
the amount  of hydrogen absorbed in the yttrium film 
during loading. The maximum frequency shift caused 
by hydrogen absorption is approximately 6 × 102 Hz. 
For hydrogen concentration measurements a 532 nm 
thick yttrium film was evaporated on the electrode of a 
quartz crystal and subsequently covered with a 52 nm 
thick palladium overlayer. After  the evaporation we 
mounted the crystal on an especially designed holder 
attached to a high pressure system. Hydrogen absorp- 
tion measurements were performed at room tempera- 
ture up to PH~ = 40 × 105 Pa. Corrections had to be 
made on the observed resonance frequency shift 
because of the change in coupling of the crystal with 
the surroundings due to the increasing hydrogen gas 
pressures [21]. This was empirically established by 
measuring resonance frequency changes of a quartz 
crystal without a yttrium film, both as a function of 
hydrogen and helium gas pressure. Before hydrogen 
loading we measured again the frequency shift for the 
quartz crystal with the yttrium film under helium 
pressure (PHi). The fact that the crystal was covered 
with a yttrium film had no effect on dfr~/dpH ~, so that 
we can use the corrections due to hydrogen gas 
pressure as measured for the uncovered crystal. These 
corrections are of the order of 2 × 102 Hz. As expected 
this value turns out to be approximately the same for 
different crystals. The starting hydrogen concentration 
in yttrium was established (i) by analyzing the resistiv- 
ity data before loading and (ii) by X-ray measure- 
ments of a similar film after evaporation under the 
same conditions. The hydrogen concentration in pal- 
ladium was established from previously performed 
measurements on Pd thin films [22]. The palladium 
overlayer should not have any influence on the pres- 
sure-composi t ion isotherms of yttrium at equilibrium 
since the chemical potential of H in Pd is equal to the 
chemical potential of H in yttrium. The total relative 
uncertainty arising from noise in the frequency mea- 
surement and the error in the thickness determination 
amounts to 1.5%. 

A completely different source of uncertainty in the 
hydrogen concentration is related to the structural 
phase changes (Y is h.c.p., YH 2 is f.c.c, and YH 3 is 
again h.c.p.). During such a phase transition the elastic 
properties of the material change and induce (at 
constant mass) a frequency shift. The error caused by 
this effect is small. According to Maier-Komor [19] the 
error is smaller than 1% up to a coverage of 
4 .0mgcm 2 However,  one should realize that this 
error  applies to the total mass of the sample, and since 
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the change in mass due to hydrogen uptake is only a 
small portion of the total mass the error  in the 
determination of the amount  of hydrogen can in 
principle be considerable. The coverage in our case is 
0.25 mg cm 2 and from theory the error  in the total 
mass is then smaller than 0.1%. This means that in 
principle one might expect shifts of the measured 
concentration as high as 0.09 near the trihydride 
phase. This "'worst case analysis" applies to a case 
where the elastic properties vary in a very strong way 
during the phase transition. This follows from the 
following simple equation [19] for the mass change 
ADI : 

1 (1  l )  
Am ~- /,, .~ (1) 

where Z o is the elastic constant of quartz, and f, and ff 
are the frequencies respectively before and after the 
mass change. The elastic constant is given by the 
equation Z = p v  where p is the density and v the 
velocity of sound. In the case of a "reasonable"  value 
for YH 3 (Zvu / Z  o ~ 1.5), the mistake made by using 
Eq. (1) is negligible. If, however, the trihydride has a 
more exc,tic value for the elastic constant ( Z v u / Z  o 
3.5 can be used as an upper boundary)  we get the 
above-mentioned shift of 0.09 which represents a 3% 
error in :c = Y/H near the trihydride composition. 

To protect totally the yttrium film (with a diameter 
of 4 .5mm) from oxidation we covered it with a 
palladium film of 6 .0mm diameter. Furthermore,  we 
designed the high pressure holder in such a way that it 
can be attached to the U H V  evaporation chamber. In 
this way we could measure the film thickness, as well 
as the oxidation after evaporation when taking the 
holder out of the U H V  chamber, and the mass change 
due to hydrogcn absorption during hydrogen loading. 
During the whole process the temperature is kept 
constant (and monitored as T ~ 288 K) by using water 
cooling. The oxidation process is expected to only take 
place at the sides of the sample were a complete 
coverage is difficult to attain. After taking the holder 
out of the UHV apparatus we wait while monitoring 
the oxidation until there is no detectable frequency 
shift. This procedure guarantees that no further oxida- 
tion takes place during hydrogen loading. At the same 
time we know then how many yttrium atoms have 
taken part in the oxidation process and are not 
available for the hydriding process. 

To be able to check the concentrations measured by 
means of QCM we also determined the concentration 
with the ~SN technique [23], which makes use of a 
nuclear reaction between hydrogen atoms and high 
energy nitrogen ions. The main difference between the 
ESN and the QCM techniques is the more local nature 
of the former. While in the QCM method one mea- 

sures the complete mass change (due to hydrogen 
absorption) at any moment  during absorption, the 
nuclear technique measures (depending on the energy 
of the impinging nitrogen ions) at a certain depth and 
gives an average over a depth interval. This interval 
increases (straggling effect) as we probe farther from 
the surface (higher energies). In our films this interval 
varied between 2 nm at the surface up to 20 nm at the 
bottom. Another  important difference is that in the 
~SN method the hydrogen concentration has to be 
measured in vacuum. It is then necessary to quench 
(down to T - 1 8 0 K )  the sample to stop hydrogen 
absorption and desorption before measuring. In spite 
of these differences both measuring techniques turned 
out to be in excellent agreement with each other. This 
is an important result since the KSN method is an 
absolute method while the QCM method requires a 
determination of frequency before and after hydrogen 
loading and is thus sensitive to the history of the 
loading process. 

2.4. Resistivity and Hall measurements 

Four-point resistivity measurements were performed 
in zero magnetic field between 16 and 370 K in a Thor  
C500 continuous flow cryostat with a temperature 
sweep rate of 1 K min ~ The rectangular samples 
have a length of 11 mm and a width of 2 mm. Resistiv- 
ity and Hall measurements were also carried out in an 
Oxford Instruments cryomagnetic system between 4 
and 300K. This Oxford Instruments system is 
equipped with a 7 T magnet and a hybrid bath/con- 
tinuous flow cryostat. For these measurements the 
sample dimensions were 5 mm × 0.8 mm. For the mea- 
surement of the Hall voltage we used a vector lock-in 
analyzer (Princeton Applied Research model 5204) at 
a frequency of 62 Hz. In the metallic phase currents 
were of the order of 1 mA. Contacts were made by 
thermobonding 32 ~m Al/Si wires to the yttrium films. 
The contact resistances between the wire and the 
sample were of the order of l l~. In the mixed 
( /3-YH2)-(y-YH3) phase there was no influence of the 
current from zero to 2 mA on the measured resistivity 
at room temperature.  

3. Results and discussion 

3.1. The palladium overlayer 

The palladium overlayer should satisfy two conflict- 
ing requirements: (i) it should protect the yttrium film 
and provide hydrogen gates to the sample and (ii) it 
should not affect the physical properties under in- 
vestigation. 

The optimal thickness of the overlayer for electrical 
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Table 1 
Variation of the resistivity at room tempera ture  of a 570 nm yttrium 
layer for three representat ive palladium overlayer thicknesses (19.0, 
5.0 and 2.5 nm). The configuration of the samples is given schemati- 
cally in Fig. 2. The resistivity is calculated for a 57(1 nm thickness of 
the yttrium layer 

Film A Film B Film C 
19.0 nm 5.0 nm 2.5 nm 

Before H,  
loading 
(p,l) cm) 151.6 157.0 238.7 
After  
1.0 x 10 ~ Pa 
H_~ loading 
(p.[) cm) 2696.3 35179.0 239.7 

measurements  was determined from resistivity mea- 
surements  per formed on a series of samples with 
overlayers of various thicknesses. In Table 1 we 
indicate results for three representative overlayers. If 
the overlayer is too thick it electrically short-circuits 
the YH~ layer (film A). Since the effect of hydrogen 
on the resistivity of palladium is quite small (it only 
increases by a factor of 1.7 at room temperature ,  while 
the material  stays metallic), the optimal  overlayer 
thickness corresponds to the largest resistivity change 
upon hydrogen loading. The 19 nm overlayer is clearly 
too thick as there is a large influence on the resistivity 
in the hydrided state due to the PdH(~7 overlayer  
which remains metallic while YH 3 is semiconducting. 
With a 5 nm thick overlayer (film B) the resistivity in 
the fully hydrided state at 1 × 10 ~ Pa hydrogen pres- 
sure has increased by a factor of roughly 220. Using 
the measured resistivity of film A with 570 nm yttrium 
covered by 19 nm palladium and using the known 
resistivity of the palladium overlayer we can calculate 
the resistivity of the underlying yttrium layer.This 
value is equal to the measured resistivity of film B with 
570 nm yttrium covered with 5 nm palladium. Hence in 
film B and Pd overlayer has no influence on the 
resistivity. If the overlayer is too thin as in film C, an 
impermeable  Y203 surface layer forms and no hydro- 
gen enters the underlying yttrium. From the resistivity 
of films C and B. and the information about the 
geometry of the contacts, we estimate the oxidation 
depth in the yttrium layer to be 200 nm. 

In order  to check our assumption concerning the 
island structure of the palladium overlayer,  we syn- 
thesized a 570 nm Y~),~Bao ~ sample and covered it with 
a 5 nm Pd overlayer. Barium cannot diffuse through 
the palladium layer and has a tendency to segregate at 
the surface when dissolved in yttrium in sufficient 
quantities. By making a depth profile of the top 10 nm 
of the thin film it is thus possible to obtain information 
about  the island structure of the overlayer. Depth 
profile measurements  per formed with Auger  spectro- 
scopy show that yttrium is already present  just below 
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Fig. 1. Depth profile from Auger spectroscopy of a 570 nm Y,,,,Ba<, ~ 
film with a 5 nm palladium overlayer. Depth information is obtained 
by slowly removing the surface of the sample with 0.75 kV Ar ~ -ions 
at a sputtering rate of 0.4 nm min ~ (horizontal axis). The fact that 
barium is able to reach the surface points to an island-like structure 
for the palladium overlayer. This also explains why yttrium is closer 
to the surface than the 5 nm expected from the thickness of the Pd 
overlayer. 

the surface and that a segregation of Ba takes place at 
the surface (Fig. 1 ). The measured thickness of the Pd 
overlayer appears  to be 10 nm, which is much thicker 
than the 5 nm determined from a Q C M  measurement  
during evaporat ion of the palladium overlayer. This 
can only be due to the fact that the palladium is not 
homogeneously distributed over  the yttrium film (Fig. 
2). The presence of yttrium at the surface might be 
indicative of an alloying effect between yttrium and 
palladium. This will, however, not seriously disturb the 
hydrogen diffusion as P d - Y  alloys are highly perme-  
able for hydrogen. Another  evidence for the island 
structure of the 5 n m  Pd layer can be found from 
resistivity versus tempera ture  measurements  (p vs. T) 
on the trihydride which exhibits a meta l - insula tor  
transition around 250 K, as observed in many sub- 
stoichiometric trihydride systems [6,7,9] and also in 
superstoichiometric dihydrides (e.g. YH2~ ~ [24]). A 
further evidence of the existence of islands is provided 
by atomic force microscopy (AFM) (Fig. 3). Although 
the palladium layer proved to be coherent  just after 
the evaporation,  owing to the high surface mobility of 
the palladium atoms at room tempera ture  we get an 
island formation in the first hours after sample prepa- 
ration (Fig. 3). Thus it can be concluded that the 
overlayer has no influence on the temperature  depen- 
dence of p and that although the system must in 
principle be envisaged as a parallel resistor system, the 
palladium islands form a layer with essentially infinite 
resistance. 
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Fig. 2. Schematic cross-section of the yttrium sample with (a) the 
island-like overlayer structure of 5 nm thick Pd (grey), the oxidized 
regions are shown in black, the typical depth to which they extend is 
200 nm: (b) the 20 nm thick Pd overlayer used for optical measure- 
ments, in tt is case yttrium is fully protected against oxidation. The 
substrate is A1,O~ (sapphire) in both cases, but a wide variety of 
substrates (e.g, quartz, suprasil, kapton, glass and diamond) can also 
be used successfully. 

3.2, Ox ida t ion  

Y t t r i um forms one  of  the  most  s tab le  oxides  
( Y 2 0 3 ) .  O x i d a t i o n  is t he re fo re  one  of  the m a j o r  
diff icult ies in the  p r e p a r a t i o n  of  y t t r ium films. Since an 
is land s t ruc ture  is des i r ab le  for  e lec t r ica l  resis t ivi ty  
m e a s u r e m e n t s  (especia l ly  in the highly res is t ive t r ihy-  
d r ide  y-YH~ phase)  we need  to inves t iga te  here  the  
role of  ox ida t ion  b e t w e e n  the islands.  In R u t h e r f o r d  
backsca t t e r i ng  ( R B S )  m e a s u r e m e n t s  (Fig.  4 lower  
curve b), oxygen  is de t e c t a b l e  up to a dep th  of  abou t  
175 nm. The  sys tem a p p a r e n t l y  consists  of  two dis- 
t ingu i shab le  layers:  (i)  a layer  of  400 nm pure  y t t r ium 
and (ii)  a s econd  175 nm thick layer  which consists  of  a 
pure  y t t r ium mat r ix  with Y203 spikes.  This  is in g o o d  
a g r e e m e n t  with the  ox ida t ion  d e p t h  d e t e r m i n e d  f rom 
resis t ivi ty  m e a s u r e m e n t s  on films B and  C in Tab le  1 
by  assuming  that  the d i f fe rence  2 3 8 . 7 -  151.6 #{1 cm is 
due  to a r educ t ion  of  the  conduc t ing  cross-sec t iona l  
a rea  of  the s amp le  (i.e. 2 3 8 . 7 ~ c m - 1 5 1 . 6 p A ~ c m ) /  
238.7 i ~  cm = 0.36 ~ (175 n m /  570 nm - 0.31 )). The  
mos t  p r o b a b l e  scenar io  is that  oxygen  diffuses a long  
the gra in  b o u n d a r i e s  of  the  po lycrys ta l l ine  ma te r i a l  
and  subsequen t ly  obs t ruc t s  fu r the r  diffusion of  oxygen  

by the fo rma t ion  of  the Y203  phase .  The  inf luence of  
the  Y20~ spikes  on the resis t ivi ty  is mere ly  to r educe  
the  conduc t ing  th ickness  of  the film. To cor rec t  for  this 
effect  we shall  in t roduce  be low an effect ive thickness .  

A n o t h e r  poss ib le  effect  of  the  p re sence  of  oxide  
phase  is a lower ing  of  the  m a x i m u m  ra t io  H / Y  [251 
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Fig. 3. 3-D ~FM picture of a 500 nm Y/5 nm Pd film (length × height × width - 1.0 × 0.1 × 1.0 ixm3). The underlying columnar structure of the 
yttrium film with column diameter 200 nm is visible. The height difference due to this column growth are on the order of 20 nm. The palladium 
islands are visible as white "drops" on top of this structure. The drop height is between 5 and 10 nm and the width on the order of 10 nm. 
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Fig. 4. Rutherford back scattering measurements on (a) a 570 nm 
thick yttrium film with a 5 nm palladium overlayer and (b) a 570 nm 
Y~,sBa,,~ film with a 5 nm palladium overlayer. The small peak (1) 
in curve (b) superimposed on the background around channel 150 is 
due to oxygen in the sample. Thc fact that this peak is well 
separated from the oxygen signal arising from the AI,O~ substrate 
(left from point II (i.e. at energies smaller than 0.55 MeV) implies 
that oxygen in our sample is confined to a surface layer. In curve (a) 
the amount of oxygen is much lower and not visible within the 
resolution of the experiment. 

because oxygen sur rounded  yt t r ium atoms are no 
longer  capable of  forming a y t t r iumhydr ide  phase. 
However ,  RBS measuremen t s  on a sample without  
bar ium (Fig. 4 upper  curve a) show that  there is no 
detectable effect of  oxygen.  Similarly, ~SN measure-  
ments  on a sample with a 5 nm caplayer  and a sample 
with a 2 0 n m  caplayer  showed only marginal  differ- 
ences in the hydrogen  concent ra t ion  near  the surface. 
Thus,  a l though the oxygen has a significant influence 
on the effective conduct ing  sample thickness, the total 
amoun t  of  oxygen in the sample  remains  relatively 
small (a few per  cent in the top layer). 

The residual resistivity of  our  thin film samples is 
higher than the residual resisitivity of  bulk yt t r ium 
(5.95 tx~ cm at 4.2 K) [26]. Resistivity measurements  
on the bulk yt tr ium material  used for the deposi t ion of  
our  films showed that  it behaved  in ag reement  with 
resistivity measuremen t s  on pure bulk yt tr ium as 
repor ted  in the literature. The high residual resistivity 
of  the films is, therefore ,  not  due to impuri ty  scattering 
effects apart  f rom oxygen and possible defects in the 
crystal structure.  As we show below it is also not due 
to surface scattering as the films considered here are 
much thicker than the mean  free path of  the charge 
carriers (see Section 3.8). 
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Fig. 5. Pressure composit ion isotherm of a 530 nm thick yttrium 
film covered with a 52 nm Pd overlayer measured  with a quartz 
crystal microbalance during hydrogen absorption at 288 K. 

,3.3. Hydrogen concentration 

The isotherm measured  by Q C M  measurements  on 
a 530 nm Y/52 nm Pd at T = 288 K is shown in Fig. 5. 
Clearly visible is the ( # - Y H 2 ) - ( y - Y H 3 )  coexisting 
phase plateau at a pressure of  0 .092Pa.  To our  
knowledge  this is the first i sotherm ever  measured  for 
the yt tr ium hydrogen  system at such low temperatures .  
The  plateau pressure is relatively high compared  with 
what  is expected from an extrapolat ion of  existing 
results for bulk YH., ( 2 < x < 3 ) .  The A H ~  heat  of  
format ion  can be es t imated from [28] 

l n p H , -  RT + 2R (2) 

where  SC~, = 1 3 0 . 8 1 J K  ~mol I H 2 is  the s tandard  
m o l a r e n t r o p y o f h y d r o g e n g a s a n d R  = 8.314 J mol ~ K 
is the gas constant .  With PH, =0 .092  Pa we obtain 
A H ~  = - 3 0 . 0  kJ tool 1 H. Uslng the same procedure  
for bulk we obtain AH~_~ = - 3 6 . 6 k J m o l  ~H from 
the absorpt ion isotherm at 5 2 4 K  [12] with a plateau 
pressure equal to 0.395 × l0  s Pa. The  value AH#_y = 
- 3 6 . 6 k J m o l - ~ H  is in reasonable  agreement  with 
more  accurate values AH~_~ = - 4 1 . S k J  mol ~H [29] 

and AHrs_~ ~ - - 4 4 . 9  kJ mol  I H [12] de te rmined  f rom 
the t empera tu re  dependence  of  the plateau.  The 
relatively high plateau pressure in Fig. 5 indicates that 
the heat of  format ion  in our  film is less negative than 
for bulk material.  In o ther  words, yt t r ium di- and 
tr ihydride films are slightly less stable than in bulk 
form. 

To  check effects related to a change of  the elastic 
constant  Z on Q C M  measurements ,  we also measured  
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Fig. 6. Hydrogen depth proIiles determined by means  of the nuclear 
~'N me thcd  for (a) a 5 0 0 n m  thick yttrium film with a 5 nm 
palladium overlayer with x 2.86 and (b) a 500 nm thick yttrium 
film with a 5 nm palladium overlayer with x - 1.9. 

the hydrogen concentration by means of the nuclear 
~SN method and obtained concentration profiles as 
shown in Fig. 6. The overall concentration H / Y  for the 
sample determined from the measurements after load- 
ing at 1.0 x 105 Pa (top profile in Fig. 6) is 2.86 _+ 0.02. 
The bottom curve shows a concentration profile taken 
at the moment  where the resistivity of the sample 
reached its minimum value during loading. After 
correction for straggling the overall concentration is 
found to be very close to x - 1.9. 

Both profiles in Fig. 6 indicate a somewhat lower 
hydrogen concentration in the top 200 nm as a result 
of partial oxidation near the surface. The apparent 
large saraple thicknesses (620 and 693 nm) are due to 
straggling effects and strong surface roughness 
(around 20nm from atomic force microscopy). Fur- 
thermore,  we see a strong increase upon hydrogen 
loading +3f the sample thickness (around 11% ). This 
value is surprisingly close to the relative volume 
increase (10.4%) calculated from X-ray measurements 
[30-33] on bulk samples when the hydrogen con- 
centration is increased from YH:  to YH 3. This leads to 
the conclusion that the entire volume expansion that 
occurs in bulk material is happening in the form of a 
one-dimensional expansion perpendicular to the film 
surface. This was further substantiated by AFM mea- 
surements during hydrogen loading of a typical pal- 
ladium covered yttrium film. During loading the film 
surface moved by 50 nm (10% of the total thickness), 
indicating that the total volume increase is indeed 
taken care of by a one-dimensional expansion. Since 
during hydrogen absorption in bulk yttrium from Y to 
YH~ the relative increase in the c-axis (Ac/c = 14.6%) 
is much larger than that of the a-axis (Aa/a = 0.8%), 

the one-dimensional expansion of the layer is only 
possible if there is a clear texture of the film. 

AFM revealed also a columnar structure (diameter 
around 200 nm) of the film surface morphology of the 
yttrium film with on-top Pd islands of 10 nm diameter 
and between 5 and 10nm height (Fig. 3). After 
hydrogen loading this top structure seems to be less 
sharp. An annealing process upon hydrogen absorp- 
tion is possibly responsible for this surface layer 
smoothing. 

To get a more detailed picture of the change in 
crystal structure upon hydrogen loading we performed 
X-ray measurements in the three hydrogen phases of a 
yttrium palladium film. 

3.4. X-ray measurements 

For the X-ray measurements we used a R I G A K U  
diffractometer with geometry similar to that for the 
powder method (Debye Scherrer) as our films were 
polycrystalline. The angle of incidence was set at 10 ° 
and the angle of reflection was varied between 0~ ~''~ = 
10 ° and 0)i nd = 65 ° (20 < 20 < 75°). X-ray measure- 
ments performed on a film in the yttrium c~*-YH~ 
phase (Fig. 7) indeed show that the material is ran- 
domly oriented. The calculated lattice parameters of 
the hexagonal yttrium phase (a~+=3.657A. % =  
5.759,~) are slightly different from single phase bulk 
yttrium material (a 0 3.650A. co=5.737A.  ) [34]. 
When the material is in the a* -YH,  "solid solution" 
at low hydrogen concentrations the effect of hydrogen 
on the non-hydrogenated phase is an increase of the 
lattice parameters (YH0 l, / ac~ = 3.664 A, c~ = 5.790 A) 
[30], which is in agreement with our measurements 
and the idea that hydrogen is incorporated during 
deposition. From the increase in the lattice parame- 
ters, Aa<~ = 0.007 A and Ac 0 = 0.022 A, we conclude 
that a certain amount of hydrogen is incorporated in 
the yttrium film during deposition [35]. From the 
measured Aa~ and Ac u values and from the fact that 
a . = 3 . 6 6 4 A  and c 0=5.790,& for YH0t, ~ [30] we 
estimate that the hydrogen concentration is approxi- 
mately 8.0%. 

From measurements performed in the mixed (a*- 
Y H , ) - ( f i - Y H  2 =) phase, where f.c.c, dihydride phase 
is predominantly present, we conclude that the mea- 
sured dihydride lattice parameter  (a0=5.219,X,) is 
very close to the bulk value (a<,=5.199,~ [301]. 
5.205 A [31]. 5.201 A. [32], 5.209 A [33]). 

X-ray measurements performed on a film with /3- 
YH2+ = and y-YH 3 ~ phases showed all the reflections 
from the dihydride phase. Thus the dihydride phase is 
randomly oriented and the influence of the substrate 
on the lattice parameters is small. Most reflections of 
the trihydride phase are also present, except that the 
intensity of the (100) reflection is very small. This is an 
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Fig. 7. X-ray spectra for a yttrium film of 570nm thickness at 
different hydrogenation stages. Every peak is indexed, (hkl) nota- 
tion. The asterisk indicates the presence of a second phase reflec- 
tion. The maximum intensity measured is 1100 counts s ' for the 
first peak of the YH 3 measurement. For the sake of clarity the 
different curves are shifted horizontally with respect to each other. 

indication that  the or ienta t ion of  the material  is not  
random.  The  texture of  the t r ihydride phase is proba-  
bly due to its hexagona l  close packed  structure,  which 
is of  lower  symmet ry  than that  of  the face cen tered  
cubic dihydr ide  phase. For  the t r ihydride phase we 
ob ta ined  a 0 = 3.686 A and % = 6.602 A. A compar i son  
with bulk values ((ao, co)= (3 .672A,  6 . 6 5 9 A )  [31], 
(3.674 A., 6.599 A )  [32], (3.672 A, 6.625 A_) [33]) shows 
that  a o is in general  somewha t  higher  than the bulk 
value, while c o is about  equal  to the bulk value. One  
should, however ,  bear  in mind that  there  may  be 
differences in the exact  hyd rogen  content  in the 
samples of  Refs. [30-33].  

As  the crystal s t ructure of  the thin films is hardly 
different  f rom that  of  bulk mater ia l  we expect  that  the 

3.5. Resistivity behavior during hydrogen loading 

Figs. 8 and 9 show the r o o m  tempera tu re  hydrogen  
loading curve of  a 5 7 0 n m  yt t r ium film covered  by 
respectively a 5 n m  and a 2 0 n m  thick pal ladium 
over layer  at 1 × 105 Pa hydrogen  pressure after having 
been  t ransferred in air f rom the U H V  deposi t ion 
system into the cryostat.  The  2 0 n m  coverage is a 
typical value for the optical measurements .  The  resis- 
tivity is calculated f rom the measured  resistance after 
taking into account  the effective thickness d~ff of  the 
sample.  The  effective thickness is ob ta ined  by requir- 
ing that  the slope dp/dT, calculated f rom the resistiv- 
ity versus t empera tu re  characterist ic  of  the film before  
hydrogen  loading, matches  the slope dp/dT  [26] mea-  
sured for bulk yttrium,. Al though,  before  hydrogen  
loading, the anomaly  at 175 K caused by a hydrogen  
pairing effect (after deposi t ion we have YH00~ accord- 
ing to X-ray  measurements )  is clearly present ,  it has 
no influence on this p rocedure  since dp/dT at 50 or  
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Fig. 8. Change of resistivity during hydrogen loading at room 
temperature and 1.0 × l0 t Pa hydrogen pressure. The yttrium film is 
570 nm thick and covered by a 5 nm thick palladium overlayer. At 
t - 0 s  the concentration is H/Y~0.08 since the incorporation of 
hydrogen is unavoidable even under UHV conditions. The rise up to 
point A is due to impurity scattering as the material is in the 
o~*-phase and the amount of hydrogen atoms rises with time. At 
point B the sample is (almost) pure YH 2, although there is a 
concentration gradient in the sample due to the slow diffusion. At 
t - 35 h the sample is in the y-YH~ ~ phase. 
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Fig. 9. Change of resistivity during hydrogen loading at room 
temperatu:e and 1.0 × 1() ~ Pa hydrogen pressure. The yttrium film is 
570 nm thick and covered by a 20 nm thick palladium overlayer. At 
t 0s the concentration is H/Y=0.08 since the incorporation of 
hydrogen is unavoidable even under UHVconditions. The rise up to 
point A is due to impurity scattering as the material is in the 
a*-phase and the amount of hydrogen atoms rises with time. At 
point B the sample is (almost) pure YH 2, although there is a 
concentration gradient in the sample due to the slow diffusion• At 
t ~ 125 s the sample is in the T-YH, ,~ phase. 

2 5 0 K  is the same for Y and YH0.08. The  effective 
thickness turns  out  to be 465 nm. This value is used to 

calculate, the resisitivity in the m e a s u r e m e n t s  in Figs. 8, 

10 and 11. In Fig. 8 the resistivity increases dur ing  the 

first 2 h. The  mater ia l  is in the solid so lu t ion  (a*-YHx)  

phase. The  resistivity increases because  of extra scat- 

ter ing due to the r andomly  dis t r ibuted  hydrogen  atoms 
in the mater ia l  and  a decrease of charge carriers. At  
point  A in Fig. 8 the dihydr ide  phase precipi ta tes  and 

the total  resistivity of the mater ia l  decreases.  The  
resistivity m i n i m u m  at po in t  B measu red  in this 

loading curve is characterist ic  of f l -YH 2. Af te r  the 

m i n i m u m  the resistivity rises rapidly since the trihy- 
dride is semiconduct ing  [10]. The  actual  point  at which 

the t r ihydride phase starts to form is, however,  not  

easily de t e rmined  from resistance measuremen t s .  As 
shall be discussed elsewhere,  optical t ransmiss ion  
exper iments  are needed  to m o n i t o r  the fo rmat ion  of 
the t r anspa ren t  semiconduc t ing  "y-YH 3 phase [10]. 

The  relatively short  loading t imes (20 -40  h) at room 
t empera tu re  are due to the large absorp t ion  surface- 
to -volume ratio and  the e n h a n c e m e n t  of absorp t ion  by 
the Pd overlayer .  However ,  the absorp t ion  rate is 
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Fig. 10. Resistivity curve of a 570 nm thick yttrium film (with an 
effective thickness dr t -465 nm) with a 5 nm Pd cap layer before 
ex-situ hydrogen loading. The top curve is the resistivity during 
sample cooling and the lower is the resistivity during warming. The 
inset gives the lower curve after subtraction of a straight line which 
coincides with the experimental data near 50 and near 270 K. The 
anomaly as well as the hysteresis are due to the formation of an 
c~*-YH phase as a small amount of hydrogen, x H/Y-0.08. is 
unavoidably incorporated during deposition even under UHV 
conditions [35]. 
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Fig. 1l. Resistivity curve of the same sample as in Fig. 10 at the 
resistivity minimum (see point B in Fig. 8). The sample is expected 
to be near the dihydride phase. In the inset the same curve is 
depicted after a straight line subtraction. The effect of the presence 
of optical phonons on the resistivity is clearly visible at higher 
temperatures. 

much  lower than  that with a thick Pd over layer  
because  of the presence  of the oxide phase ( loading 
t imes shorter  than  100 s can be reached for a 500 nm 
yt t r ium film with a 2 0 n m  thick Pd layer). This is 

consis tent  with the diffusion coefficient D o ~ 6 . 8  × 
10 12 cm2s  1 [36] de t e rmined  in dilute c~*-YH, for 

oc t a he d r a l - oc t a he d r a l  site hopping  at room tempera-  
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ture. The time for a H-atom to travel a distance of 
500 nm is then approximately (500 nm)2/Do --~ 368 s. 

Because of these relatively short loading times high 
temperatures (i.e. diffusion rates) are not necessary as 
they would be for bulk yttrium. Therefore  thin films 
offer the possibility of reaching high hydrogen con- 
centrations at modest hydrogen gas pressure, since the 
high x side of the /3-y  coexistence region extends to 
higher concentrations at low temperature.  An addi- 
tional advantage of our thin film trihydrides is that we 
are able to monitor  the resistivity during hydrogen 
loading at all times. The loading process may be 
interrupted at any moment  to investigate the elec- 
tronic properties of the material (e.g. by measuring 
resistivity, Hall effect, optical absorption and reflec- 
tion). 

tion that it is six times the temperature at which a 
deviation occurs in the p vs. T curves. The inset in Fig. 
10 shows the anomaly at 175 K more clearly. From 
Table 2 it is clear that the Debye temperatures of Y 
and YH 2 are the same for our thin film as for bulk 
material. The Einstein temperature,  which is related to 
the hydrogen sublattice, is higher than for bulk materi- 
al. It is, in fact, comparable with values obtained by 
Daou and Vajda [24] for a slightly superstoichiometric 
dihydride with x ~ 2.05. It is also consistent with the 
neutron spectroscopy results of Udovic et al. [38], 
which reveal optical phonons centered around 
123 meV (0~ ~ 1430 K). 

3. Z Resistivity versus temperature measurements near 
the dihydride phase 

3.6. Resistivity versus temperature measurements 
before hydrogen loading 

A typical p vs. T curve for a 570 nm Y/5 nm Pd film 
before hydrogen loading is presented in Fig. 10. The 
anomaly at T =  175 K is caused by a small amount  
of hydrogen which is always incorporated during de- 
position [35]. This was also observed in the X-ray 
measurements mentioned before. The presence of 
hydrogen is unavoidable for two reasons: (i) in every 
ultra-high vacuum system the most abundant gas is 
hydrogen and (ii) yttrium is an excellent getter for 
hydrogen. The anomaly was previously observed in 
bulk material [26] with x = H / Y  between 0.05 and 0.24 
and was attributed to a pairing of hydrogen atoms 
below 170K in the solid solution phase (a*-phase). 
This pairing is identified as taking place along the 
c-axis in the hexagonal close packed structure where 
the neighboring sites are separated by a distance of 
0.13nm. From the deviation of the linear p vs. T 
behavior due to the e lec t ron-phonon  interaction we 
can determine the Debye (0D) and Einstein (OF) 
temperatures and compare them with the values for 
bulk material [37] (Table 2). The thin film Einstein 
temperature  is determined from the inset in Fig. 11 
obtained by subtracting a straight line nearly parallel 
to the measured resistivity. The Debye temperature is 
extracted in a similar way from Figs. 10 and 11. To 
estimate the Einstein and Debye temperatures for the 
films and bulk material [37] we use the simple assump- 

The p vs. T measurement for Y H  2 (Fig. l l )  is 
performed at the moment  when the resistivity reaches 
its minimum during loading (point B in Fig. 8). The 
anomaly at 175 K has disappeared as nearly all tetra- 
hedral sites are filled. The Debye temperature of our 
thin film samples is nearly equal to the bulk material 
value, while the Einstein temperature  is higher as can 
be seen in Table 2. The slope of dp/dT= 
0.11 I~flcm-~ K is clearly larger than dp/dT= 
0.05 i~ l )cmK ~ for bulk YH 2. There can be two 
possible reasons for this difference: (i) the observed 
small shift in lattice parameter  of the thin film has a 
considerable influence on the electrical properties, and 
(ii) the real concentration is locally somewhat higher/ 
lower than x ~ 2 .  The increase in slope dp/dT, in- 
creased Einstein temperature and higher residual 
resistivity values are in reasonable agreement with the 
resistivity measurements performed on YH205 by 
Daou and Vajda [24]. 

3.8. Residual resistivity 

As mentioned above the residual resistivity of our 
films is clearly higher than that of bulk YH x, in 
agreement with the results of Curzon and Singh 
[13,14]. We show here that this is not due to surface 
scattering, since the thickness of the film is much 
larger than the mean free path. From a simple Drude 
model the mean free path l is given by [39] 

1= [9.2 nm] × [(r~/ao)2/p~] (3) 

Table 2 
Debye and Einstein temperatures for bulk Y H  
thickness covered by a 5 nm Pd cap layer 

and a film of 570 nm 

Material Y [37] YH,93 [37] Y Y H  2 
(bulk) (bulk) (film) (film) 

0 D (K) 258 -+ 2 384 _+ 2 258 + 2 372 -+ 2 
0~ (K) - -  1260 -+ 5 - -  1698 -+ 5 

with r~/ao=5.44[n22 ] 1/3 where n22=n/lO 22 is the 
charge carrier density expressed in 1022 c m  -3 and pu is 
the resistivity in IJ-O cm. In the case of pure yttrium 
n = 6  × 102~ electrons m -3 at 4.2K, as determined 
from the Hall measurements in Fig. 12. In the case of 
YH 2 we use for the charge density 1 / 3 × n  v to 
calculate the mean free path for both bulk material 
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Fig. 12. Hall coefficient R u of a 570 nm thick yttrium film covered 
by a 5 nm thick palladium layer. The Hall coefficient is defined as 
R u - V . d , , / B I  with d~, - 500 nm the effective thickness of the film, 
B the magnetic induction, l the total current through the sample 
and V n the measured Hall voltage. The number of charge carriers n 
is calculated from the one band model expression n = - 1 / R u e  with 
e = 1.6022 :< 10 ~'~ C. The black squares indicate the bulk values as 
measured 9y Kevane et al. [40]. The downturn in the bulk Hall 
coefficient data at low temperature becomes smaller and shifts 
towards lower temperatures after annealing of the sample. 

room temperature.  This is far too small to explain the 
additional resistivity in our films, Ap =Pf~m--Pbulk 
(157 tX~ cm--  57 ~ cm ~ 100 ~ cm). This means 
that there is still a considerable effect from defect 
scattering and oxygen impurities. In-situ measure- 
ments on yttrium films in the U H V  deposition system 
also showed an increased resistivity at room tempera- 
ture (p ~ 125 ~t~cm [14]) for thin films thicker than 
200 nm. 

3.8.2. Grain boundaries 
In yttrium the mean free path can be strongly 

influenced by grain boundaries which arise due to the 
columnar growth of these films (as seen by AFM). The 
mean free path of yttriumdihydride in the film is much 
larger than for yttrium. The residual resistivity of the 
dihydride is also clearly lower than the residual resis- 
tivity of the yttrium film after evaporation. It seems 
valid to conclude from these values that during the 
strongly exothermic hydriding process either a defect 
annealing of the material or a reduction of the oxide 
phase (2YzO 3 + 7H 2 --~ 3 H 2 0  + 4YH2) is taking place. 
As the most probable location for the oxide phase is 
the grain boundaries, one expects that both mecha- 
nisms play a role simultaneously. 

3. 9. Hall measurements 

and the films, since the Hall measurements cannot be 
interpreted within a single band picture due to the half 
occupation of the conduction band. The values of I for 
the film are directly calculated from the measurements 
shown in Figs. 10, 11 and 12. The results at T = 4.2 K 
are given in Table 3. 

We consider now two effects which can be respon- 
sible for the short mean free path in film. 

3.8.1. Hydrogenation during deposition 
A likety candidate for raising the residual resistivity 

of the sample before ex-situ hydriding is the amount  of 
hydrogen already incorporated during the deposition 
process itself. As we have seen from X-ray measure- 
ments (Section 3.4), approximately 8% of hydrogen is 
incorporated in Y during deposition. This is a direct 
consequence of the very large negative heat of forma- 
tion YH~ (AH--  - 116 kJ mol I H when x--~ 0). The 
contribulion to the residual resistivity of this 8% of 
hydrogen is, however, only p~, = 21.5 ix12 cm [26] at 

Table 3 
Mean free Jath at 4.2 K in yttrium and yttriumdihydride for the bulk 
case and for thin films as calculated with Eq. (3) 

Mean free Y YH,  
path / ( nm)  

Bulk 14 [26,40] 755 [37] 
Film 0.9 9.9 

For the yttrium film before hydrogenation (Fig. 12) 
the Hall coefficient and its dependence on tempera- 
ture are in good agreement with measurements on 
bulk material [40]. Yttrium is an electron conductor 
and has a Hall coefficient R n = 6.2 × 1 0  i i m 3 C i at 
room temperature and R H = 10.5 × 10 -~1 m 3 C 1 near 
T = 0 K. Differences between our measurements and 
those of Kevane et al. [40] are probably related to the 
uncertainty in the effective thickness or to the disorder 
present in films. The anomaly at 175 K is also visible in 
the Hall measurement.  At temperatures below the 
anomaly the hydrogen atoms cause a reduction of the 
amount of charge carriers at the Fermi level by 
creating s -d  hybridized bands just below the Fermi 
level. If we set the hydrogen concentration at H / Y ~  
0.08, derived from X-ray measurements,  the lowering 
of the total amount of charge carriers would be of the 
order of 0.08/3 × 100% -~- 2.7%, which is a small effect. 
The observed temperature behavior can be explained 
by a two band model where the ratio of the number of 
holes to the number of electrons can change during 
contraction of the lattice upon cooling [40]. 

Values for the Hall coefficient of the three hydrogen 
phases (a*-YH, ,  /3-YH 2 and T-YH3_~) are given in 
Table 4. For the measurement in the dihydride phase 
the Hall coefficient is close to zero, in agreement with 
the fact that the band at the Fermi level is exactly half 
filled. We observed that this value can be either 
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Table 4 
Measured Hall coefficient at 300K in the a * - Y H ,  fi-YH 2 and 
y-YH, ~ phase of the same yttriumhydride film as in Fig. 12. The 
concentrations marked 2 and 2 b belong to two different measure- 
ments for the fl-YH 2 phase performed around the resistivity 
minimum 

x H / Y  RH(m3C ') 

0.08 - 6 . 2 ×  10 ~1 
2, -2 .5  × 10 ~2 
2 b +1.25× 10 t l 
2.873 3.2 × 10 7 
2.887 4.0 x 10 7 
2.898 -4 .6  × 10 7 

positive (more than half occupation) or negative (less 
than half occupation). This behavior is quite similar to 
the Hall coefficient measured by Heckman [41] for 
Cell 2. The values for the trihydride material indicate 
the strong lowering in the charge density due to the 
opening of the semiconducting gap. It is interesting to 
point out, however, that the charge density in YH s 
is much smaller than what one would expect on the 
basis of the large concentration ~ of octahedral vac- 
ancies which act as donors. 

hedral occupation plays an important role as far as 
optical properties are concerned. As shown elsewhere 
the yttrium films in combination with a palladium 
overlayer offer the possibility to monitor the resistivity 
behavior and the change in light transmission during 
the loading process. In this way we have a simple 
method to measure the electrical and optical charac- 
teristics of the hydride material in the different stages 
of the hydrogenation process without being confined 
to a UHV system. 

One of the remarkable features in this work is the 
fact that, although there is a 13.5% expansion of the 
crystal lattice and two thermodynamic phase transi- 
tions occur when the hydrogen concentration is in- 
creased from essentially zero to three, the films do not 
deteriorate under hydrogen loading. 

The thin film method described in this work is not 
limited to yttrium in its application. The possibility of 
switching rapidly, easily, and reversibly from a shiny 
metal (YH 2) to a transparent semiconductor (YH 3 a), 
and modifying the charge carrier density by a mere 
change of the ambient hydrogen pressure, might open 
the way to technological applications of thin layers of 
rare earths, yttrium and lanthanum hydrides. 

4. Conclusions 

Our results show that the ex-situ synthesis of trihy- 
drides by making use of thin yttrium films (around 
570nm) covered with a 5 nm palladium layer is re- 
producibly possible and enables for the first time 
electrical and optical measurements on a trihydride 
[10]. The only minor disadvantage is that in the 
metallic phase the residual resistivity is higher than in 
bulk samples due to extra disorder and a small amount 
of hydrogen incorporated in the thin film during 
deposition. The oxide phase, which is present at the 
surface, and the palladium overlayer do not have any 
effect on the temperature dependence of the resistiv- 
ity. X-ray measurements show that the lattice parame- 
ters of the hydride phases are only marginally in- 
fluenced by the substrate. The trihydride phase is 
partly oriented, while there is no orientation present in 
the as-evaporated yttrium film. This points to an 
orientational tendency during hydrogen loading. 

QCM measurements are used for the determination 
of the first room temperature pressure-composition 
isotherms of YH x. The QCM method results are in 
remarkably good agreement with hydrogen concen- 
tration measurements obtained by means of the nu- 
clear 15N method. 

A yttrium film covered with a 20 nm Pd overlayer 
can be kept in air for days without a noticeable 
deterioration or change of properties. The film re- 
mains in the (stable) dihydride phase in which octa- 
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