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Abstract 

Abstract 

This report concerns an experimental study on the yttrium
hydragen system (Y-H system), deposited as a thin film contiguration with a 

protective Pd top layer. Hydragen uptake by Y is possible via YHx (a-phase, 

O<x<0.2) and YH2 (B-phase) up to YH3 (y-phase). The various phases have 
different optica! and electronic properties. The dihydride is metallic and non
transparent, whereas the trihydride is semiconducting and transparent The 

~-phase close to the al~-phase boundary is transparent, and is called the 
Huiberts window, after the persen who first observed it. In films deposited by 
sputter deposition the growth of the ~-phase appeared to be conducted by a 
ditfusion process, because a clear x- e'2 dependency was found. The 

activatien energy for ditfusion of the ~-phase close to the al~-phase 

boundary was determined at Ea=0.36 eV. The y-phase appeared to be 
stationary, for which a possible reasen will be mentioned in this report. The y

phase in samples grown by vapeur deposition had a dendritic structure, for 
which two reasens will be mentioned in this report. 

Because of the fact that hydragen atoms in Y are negatively 
charged (H-) it is possible to accelerate or slow down the transport of H 

through Y by applying a voltage (i.e. electromigration). In samples produced 
by vapeur deposition after electromigration the y-phase had a dendritic 
structure. On samples produced by sputter deposition no clear effect of a 
voltage on the growth of the several phases was observed. 



Technology assessment 

Technology assessment 

Research in hydragen in metals (M-H systems) has attracted 
attention for reasans motivated bath from a basic as well as an applied point 
of view. Many of the metals which dissolve large quantities of hydragen are 
materialsof present technological importance. Iron, Nb, Ta, Y, V and Pd are 
such materials. As an application, one canthink of using these metals as an 
energy starage system (fuel cell) . In the research in superconduction, these 
metals are saturated with hydragen to lower the metall ization pressure of 
hydrogen, which, in solid state, is believed to be a high Tc superconductor. As 
a spin-off of the latter at the Vrije Universiteit in Amsterdam, it was found 
(1995) that Y has some opticaland electric (reversible) properties which are 
determined by the hydragen concentratien in the metal. Especially the optical 
properties have the interest of the Philips Research Labaratory in Eindhoven 
(co-operating with the Vrije Universiteit in Amsterdam). A possible application 
can be an Y thin film coating on a TV screen in order to imprave the 

transmission and reflection properties of the apparatus. Another optional 
application is an Y thin film coating on a windowpane, which can switch 
between transparent and non-transparent to regulate and optimise light 
intensity and use of energy. 

At the Philips Research Labaratory in Eindhoven and the Vrije 

Universiteit in Amsterdam now teams are werking on the optimisation of the 
optical properties of some M-H systems and the introduetion of an application 
is probably only a matter of time. 



Contents 

Contents 

1. General introduction ...... ...... ..... ........... ... .. .... ..... .. ..... .. .... ... .. .. 1 

1.1 . Brief historica I review and background ...... ............... ............. ... ..... .. 1 

1.2. The yttrium-hydragen system ...... .. ... ........ .... .... ..... ..... ... ... .. ...... ... .. ... 2 

1.3. The sample lay-out and the Pd overlayer ................... .. .... .. ...... ... .... 5 

1.4. Microscopie model. ... ........ ........ .. ... .... ..... ...... .... .. ... .. .. .. ... .. ....... ...... .. 7 

2. Theory .. ... .... .... ..... ..... .. .... .... .. .. ... .... ... ............ .. ............. ... ...... 12 

2.1. Ditfusion .............. ... .... ...... ...... ... ...... ...... ...... ..... .. .. ... .... .. ..... ....... ... .. 12 

2.1.1. Phenomenological theory of ditfusion ........ ................ ............. 12 

2.1 .2. Mechanisms of ditfusion .. ... ....... ..... ... .... ... .. .... ....................... .. 20 

2.3. Electromigration ... ...... ...... .... .. ..... ............ ... ... ............ .... ....... ... .. .... . 26 

2.3.1. Phenomenological description of electromigration ..... .... .... .. .. 27 

2.3.2. Mechanism of electromigration .......... ... .. .. .... ....... ..... .... .......... 29 

2.4. Thermodynamics of a metal-hydragen system ........... .. ......... .... .. ... 30 

3. Experimental set-up .. .. ... ... ......... ..................... ............ .... .... . 36 

3.1. The set-up for ditfusion experiments ... .. ...... ........ .... .... ...... ....... .... .. 36 

3.2. The set-up for electromigration experiments ..... .. ....... ..... .... ....... .... 36 

3.3. The sample configuration ... ........... .... .. ........ .......................... ..... ... . 38 

3.3.1. Ditfusion experiments .. .. .. .... ............................. ..... .. ....... .. ..... .. 38 

3.3.2. Electromigration experiments .... ........... ...... ...... ... ............... .. ... 38 



Contents 

4. Results ....... ... ..... ...... .. ... .. ... .... ... ... .... ..... ....... .. .. .. ... .... .. .... ... .. . 42 

4.1. lntroduction ...... ... ... ... ..... ... .... .... ........ ........ .... ... ... .... .. ........ ...... .. ..... 42 

4.2. Experiments on H-ditfusion in Y .. ........ ....... ........ ....... ... .. .... .. .. ... .... .42 

4.3. Model for ditfusion in the ~-phase ..... .......... ... .. .... .. ......... .. .. ... ....... .49 

4.4. Experiments on electromigration ............. ... ....... ..... .... ......... ..... .... .. 52 

4.4.1. Electromigration experiments on the first type of sample ....... 52 

4.4.2. Electromigration experiments on the second type of sample .. 57 

4.4.3. Electromigration experiments on the third type of sample ..... . 59 

5. Conclusions .. .... ....... ......... .. ... .. ... .. ... ... ... .. .. .... .... .......... ...... .. 62 

5.1 . Ditfusion experiments ..... .. ...... .... ...... ......... .. ..... .... ...... .... ... ...... .. .... . 62 

5.2. Electromigration experiments ... ...... ...... .. .... .... .. ... ... .... ....... .. ... .... .. .. 63 

References ...... ..... ...... .. ... ..... .... ...... ....... ..... ... ... ...... .... ...... ... ... ... 64 

Acknowledgements .. .... ... .. ...... .......... ..... ..... .... ........... ... ....... ... 66 



General introduetion 1 

1. General introduetion 

1.1. Brief historical review and background 

lt is expected trom theory that solid hydragen is a high Tc 
superconductor. In a practical way it is very difficult to force hydragen to form 
a metallic lattice. At a pressure of more than 400 GPa hydragen is believed to 

sublimate into a solid state. These extremely high pressures can not be 
reached yet and so another salution is needed. In order to lower the 
metallization pressure of hydrogen, hydragen can be polluted with yttrium (or 
the trivalent rare-earth elements), so dirty hydragen is obtained. These 
metals form hydrides that a lso exhibit metal-insulator transitions. The extreme 
reactivity of these materials makes it necessary to coat the samples with a 
thin layer of palladium (Pd) though which hydragen can diffuse. The 
hydragen loading of yttrium (Y) led to a striking phenomenon, which in tact 

was a spin-off of the superconductivity studies, first observed by Huiberts [1]. 

By changing the hydragen concentratien in Y (YHx) the optica! 
and electrical properties changed dramatically. Electrically the material 

changes trom metallic (pure Y and YH2) to semiconducting (YH3). The most 
remarkable feature was found in the . change of the optica! properties by 
varying the hydragen concentratien in the sample. An YHrsample looks like 
a mirror. Adding hydragen to this YH2-sample up to YH3, the mirror changes 
into a transparent window. By decreasing the hydragen pressure it is possible 
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to change the sample from YH3 back to YH2. In other words, by changing the 

hydragen concentratien in the sample it is possible to switch between a shiny 

mirror and a transparent window and vice versa. This optica! switching 

property directly gave rise to this research project. 

During this project it was tried to get insight in the kinetics of the 

hydragen atoms in the metal lattice. The hydragen uptake process can be 

divided in 4 steps: 

• H2 ~ 2Hads.Pd; 

• H-ditfusion in Pd; 

• HPd ~ Hv; 

• H-ditfusion in Y (H- ions). 

The desorption process of course is described by the opposite order of the 

above enumeration. The process of ditfusion of the hydragen atoms into the 

Y was the subject of main interest. To accelerate the H-ditfusion in the Y 

layer an external electrical field was applied to the sample (electromigration). 

Th is chapter starts with an extensive discussion on the Y -H 

system. In chapter 2 the theoretica! aspects of this project will be discussed. 

This chapter contains the theory on ditfusion and electromigration, also the 

thermodynamics of the system will be mentioned. Chapter 3 deals with the 

experimental set-up. In chapter 4 the results of the measurements will be 

displayed and discussed. Finally, in chapter 5 the conclusions will be 

mentioned. 

1.2. The Y-H system 

In metal-hydragen systems, all kinds of chemica! bands are 

realised: ionic, covalent and metallic. Here is dealt with metallic hydrides. 

These hydrides can be called interstitial alloys, where interstitial sites of 

metal lattices are occupied by hydragen atoms. Frequently, metal lattices 

themselves undergo structural changes to accommodate a larger number of 
hydragen atoms interstitially. Thus, a variety of phases can exist in metal 
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hydragen binary systems. In tigure 1 [2] one sees the phase diagram of the 

Y-H system. 

0.0 2.0 
BIM ratio 

bcp 

y-YBu 

' ' 

3.0 

tigure 1: Phase diagram of the Y hydrogen system. HIM is the ratio of number of hydrogen 

and metal atoms. 

As more hydrogen is absorbed by Y, some dramatic changes in structural 

properties were observed. As we see in tigure 1 the system changes trom 

hexagonal closed packed Y (hcp) toface centred cubic YH2 (fee) and back to 

hcp, YH3. The various phase transitions of the metal sublattice during 

hydrogen loading, were confirmed by X-ray measurements [3]. The YH2 B
phase and YH3 y-phase both have different electrical and optica! properties, 

which will be mentioned next. 

The transition trom YH2 to YH3 corresponds to the transition 

trom a metal (YH2) to a semiconductor (YH3). This is concluded trom a 

maasurement of the specific electric resistivity during hydrogen loading of a 

500 nm Y film with a 20 nm Pd protective layer at room temperature as a 

tunetion of time. In tigure 2 the behaviour of the specific resistivity during 

hydrogen loading at a hydragen pressure of 0.9*1 05 Pa is displayed. The 

resistivity changes trom typical metallic va lues ( - 1 o·1 mncm) to typ i cal 

semiconductor values ( -101 mQcm), which is shown in tigure 2 [4]. 



General introduetion 4 

toO 

~ 
! 
a. to·• 

• • • • 
to·z I ' I I 

' I 

' ' 
0 : 25 50 llS :tso 

1 (s) 
I I 
I .. 
I 

tigure 2: Behaviour of the resistivity during hydragen loading. The resistivity in the trihidride r
phase is corrected for the effect of the Pd overlayer using a parallel re sistor model [4]. 

Also in the optica! properties of Y as a result of hydragen loading there is a 
remarkable change. Light transmission measurements were carried by 

Huiberts et al. out to investigate the properties of the YHx film (O<x<2.86) [5]. 

Figure 3 shows the light transmission through the sample at one photon 
energy (Eph=1 .8 eV) during hydragen loading. As can be seen in this figure, 
the light transmission is raised by more than a factor 10 by going from YH2 to 
YH3. The YHx film changes from blue, absorbing (YH2) to a yellowish 
transparent window (YH3). 
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fiqure 3: Behaviour of the transmission during hydrogen Joading at an energy of 1. 8 e V [5]. 

Befare generating a microscopie picture of the processes described above, 
first the sample configuration and the importance of the Pd protective top 
layer wil I be discussed. 

1.3. The sample lay-out and the Pd 

overlayer 

In tigure 4 a standard configuration of the used samples is 

shown. In the experiments the lay-out of the samples was varied, but the 
principle idea remains the same. The Y was deposited on glass. Glass was 

chosen because of the fact that we want to do transmission experiments. In 
general the Pd layer was deposited on top of the Y layer, because of its 

specific properties, which will be discu~sed below. 



General introduetion 6 

Pd (5-30 nm) 

Y (200-1 000 nm) 

fiqure 4: Crosseetion of the standard configuration of the sample. The top layer is Pd, in the 

middle the Y layer is deposited on glass substrate (the bottorn layer). The dimensions are 

overestimated and not proportional. 

In tigure 4 the Y is deposited on a glass substrata (20 x 20 x 0.5 mm). This 

has two reasons. First, it is in a practical way extremely ditticuit to produce a 

thin (order of saveral hundreds of nanometers) metal film, without having a 

target on which it can be deposited. In the second place, a bulk of Y would 

fall apart into powder when exposed to hydrogen. On the other hand, thin 

films of Y and rare earth metals are extremely reactive and thus difficult to 

handle. The latter fact is the reason for the deposition of a Pd overlayer on 

top of the Y film. The Pd layer thus protacts the Y film from oxidation (4Y + 

302 ~ 2Y203). Moreover, the hydrogen gas (H2 molecules) dissociates in the 

Pd layer into hydrogen atoms: 

Pd 

H 2 Jayer ) 2H (1 .1 ). 

As a matter of fact the Pd top layer behaves as catalyst and makes it possible 

for the hydrogen atoms to penetrate the Y in a direct way. Figure 5a and b 
shows in a schematic fashion the process described here. The Pd overlayer 

thus protacts the Y and provides the hydrogen gas gates to the sample. On 

the other hand, the presence of Pd should affect the physical properties of 

the system as little as possible. This was investigated by Huiberts et al. [6] 

and he concluded that a Pd layer thickness of 5 nm has no influence on the 

resistivity. 
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(a) 

(b) 

tigure Sa and Sb: Schematic overview of the hydrogen uptake by Y through Pd. In tigure Sa 
the Pd top layer is so thin that a island like structure in Pd exists and oxidation of Y can take 

place. In tigure Sb the Pd layer is thick enough to avoid Y trom oxidation. 

1 .4. Microscopie model 

In figure 6a and 6b an atomie model of the Y lattiee and 

hydrides is shown. In figure 6a the fee strueture of Y (open dots) and the 

tetrahadral interstitial sites (sol id dots) is shown. Onee the hydragen atoms 

diffuse through the Pd top layer into the Y layer they will oeeupy the 

tetrahadral sites and farm a solid salution (a-phase). When all tetrahadral 

sites are oeeupied by the hydragen atoms the fee YH2 ~-phase originates 

(figure 6a). From this point the surplus number of hydragen atoms oeeupy the 

oetahedral sites (figure 6b), whieh leads to the formation of the YH3 y-phase. 
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(a) (b) 

tigure 6a and 6b: lnterstitial sites (solid dots) of hydragen atoms in the fee lattiee of Y (open 
eireles). a) Tetrahedral sites of hydragen in Y give rise to the formation of YH2• b) Oetahedral 

sites lead tagether with the tetrahedral sites, when both types of sites are tilled up, to the YH3 

phase. The sum of tigure a and b would give the YH3 eontiguration. 

lt should be noted that the YH3-phase has a hcp structure. To avoid a 

complex figure, tigure 6b is shown in a fee structure, which for the number 

and location of the interstitial sites has no consequences. The loading 

process from Y via YH2 to YH3 is reversible in the secend step (see (1 .2)). So 

it is possible to switch between YH2 and YH3, in ether words between metallic 

and transparent This can be achieved by lowering the hydragen gas 

pressure e.g. exposing the sample to vacuum. Switching is possible in the 

order of seconds depending on whether an old or new sample is used in the 

experiment. Empirically it was found that offering air to the sample, after 

having put the sample in vacuum, extra desorption of hydragen from the 

sample takes place. Moistening of the air befere leading it to the sample has 

proven to cause a taster and larger extra desorption. Desorption of the total 

amount of hydragen out of the Y layer is impossible at a pressure of -1 bar, 

because of the fact that the equilibrium pressure of the YH2 phase is much 

lower than 1 bar ( - 1 o-33 bar at T=300 K). More details about this phenomenon 

will be given in the next section. In the pressure range of several bars it is 

possible to describe the loading and desorption process by the following 

relations: 

(1 .2). 

Heats of formation of the reactions in (1.2) are displayed in table 1. 
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table 1: Heats of formation for the Y-H system. 

system ~H (eV per atom) ~H (kJ/moiH) 

Y-YH2 -1.18 -113.8 [7] 

Y-YH2 -1.26 -121 .2 [8] 

YH2-YH3 -0.93 -89.7 [7] 

YH2-YH3 -0.31 -30.0 [8] 

As was shown in tigure 2 the resistivity changes dramatically by hydragen 

loading, especially going trom ~-phase to y-phase. For pure Y ( ~ Y) the 

Fermi level is well within the 4d5s bands and three electrans states are 
occupied. When Y is hydrogenated up to the dihydride ~-phase the two 
hydragen atoms add two extra electrans per unit cell to the system and two 
low lying bands containing 4 electrans form 4-6 eV below the Fermi level due 

to a hybridisation of the hydragen 1 s and Y 4d5s bands. In tigure 7 a 
schematic overview of the electronic consequences of hydragenation is 
shown. 

l v(oc) I 

fiqure 7: Schematic re pre senfation of the density of stafes (DOS) for the a-phase (Y), the P-
phase (YH2) and the y-phase (YH3) . · 
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The material remains metallic and although the density of states (DOS) at the 

Fermi level is lowered by the rearrangement of the metal bands, the resistivity 
of the material is lower than for pure Y. In the trihydride y-phase a third low 
lying band is formed below the Fermi level. From measurements done by 
Huiberts et al. can be concluded that the original 4d5s metal states are 

completely depleted and the trihydride is a semiconductor with a gap E9ap ~ 

1.8 eV. 

Another remarkable feature can be seen in tigure 3. lt is obvious 
that there is a peak in the transmission at a certain hydragen concentratien 
(YH2) . When a sample of Y is loaded with hydragen the transmission first will 
remain constant. Then at a certain concentratien of hydragen there is a 
sudden increase of the transmission, which lasts a few seconds (depending 
on the hydragen gas pressure and thus on the rate of hydrogenation), called 
the Huiberts window after the persen who first observed it. Further 
hydragenation leads to decreasing transmission down to a level cernparabie 
to that befere the peak. Subsequently the transmission increases dramatically 
as a result of formation of the YH3 y-phase. After correction for the optica! 
behaviour of the Pd layer it can be concluded that the trihydride film transmits 

nearly 100 % of the incident light with photon energy below 1.8 eV. Th is 
indicates that there is no free carrier reflection present below 1.8 eV and that 
the material is not metallic. Gomparisen of tigure 2 to 3 shows that the 
minimum in resistivity and the position of the peak in the transmission 
correspond to the same hydragen concentration. Figures 2 and 3 are 

combined in tigure 8. 
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fiqure 8: Resistivity change during hydragen toading and the influence of hydrogen on the 

light transmission combined in one figure (see figures 2 and 3 for more details). 
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2. Theory 

2.1. Ditfusion 

In this sectien first the theory of ditfusion will briefly be 

described in a mainly phenomenological way. Fick's first and second law will 
be mentioned. Fick's second law is used to set up a set of ditferential 
equations specific for our case. Finally in the first part of this sectien the 
parabalie time dependenee of the interface movement will be derived. 
Secondly a brief survey of some ditfusion mechanisms will be given and the 
meaning of the activatien energy of ditfusion will be explained. 

2.1 . 1 . Phenomenological theory of ditfusion 

Ditfusion is the process by which matter is transported from one 
part of the system to the ether as a result of a gradient in the concentration. 

Let the x-axis be parallel to the gradient in concentratien c of a component of 
a system, then the flux J of this component at a certain position x and parallel 
to the x-axis, can be written as: 
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(2.1 ), 

with D the ditfusion coefficient of the particular component. This equation is 

called Fick's first Jaw. lf the concentratien is a tunetion of time, then equation 

(2.1) is still valid , but nat very convenient to use. One then better uses 

another farm called Fick's second law, which is found by applying the 

continuity equation (oe=- 0 
J) to (2.1) : ot ox 

oe _ o (n oe) ---ot ox ox (2.2). 

Equations (2.1) and (2.2) are the bas i es of all ditfusion problems. More 

simple situations arise when, for example, the ditfusion coefficient D is nat 

dependent on the position x and thus can be considered as a constant in 

(2.2). 

In the case of hydragen ditfusion in Y one has to deal with some 

extra peculiarities which will be explained now. In the first place one has to 

deal with two rnaving phase boundaries: the boundary between the Y -phase 

and the YH2-phase and the boundary between the YH2-phase and the YH3-

phase. Bath boundaries move with a different velocity. Because of the tact 

that the Y under the Pd overlayer is constantly exposed to a constant amount 

of hydragen atoms, one creates a boundary condition of constant 

concentratien Co in that area. Moreover, it is a problem that one does nat 

know what the exact concentrations of hydragen are, especially at the phase 

boundaries. Until now it was spoken about YH2 and YH3, where it seems 

more appropriate to speak about YH2±z and YHJ-S, simply because the exact 

concentratien of hydragen is nat known. As a consequence, accurate 

thermadynamie calculations can hardly be done and some rough 

assumptions have to be made. 

Looking at a sample homogeneously covered with Y and Pd 

only H-diffusion perpendicular to the plane of the sample can be studied. 
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Because this ditfusion process is fast (Y is only several hundreds of nm thick) 
and thus hard to study, Den Broeder developed a new sample contiguration 
(1995). The major change in the contiguration was the fact that the Y no 
longer was homogeneously covered with Pd, but only with a Pd spot 
(diameter -1 mm). The H atoms can only enter the Y through this spot, 

because the rest of the Y surface is covered with an oxide layer, which is 

impenetrable for H atoms. After the H atoms entered the Y they diffuse 
laterally through the Y layer. This lateral H-diffusion can be studied very well 
by following the change of the optical properties of the Y, caused by the 
change of hydrogen concentratien (i.e. rings of different transmission, see 
tigure 10). The cylindrical symmetry causes Fick's tirst and second law to 
become complex (2 dimensional). By replacing the dot by a Pd strip crossing 
the sample, mathematically the ditfusion problem becomes 1 dimensional. In 
tigure 9 a crosseetion of the sample with the Pd strip developed by Den 
Broeder is shown. 

oxide laver 

x=O x=O 

fiqure 9: Crosseetion of a typical sample orten used in the ditfusion experiments. The 

substrate is made of g/ass and tPd and fv are the thicknesses of the Pd (e.g. 30 nm) and the Y 
layer (e.g. 300 nm), respectively. 

In tigure 9 the region in the Y layer under the Pd dot ( or strip) between the 
dotted lines (x=O) is assumed to be in the YH3-phase (at a constant 
concentratien Co). The front of the YH3-phase on the left as well on right is 
thought to be an origin (x=O) for the concentratien profile of tigure 11. The 
concentratien profile in tigure 11 is representative for the case of an initially 

pure Y film (e.g. 300 nm) with in the centreadot or strip of Pd (e.g. 30 nm) as 
is shown in tigure 9. In tigure 11 on the left the phase diagram is shown (see 
tigure 1, rotated by 90 °). Doing a ditfusion experiment at T=T1, the 
concentratien profile shown on the right in tigure 11 can be expected. On the 
x-axis of the right part of tigure 11 the position x in the sample is plotted. The 
y-axis of both the left and right part of tigure 11 displays the ratio of 
concentratien of hydrogen and Y atoms [Y]/[H]. 
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10 min at 20 °e 

4 hr at 180 °e 

1mm 

fiqure 10: Top view of the sample developed by Den Broeder. In the middle the transparent 

Pd dot is visible. The red ring is the Huiberts window (YH2) moving laterally through the Y 

layer as a tunetion of time (transmitted light). 
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tigure 11: Hydrogen concentration as a tunetion of the position x in the sample at t=t' directly 

constructed trom the phase diagram ofthe Y-H system at T=h 

For each of the three phases in tigure 11 it is possible to set up 

a differential equation (Fick's second /aw) with its own boundary conditions. 

Looking at tigure 11 and using equation (2.2) it can be written, assuming 

explicitly that the ditfusion coefficients in the three phases are constant but 

different from one another (Da, Op and 0 1}, for the a-phase: 

c = c af3 ' 

c=O, 

For the p-phase: 

(2.3a). 

x~ oo . 
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2 oe -D o c 
at- /3 ox2 ' 

c = c Pr ' 

c= c Pa ' 

~ r/3 < x < ~pa · 

x= ~yp · 

x=~ pa · 

And also for the y-phase: 

x = O. 

17 

(2.3b). 

(2.3c). 

Figure 12 shows a e-x-curve with a al~ phase boundary, i.e. a 

concentratien discontinuity. lt is assumed that at this phase boundary Cpa and 

Cap are equilibrium concentrations, corresponding to the phase diagram . 

.......... , ................ ······································ Cpa 

c 

caP 

a 

ooEE::---- T x---=>~ 

fiqure 12: The ditfusion zone interface concentrations for the a/fJ phase boundary, 
constructed from the phase diagram. 

lt is assumed that the concentrations àt the interface are constant and equal 

to the equilibrium values [9]. lf the flux of material is considered from left to 

right, the rate of advance of the interface at Çpa is given by 
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[ ] 
dÇpa 

Cpa -Cap dt = J pa-Jap (2.4). 

That is to say, J~a. the flux from the ~-phase at the interface, must supply the 

surplus quantity [c~a- Ca~]dÇ per unit time in order to advance the ~-phase into 

the a-phase reg ion. Substituting for J's from (2.1 ), it can be written 

dÇpa = 1 [(-n oe) _ (-n oe) ] 
dt Cpa -Cap OX pa OX ap 

(2.5). 

Now the system considered fulfils the boundary conditions 

required for the application of the Boltzmann theorem [1 0]; thus the 

concentrat ion c(x, t) may be expressed as a tunetion of a single parameter 

À=xf112 hence I 

oe 1 de 

ox- ..Jt dÀ 
(2.6). 

lf, as was assumed, the concentrations remain constant at the interface, then 

the value of the parameter À, in terms of which c is expressed, must be 

constant. But de is again a tunetion of À alone, and hence it also is constant 
dÀ 

at the interface. Thus (2.5) may be rewritten as 

dÇpa = [(DK)ap- (DK)pa ]-1 
dt Cpa -Cap ..ft 

(2.7), 

where 
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(2.8). 

lntegrating (2. 7): 

.t: = 2[(DK)a,e- (DK)pa ].Jt =A .Jt 
~pa pa 

Cpa -Cap 
(2.9). 

Equation (2.9) exhibits the experimentally observed parabalie time 

dependenee of the interface movement The interface l;~a will move to one 
side, remain stationary or move to the ether side in accordance with the sign 

of the rate constant A~a· 

In the case of a three-phase system tigure 11 shows the e-x 

curvefora system in which a single intermediate phase occurs in addition to 

the two primary phases. Applying Fick's first law to the l;~a interface as before, 

(2.9) was found and similarly for the 1;1~ interface 

(2.1 0). 

The growth of the ~-phase as a tunetion of time is in a natura! way given by 

the ditterenee between the veloeities of the two interfaces l;~a and 1;1~ 

(2.11 ). 

lt should be noted, however, that equations (2.9) and (2.1 0) will not have a 

simp Ie Arrhenius temperature dependenee of the form 

A=Aoexp[-(Q/RT)] (see paragraph 4.2.}, because it depends on the ditterenee 

between two ditfusion coefficients. lf a reasonably linear plot of log W versus 
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1 rr occurs, it is useful empirically. However, it indicates only that either one 
of the terms predominates over the ethers, or that the activatien energies are 

nat toa different from one another. 

2.1.2. Mechanisms of ditfusion 

In a crystal, there is a regular array of lattice sites which are 
energetically favoured positions for atoms. The basic assumption made to 
explain ditfusion is that each diffusing atom makes a series of jumps between 
the various equilibrium lattice sites. These jumps are in more or less random 
directions and allow the atoms to migrate through the crystal. A number of 
possible ditfusion mechanisms can be distinguished, depending on the type 
of elementary jump which takes the atom from one equilibrium position to 
another. A selection of the possible mechanisms of ditfusion in a crystal is: 

• exchange mechanism 

• interstitial mechanism 

• vacancy mechanism 

In addition one may distinguish different farms of ditfusion on where in the 

crystal the ditfusion takes: 

• in the volume (volume diffusion) 

• in the grain boundary or internal interface (grain boundary diffusion) 

• on the outer surface ( surface diffusion). 

Befare discussing the detailed mechanisms of diffusion, it is helptul to study a 
simple situation in which no detailed mechanism is assumed. An approximate 
equation relating the ditfusion coefficient D to the jump frequency and the 
jump distance of the atoms will be derived. 

Consider a bar that has a concentratien gradient along its y axis 
(see tigure 13). lt is assumed that the diffusing atoms can only jump to the left 
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or right and that when they change position they jump a distance d along the 

y axis. Consider now two adjacent lattice planes 1 and 2, a distance d apart. 

d 
~ 

1 2 

fiqure 13: Bar with a concentration gradient a/ong its y axis and two adjacent lattice planes 1 

and 2 a distance d apart. 

Let there be n1 diffusing atoms per unit area in plane 1 and n2 in plane 2. lf 

each atom jumps an average of r times per second, the number of atoms 

jumping out of plane 1 in the short period öt is n1iöt. Since half of these will 

go to the right to plane 2, the number of atoms jumping from plane 1 to plane 

2 in öt is 1/2n21öt. The net flux from planes 1 to 2 is thus 

J 
_ _!_( _ )r _ number of atoms 
- n i n2 -

2 (area)(time) 
(2.12). 

The quantity (n1-n2) can be related to the concentratien or number per unit 

volume by observing that (n1/d)=c1 and (n2/d)=c2. Thus 

(2.13). 

But because in all ditfusion processes c changes slowly with composition it 

may be written 
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oe 
c - c = -d-

l 2 oy 

sa that 
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(2.14), 

(2.15). 

Equation (2.15) is equal to Fick's first /aw (2.1) if the ditfusion coefficient D is 

given by 

(2.16). 

The ditfusion coefficient is therefore determined by the product of the 
elementary jump distance squared and the jump frequency. In the next more 
detailed descriptions of several ditfusion mechanisms the ditfusion 
coefficients of the different mechanism will be compared using expression 
(2.16). 

• exchange mechanism 

Possibly the simplest mechanism one can think of for the 
elementary jump is the direct interchange of two neighbouring atoms as 
illustrated in tigure 14. This mechanism is unlikely in crystals with tightly 
packed atom structures. The atoms would need to be considerably 

compressed befare any two could squeeze pass one another and 
interchange positions. On the other hand, this mechanism may be possible in 

loosely packed crystals. A variatien of the exchange mechanism is the ring 
mechanism. Here a number of atoms (three or more) which are situated 

roughly in a ring move tagether sa that the whole ring of atoms rotates by one 
atom distance. The compressions required here are nat as great as in a 
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direct exchange mechanism. However, the probability of such a highly 

coordinated jump process is very low. 

• • 
• • 
• • • 

fiqure 14: Schematic picture of the e/ementary jump in an exchange mechanism. 

• vacancy mechanism 

In thermal equilibrium, a crystal at a temperature above 

absolute zero contains a certain number of vacant lattice sites. These 

vacancies provide an easy path for diffusion. The elementary atom jump in 

the vacancy mechanism is the jump of an atom into a neighbouring vacancy, 

as shown in tigure 15. The site previously occupied by the atom is then 

vacant, so that in effect the atom moves through the crystal by making series 

of exchanges with the various vacancies which trom time to time are in its 

vicinity. In this case, atoms move as a result of jumps into vacancies. In the 

case of the vacancy mechanism it is possible to write for the ditfusion 

coefficient 

(2.17}, 

where nv is the vacancy density (nv-exp[-E1/kT]) and roiv the jump frequency 

(roiv-rooexp[-Ea/kT], roo is the Debye frequency). For the dependenee of the 

ditfusion coefficient on temperature also can be written 

(2.18), 
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where Ea is the activation energy required to jump over the energy barrier into 
vacancies and E, the free-energy change associated with the formation of 
vacancies. In general it can be stated that the total amount of energy needed 
to initiate ditfusion in the vacancy mechanism is lower than in the direct 
exchange mechanism. 

• • 
• • ,-, 

mlllt----t'.,, 
'- ~ 

• 
tigure 15: Schematic picture of the elementary jump in the vacancy mechanism. 

• interstitial mechanism 

lnterstitial ditfusion occurs by solute atoms jumping trom one 
interstitial site into a neighbouring one. lnterstitial ditfusion is basically 
simplar than the vacancy mechanism since the presence of vacancies is not 
required for the solute atoms to move. 

tigure 16: Schematic picture of the elementary jump in an interstitial ditfusion mechanism. 

The interstitial mechanism is particular likely tor ditfusion of smalt impurity 
atoms, which easily fit into interstitial sites and which do not greatly displace 



Theory 25 

the solvent atoms trom their normal lattice sites by jumping. The elementary 

step of the ditfusion process is now a thermally activated jump trom one to 

another interstitial site. The partiele jumps trom one to the other interstitial 
site by hopping over the potential barrier. In this case, an activatien energy is 
required to evereome the barrier. Now it is possible to introduce the ditfusion 
coetficient D of the solute atoms in a solid. The dependenee of the ditfusion 

coetficient to temperature can be written as 

(2.19). 

The activatien energy Ea can be considered as a threshold energy needed to 
initiate the atom to jump. Typical values for Ea are of the order of 0.1 eV per 
atom. For example the activatien energy for H ditfusion in Fe, which is a bcc 
metal, is 0.040 eV per atom. For H ditfusion in Cu, a fee metal, the activatien 
energy is 0.40 eV per atom. More profound camparisen of the activatien 
energies of fee and bcc metals shows that Ea in the fee case is typ i cal about 5 
to 1 0 times larger than in bcc metals. Th is feature can be understood 

qualitatively trom the geometry of the lattice. The potential barrier is expected 
to be considerably lower in the bcc than in the fee metals, because in bcc 
metals the distance between interstitial sites is generally shorter than in fee 

metals, and there are no intervening metal atoms in the ditfusion paths. 

lt can be said that the total activatien energy in the case of 

vacancy ditfusion (i.e. Ea+E,) is larger than the activatien energy (Ea) needed 
to initiate ditfusion in the case of interstitial ditfusion. Using equation (2.18) 

and (2.19) we can conclude: Di>Dv. 

• grain boundary and surface ditfusion 

Atom movements in solids are not restricted to the interiors of 
crystals. Experiments have shown that the surface and grain boundary farms 
of ditfusion also obey activation, or Arrhenius-type laws, so that it is possible 
to write the dependenee of the ditfusion coetficient on temperature in the farm 
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(2.20), 

for the grain boundary ditfusion and for the surface ditfusion as 

(2.21 ). 

Looking at the more open structure that is found at grain boundaries and on 

surfaces it is expected to find more rapid ditfusion than in the interiors of 

crystals. lt is quite reasanabie that atom movements should occur most easily 

on free metallic surfaces (activation energy Es}, with more difficulty in 

boundary regions (activation energy Eb}, and least easily inside the crystal 

(activation energy Ev), thus Ev>Eb>Es. The grain boundary ditfusion is of more 
general influence than surface ditfusion because, in the average metallic 

sample, the grain boundary area (network passing through the entire 

specimen) is many times larger than the surface area. 

2.3. Electromigration 

In this section the effect of an electric potential gradient on the 

flux equation and the rasuiting changes in the equation for oe (i.e. Fick's ot 
second /aw) will be considered. When an electric current runs through a 

metal not only a flux of electrans is induced, but there is also a movement in 

a certain direction of metal atoms and impurities in the metal. This extra flux 
must be added to that produced by the concentratien gradient to arrive at the 

equation for the total flux. 
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2.3.1. Phenomenological description of 

electromig ration 
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In general, ditfusion and transport of matter is caused by so 

called "powers" x i I which lead to "fluxes" j i 0 For example, a gradient in 

temperature, concentratien or electric potential induces a heat flow, ditfusion 

or electric current, respectively. So it can be stated (Onsager theory) , in 

general, that a current is caused by a force 

n 

j i = _'LLik Xk (i=1 ,2,3, .. . ,n) (2.22). 
k=1 

This set of equations is called the phenomenological relation. 

Consider a single partiele in a potential field V(x,y,z); the 

potential gradient exerts a force ft on the partiele given by the equation 

- -F =-VV (2.23). 

lt is found empirically that a potential gradient or force gives rise to a mean 

ditfusion velocity for the atfected atoms. This tact is mathematically 
expressed by the equation 

v =BF (2.24), 

in which B is called the mobility, expressed in velocity per unit force. In 
applying an electric potential gradient instead of a concentratien gradient 

simply one force is replaced with another. Thus it is plausible, or even 

necessary, that the mobility is proportional to the ditfusion coetficient D. 

Without going into further detail the Einstein relation is given 
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(2.25), 

where k6 is Boltzmann's constant and T the temperature in degrees Kelvin. 

The flux that results in a homogeneaus system trom F is thus the average 

velocity per partiele times the number of particles per unit volume. lf the units 

on ] and c are consistent, for ] can be written 

- - De-
J = cv = BFc = --VV 

k8 T 
(2.26). 

lf a concentratien gradient exists in addition to VV, the flux equation is given 

to a first approximation by the addition of (2.1 ), i.e. Fick's first law, and (2.26) 

- (- cVVJ 1=-D Vc+--
k8T 

(2.27). 

Putting this flux equation in the continuity equation, for constant D, for oe is ot 
found 

(2.28). 

Again looking at (2.27) it is possible to determine the ratio of the 

electromigration and ditfusion term. lt thus is possible to estimate the 

increase in flux by applying an electric field. 

DcVV 1 cqE 1 cqV 1 qV 
= =--=----oc-

diffusion DVc k8 T Vc k8 T dVc k8 T k8 T 

drift 
(2.29). 
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Using ~ V=1 0 V and T=300 K, tor the ratio of the drift and ditfusion term is 
found -400. The flux of atoms thus is increased by a factor 400 by applying 

an electric field of 1 OV, compared to the pure diffusion. 

2.3.2. Mechanism of electromigration 

When an electronic current is passed through a metal there is 
nat only transport of electrans but also a directed flow of atoms. This 

phenomenon is called electromigration. The force Fff thus acting on an atom 

is customarily thought to arise trom two types of contributions. The first, 

called the direct force, Fd, is due to the direct interaction between the charge 

of the migrating ion with the applied electric field. The secend has its crigin in 

the interaction of the migration ion with the conduction electrans and is called 

the windforce Fw (i.e. the transfer of momenturn of the electrans scattered by 

the impurity per unit time). So tor the total driving force caused by an external 

electric potential acting on an impurity, Fff , can be written 

(2.30). 

However, it is nat clear to what extent the direct force is affected by the 
screening response of the conduction electrons. In the absence of an electric 

field an impurity is completely screened by the electrons. On the basis of 
such argument one might arrive at the conclusion that the direct force should 

van i sh. Th is discussion, concerning Fd, is known in literature as the direct 

force controversy. 
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2.4. Thermodynamics of a metal-hydrogen 

system 
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Starting with a discussion on the Gibbs tree energy G, the 

equation relating the equilibrium pressure of hydrogen gas and heat of 

formation óH is found. The Gibbs free energy is defined as 

G =U+ pV- TS =H-TS (2.31 ). 

The chemica! potential llï is defined by 

(2.32). 

For one mole of a pure substance (2.31) then can be rewritten as 

p = u - Ts + pv (2.33), 

where u is the molar energy, s the molar entropy and v the molar volume of 

the pure substance. Using the first and secend law of thermodynamics (2.33) 

can be written as 

dp = -sdT + vdp (2.34). 

At constant temperature and after integrating (2.34) can be written as 

p 

p = p 0 + J vdp' (2.35) 
p=1atm 
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where ~0 is the molar free enthalpy (or chemica! potential) of the pure 

substance under discussion at the temperature chosen and at unit pressure. 

In the case of a perfect gas (2.35) changes to 

f.i = J.i 0 + RTin p (2.36). 

Looking at a system consisting of more than one component the Gibbs free 

energy for a system can be written as 

(2.37). 

Looking at (2.35) it can be seen that in the case of condensed matter the 

integral term will hardly contribute to the total chemica! potential, because of 

the minor pressure dependenee of the volume. Realising this and substituting 

(2.36) into (2.37) then for ~G can be written 

(2.38), 
j j 

in which the terms niRTinpi only apply to the gases because of the reasen 

mentioned above. In the equilibrium state ~G=O and thus (2.38) can be 

written as 

(2.39). 

Since the quantities ~0 are pure functions of the temperature, the right-hand 

side of (2.39) will vary only with the temperature. The product occurring there 

must therefore have a constant value at a given temperature. lt is called the 

equilibrium constant Kp 
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(2.40). 

Applying these equations to the Y -H system leads to more 

orderly relations, because only two components have to be considered 

(i=1 ,2) of which one is volatile U=1 ). Equation (2.40) consists only of one 
factor since the pressure dependenee of condensed matter is neglected. 
Moreover it should be noted that the condition for thermal equilibrium 
between asolid salution and H2 gas is given by the equality of the chemica! 
potential of hydragen in the two phases 

(2.41 ), 

where ~Ha is the chemica! potential of hydragen in the a-phase (i.e. solid 

solution) and ~H29 the chemica! potential of gaseaus hydrogen. The factor 2 
on the right-hand si de of (2.41) is due to the fact that one H2 molecule 

dissociates into two H atoms. Using (2.39) and (2.41) and realising that 

~G0=~H0-T ~S0, one can derive the following relation 

(2.42). 

where the entropy of formation t:.S0 (~130.8 J/KmoiH2) is approximately 

constant for all metal-hydragen systems as it arises mainly from entropy loss 
of gaseaus hydragen during hydragen uptake by the metal. R is the gas 

constant (=8.314 J/mol) and PH2 is the pressure of the H2 gas in unit bars. 
Huiberts determined ~H for the transition from the B-phase to the y-phase in 
the Y-H system at T=288 K and p=0.092 bar: ~H~----1=-30.0 kJ/mol. Other 

experiments carried out on bulk by Huiberts led to ~H~4=-36.6 kJ/mol. The 

latter is in more agreement with more accurate values ~H~4=-41 . 8 kJ/mol 

and ~H~4=-44 . 9 kJ/mol determined from the temperature dependenee of the 

Bly equilibrium pressure (plateau) [11]. The ga in in energy in the case of the 
bulk thus is larger than in the case of thin film samples. The latter fact can be 
explained by realising that the glass substrate, used in the case of thin film 
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samples, limits the expansion of the Y lattice during H charging. In the case 

of bulk samples the Y lattice can expand freely and the gain in energy thus 
can be larger. 

lt is possible to give a representation of the p-x dependenee 

during isothermal processes. The equilibrium concentratien of hydrogen in a 

specimen is, in tact, a unique tunetion of the temperature and pressure of the 
surrounding H2 gas. Thus, in constructing the phase diagram of the Y -H 
system, for example, one must make a series of isothermal measurements of 
the equilibrium composition of a specimen as a tunetion of the pressure of the 
surrounding H2 gas, and plot the result in the form of tigure 17, which is called 
the p-x-T diagram. A phase boundary can be drawn by connecting the 

intieetion points of different isotherms. 

0.4 0 .6 
x- Dl Pd 

Fiqure 17: Pressure-composition isotherms ofthe Pd-D system [12]. 

By following an isotherm one can recognise several different stages. The 

concentratien of H atoms in the sample is increased gradually with increasing 
pressure of the H2 gas, except in the region where the absorption proceeds 
without a noticeable increase of the gas pressure. The appearance of a 

plateau in the isotherm implies that two hydride phases coexist in this region. 
For the Y-H system a diagram like that of tigure 17, contain a set of isotherms 
trom 300 K up to high temperatures was not yet determined. In tigure 18 a 
pressure-composition isothermfora 530 nm Y film covered with a 52 nm Pd 
overlayer for the ~-y coexistence region at 288 K is shown. Th is isotherm was 
measured by Huiberts [13]. 
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2.6 2.8 3.0 

Fiqure 18: Pressure-composition isotherm tor a 530 nm thick Y film covered with a 52 nm Pd 

over/ayer, at T=288 K. 

From tigure 18 it can be determined that the equilibrium pressure at T=288 K 

in the Bly phase coexisting area is 9.2 Pa (9.2*1 o-s bar). In the case of the a.IB 
phase coexistence region the equilibrium pressure is - 0.1 mPa (1 *1 o-9 bar) 

at T -800 K according to Huiberts et al. Using the Van 't Hoff relation for the 

equilibrium pressure of the a!B coexistence region at 300 K - 10-33 bar(!) is 

found (using óH=-113.8 J/moiH from table 1). In order to create a survey over 
the total range of concentration (i.e. O<x<3) it is useful to extend tigure 18 as 

is done in tigure 19 schematically. For T=300 K in this figure Pa-~eq thus is 
- 1 o-33 bar and P~-r eq_ 1 o-4 bar. Because our experiments were carried out in 

the pressure range of 1 bar, it is clear that the B-phase is extremely stabie at 

the composition of the a!B equilibrium. 

Looking at (2.22) for a diffusion process can be written 

(2.43), 

where the last equality is found by using Fick's tirst law. For the diffusion 
coefficient D thus can be written 
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D = L OJl; 
I 0C 

(2.44). 

Using (2.36) an estimation tor l1Jl tor the entire ~-phase between YH1.8 and 

YH 2.2 can be made, L1~7 RT. Looking at tigure 11 tor L1c can be assumed 

L1~20*1 03 molm-3. For the factor 0 Yac then can be found ~28*1 o-3*T 

Jm3mor2K 1
. 

T=300 K 
p 

Pa-13 eq ~ 1 0-33 bar 

0 1 2 3 

.... x 

tigure 19: Typical p-x diagram for the Y-H system. The isotherm T=300 Kis shown. PP-req and 

Pa-r are the equilibrium pressures of the frr and alP coexistence regions. 

The large ditterenee between the equilibrium pressures of the a/~- and Wr
plateau thus causes the ditfusion coefficient in the ~-phase 0 13 to be 

considerably larger than in the a-phase. The ditfusion coefficient tor the y-

phase can in the same manner be estimated 0 Yac ~ 7*1 o-3*T Jm3mor2K 1
• So 

tor the ratio of the ditfusion coefficient in the ~- and y-phase can be expected 

013/01~4 . For switching it is obvious that the ~ly region is the most interesting. 
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3. Experimental set-up 

3.1. The set-up for diffusion experiments 

In the ditfusion experiments the growth of the y- and B-phase as 
a tunetion of time was studied at saveral temperatures. Use was made of an 
electric turnace which is adjustable in temperature between 20 °e and 1200 
0e . The sample was placed in the turnace in a continuos flow of H2 gas at 1 
bar at a certain temperature. After a heat treatment the sample (see tigure 

21) was studied in air with an optical microscope. Distances travelled by the 

various phase boundaries (a.IB and Bfy) were measured by taking 
micrographs. The times between successive heat treatments was as short as 
possible to minimise effects of ditfusion at room temperature. For prolonged 
ditfusion studies of more than e.g. 8 hours, the samples were temporarily 
maintained at liquid N2 temperatures. 

3.2. The set-up for electrom igration experiments 

For the electromigration the electric current (De) or field caused 

a H-ion current and thus an acceleratlon of the hydrogen transport through 
the yttrium. For the electromigration experiments the sample was placed in a 
chamber. This chamber can be pumped to vacuum (- 0.01 bar) and filled with 
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pure H2 gas. The chamber contains an oven which can be heated up to 180 

°C. In order to do optical experiments (e.g. transmission) on a sample the 

bottorn and the cover of the chamber have a transparent window. lt is thus 

possible to place the chamber under a microscope and do in situ 
measurements: transmission change during hydragen charging or during 

discharging, for example. 

In tigure 20 the set-up for the electromigration experiments is 

shown. The Delta power supply (d) provides a DC voltage over the sample. 

The sample is placed in the chamber (a) (side view), which itself is placed 

under the microscope (Leitz Wetzlar). The microscope is not shown in tigure 

20 in order to keep the tigure orderly. With an amperernater ( e) the 

magnitude of the current was determined. The videocamera (b) (Panasonic 

F1 0 CCD system camera) is connected to the microscope. Th is made it 

possible to abserve the electromigration on a monitor (c). 

(b) 

H2 gas inlet 
(a) 

~ to pump 

ii 

. . •................. 

.................. . . 
~ 

air inlet 

(d) 

(e) 

. . 

.::·: .0::~·:·::::;--·,··: .. HH:O , ... ;--

'' ·.. .:. :. ·.·.· .. ·.··· . . . . . . . 

tigure 20: Schematic picture of the experimentalset-up for the e/ectromigration experiments. 
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3.3. The sample contiguration 

3.3.1. Ditfusion experiments 

For the ditfusion experiments only one type of sample was used. 

The contiguration is shown in tigure 21. The substrate is normal glass with 
dimensions 20x20x0.5 mm. 

substrate 

fiqure 21: Configuration ofthe sample used in the ditfusion experiments. 

As mentioned earlier, this type of sample was produced by sputtering. The Y 

layer was deposited first and subsequently, without opening the chamber, the 
Pd strip was sputtered through a mask which was in almest direct contact 
with the substrate surface. After taking the sample out of the sputter chamber, 
on the Y layer an oxide layer was formed (net shown in tigure 21) . This oxide 
layer is impenetrable for hydragen atoms, so that the hydragen atoms only 
enter the Y through the Pd strip. The hydragen atoms subsequently diffuse in 
a lateral direction through the Y layer (in tigure 21 to the leftand to the right). 

3.3.2. Electromigration experiments 

Three types of samples were used for the electromigration 
experiments. The first type of samples, which were vapour-deposited, is a 
special one because of the tact that the Y layer partially lies on top of the Pd 
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layer. This was necessary because the deposition chamber had to be opened 

to position the shadow mask. Because Pd is almast noble, no oxide layer will 

be formed, so first two Pd strips were grown on bath ends of the substrate. 

Subsequently the Y strip was grown between the two Pd contact strips as is 
shown in tigure 22. The electric cantacts between the sample and the 
peripheral equipment were made by soldering on the Pd layer ( ~5 nm) and 

later on a Au strip (later in this paragraph). 

y 

substrata 

fiqure 22: Contiguration for the sample used in electromigration experiments. The Y film has a 
thickness of 300 nm, the Pd layers are 30 nm thick, the substrate is glass (20x20x0.5 mm). 

When the sample shown in tigure 22 is taken out of the chamber the Y layer 
is immediately covered with an oxide layer. This oxide layer avoids the 
hydragen to enter the Y layer directly. The only way for the hydragen atoms 
to enter the Y layer is to first penetrate in the Pd strip and then enter the Y 

strip trom the bottam side. A great disadvantage of this type of sample is the 
formation of three hydragen ditfusion fronts in the Y layer (marked red in 
tigure 22). However, after waiting saveral hours or sametimes after applying 
an electric field, a new front originated (marked green in tigure 22). This front 
was localised exactly at the edge of the Y layer and Pd strip. By the volume 
change of the system due to hydragen uptake and the bad adherence of Pd 
on glass the Y layer and the Pd strip peel off trom the glass in the farm of so 

called 'floes' . 

The films of the second type of samples for the electromigration 

experiments were also obtained by vapour deposition. The ditterenee with the 
first type is that Pd was deposited on top of the Y layer. Th is was achieved by 
changing the shadow mask in situ, so that the Y layer does nat oxidise. In 
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tigure 23 this type of sample is shown. When such a sample is taken out of 
the chamber again, immediately an oxide layer is formed on top of the Y 
layer. This oxide layer causes the hydragen uptake by Y only to take place 
through the Pd strips. In this type of sample the front (marked green in tigure 

23) originated directly at the edge of the Pd and Y strip, which is a great 
advantage compared to the first type. In this geometry no 'floes' were formed 
on H2 charging, due to the goed adherence of Y to glass. 

substrate 

Pd 

tigure 23: Contiguration of the sample deposited on glass (20x20x0.5 mm), used for the 
electromigration experiments. The Y film has a thickness of 300 nm, the Pd layers are 30 nm 
thick. 

In order to produce samples by sputtering in an effective way 
electromigration samples were also made on a glass substrate of 20x2x0.5 

mm as shown in tigure 24. In this case Au was used as contact strips. Pd, the 
gate for hydragen atoms, was deposited in the middle of the strip. Thus 

hydragen atoms can only penetrate the sample in the middle. First the Y layer 
was deposited and subsequently (without opening the chamber) the Pd in the 
middle. Next the chamber was opened to change the shadow masks and the 
Au contact strips were deposited. The oxide layer now existing between the Y 
layer and the Au strip is sufficiently thin to allow the electric current to pass 

easily (no discrepancy between measured resistivity and the resistivity 
expected from only an Y layer). 
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Au 

Au 

Pd 

tigure 24: Contiguration of the sample used in the e/ectromigration experiments. The Y /ayer 

is 300 nm thick and the Pd strip 30 nm, the Au /ayer is 200 nm. 

This type of sample, shown in tigure 24, made it in principle possible to 
abserve the forced growing process of the several phases on one side of the 
Pd strip as well as to abserve the shrinking process on the ether side of the 
Pd strip. lt was also possible to use the Pd strip and one of the Au strips as 

electrodes. 
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4. Results and 

discussion 

4.1. Introduetion 

In this chapter first the ditfusion experiments will be presented in 
detail. These experiments mainly concern the determination of the time 
dependenee of travelled di stance of a certain phase boundary. With regard to 
the ditfusion experiments a model will be proposed which will be mentioned in 
paragraph 4.3. Next the experiments concerning the electromigration will be 

discussed. 

4.2. Experiments on H-diffusion in Y 

Ditfusion experiments were carried out by using the type of 
sample shown in tigure 21 . The sample was put in the turnace in a H2 flow. 

The oven was preheated at the desired ditfusion temperature. The first time, 
the sample was in the oven for only ·two minutes. These first two minutes 
define time t=O tor the ditfusion process. After these two minutes the sample 
was taken out of the turnace and a picture of the sample was taken (by using 
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a microscope}, which enabled the optica! determination of Xo, which is, by 

definition, the distance between the outer sides of the Huiberts windows on 

both sides of the Pd strip at t=O. Measuring this di stance again at time t=t', by 

using the picture made at t=t', determined x'. When Xo is subtracted from x' 

and the result is divided by two the travelled distance of the Huiberts window 

on one side of the Pd strip is determined. This procedure was repeated until 

sufficient data points were obtained. Figure 25 shows the series of pictures 

taken during the ditfusion experiment at T=80 °C(also see tigure 10). The two 
red lines on the left and on the right are the Huiberts windows between which 

the distance was measured (only three pictures are shown). More detailed 

comment on the behaviour of the y-phase in the series of pictures in tigure 25 

will be given at the end of this paragraph. Table 2 shows the data obtained 

from the pictures shown in tigure 25. 

table 2: Data of the ditfusion experiment carried out at T=BO °C. The initia/distance x0 was 

determined at x0=0.134 cm by using the first picture of tigure 25; AxHuiberts=112(x'-xo). 

t (hr) ~Huiberts (Cm) 

2.70 0.038 

4.72 0.045 

7.20 0.055 

9.28 0.062 

16.38 0.079 

19.88 0.084 

25.25 0.096 
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(a) t=4.72 hr, ill<Huiberts=0.045 Cm. 

(b) t=7.20 hr, ill<Huiberts=0.055 cm. 

(C) t=9.28 hr, ill<Huiberts=Q.Q62 Cm. 

fiqure 25: Series of pictures of the diffusion experiment at T=BO °C. The magnification was 
25.5 (transmitted light). 
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By platting the distances in tab/e 2 as a tunetion of the square root of time a 

linear relation is found. When the procedure, described above, is repeated 

for the ether temperatures (i.e. 25 °e, 115 °e, 150 °e and 175 °e) then it is 

possible to construct tigure 26. 

0.25 

0.2 

Ê0.15 
.e. 
~ 0.1 

0.05 

0 

0 100 300 

oT=25 C 
cT=80 C 

b T=115 C 
o T=150 C 

xT=175 c 

400 

tigure 26: Dependencies between the travelled distance of the Huiberts window L1x and the 

square root of time t112 at se veraf temperatures T. 

The slopes kof the curves in tigure 26 (in (2.9) this coefficient was called A). 

can be considered as a measure for the ditfusion coefficient D, defined by 

Fick's tirst law, at a certain temperature. In the model proposed in paragraph 

4.3. it is derived that, by making some assumptions, that for the ratio D~/k2 

can be written: D~/k2~2 . 21, where D~ is the ditfusion coetficient in the ~
phase. Looking at tigure 26 it can be concluded that the process determining 

the movement of the hydragen atoms indeed is a ditfusion process: the x-e'2 

dependenee is obvious. lt is important to note that in order to get a quantity 

with the unity of a ditfusion coefficient (i.e. cm2/s) it is necessary to square k. 

In table 3 the slopes of the curves in tigure 26 are given. 

table 3: S/opes of the curves shown in tigure 26 at accompanying temperature. 

T (ue) k (cm s·11:l) k:l (cm:l s·1
) 

25 9.99*10"5 9.98*10"9 

80 2.86*1 0-4 8.18*10-ö 

115 5.53*10-4 3.06*10"' 

150 7.60*10-4 5.78*1 o·' 
175 1.03*1 o·3 1.06*1 0-ö 
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In paragraph 2.1 .1. it was mentioned that it is possible to write for the 
ditfusion coefficient: D=Doexp[-Ea/k8T]. Using this expression and plotting lnD 
versus 1/T it was possible to determine the activatien energy Ea. The slope of 
the curve in this plot, which is called an Arrhenius plot, is Ealks, where ks is 
Boltzmann's constant. In figure 27 the Arrhenius plot is shown using the data 

in table 3. 

-N 

-14 

c. -16 
.s 

-18 

2 2.5 3 3.5 

tigure 27: Arrhenius plot for the data in table 3. The slope of the straight fine leads to an 
activation energy of Ea=0.36 eV. 

From the slope of the straight line in figure 27 the activatien energy is 

Ea=0.36 eV. lt is remarkable that, although the motion of the Huiberts window 

is a consequence of ditfusion through two phases (a and B). a well defined 
activatien energy is obtained, the more since its value Ea=0.36 eV seems 

identical to the one measured by Stuhr et al. [14] who found Ea=0.35 eV for 
the activatien energy for H-ditfusion in YHx (1 .80<x<1.97). Therefore it is 
concluded that this activatien energy is the activatien energy for ditfusion of 

the B-phase at the concentratien of the Huiberts window. 

lt should be noted that at higher temperatures (i.e. 150 °e and 
175 °e) the Huiberts window is not clèarly visible. This can be seen in the 
series of pictures shown in figure 28, which shows the micrographs of the 
ditfusion experiment at T=175 °e. In contrast to figure 10 and 25 in figure 28 

the Huiberts window is nota thin red line, but looks brown an wide. A reason 
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for this can be the tact that at these high temperatures a relatively thick Y 
toplayer is oxidised, which causes the transmitted light to have a different 

colour than at lower temperatures. Because of the tact that the experimental 
data, obtained from experiments at these high temperatures, appear to fit 

perfectly with respect to the experiments carried out at lower temperatures 
(see tigure 26 and 27) they were not deleted. 

lt appeared to be impossibis to determine an activatien energy 

for the y-phase. The latter was caused by the fact that the y-phase does not 

grow into the f3-phase (also see paragraph 4.3). In table 4 the width of the y

phase is displayed as a tunetion of time. 

table 4: Width of the y-phase as a tunetion of time. The values of Llx7 are approximate/y 
constant except for the case of T=25 °C. 

T=25°C T=80 °C T=115 °C T=150 °C T=175°C 

t (hr) ÖX.y t (hr) ÖXy t (hr) ÖXy t (hr) ÖXy t (hr) ÖXy 

(cm) (cm) (cm) (cm) (cm) 

3.02 0.123 2.70 0.162 1.40 0.120 1.58 0.153 1.28 0.142 

5.82 0.139 4.72 0.159 3.53 0.123 4.03 0.151 3.62 0.150 

9.73 0.144 7.20 0.164 6.03 0.142 7.00 0.158 6.50 0.149 

11 .97 0.146 9.28 0.162 8.67 0.141 9.92 0.163 7.50 0.149 

14.80 0.148 16.38 0.163 13.03 0.142 13.63 0.158 9.98 0.147 

21 .03 0.151 19.88 0.165 15.70 0.141 17.88 0.158 11.70 0.147 

- - 25.25 0.162 21.25 0.139 - - -

Looking at the series of pictures in tigure 25 it is obvious that the Huiberts 

window grows into the a-phase as a tunetion of time. The y-phase on the 
other hand appeared to be stationary (also see tab/e 4) . Looking at other 

experiments at other temperatures also showed an essentially non-maving y

phase boundary. The reason for this stationary situation concerning the y

phase is not well understood. A possible explanation is that the sputter 
deposition conditions are not optima!. The pressnee of oxygen in the sample 
thus can block, for example, the octahedral sites in the Y layer. The latter 
makes it difficult for the hydragen atoms to occupy the octahedral sites and 

the formation of the y-phase is impossible. Another explanation will be given 
table 4). The latter was probably caused by the tact that at this (low) tempe-

-
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(a) t=O hr, x=XQ. (b) t=1 .28 hr, ~><Huiberts=0 . 078 cm. 

(c) t=3.62 hr, ~XHuiberts=0 . 132 cm. (d) t=6.50 hr, ~XHuiberts=0 . 171 cm. 

(f) t=9.98 hr, ~uiberts=0 . 204 cm. 

(g) t=11 .7 hr, ~XHuiberts=0 .221 Cm. 

tigure 28: Series of picturesof the ditfusion experiment at T=175 °C. Picture (a) and {b) can 
not be compared directly to (c) upto (g) because of a different magnification ( - 17 and - 7, 

respectively, transmitted light). 
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rature the region under the Pd strip was only slowly saturated with H atoms. 

After the y-phase reached the edge of the Pd strip it stopped growing into the 

J3-phase. At higher temperatures the region under the Pd strip was filled 

faster and the y-phase boundary almost immediately reached the edge of the 

strip and stopped moving. Local X-ray ditfraction measurements could be a 

helpful tooi in order to get more insight in the structure of the samples used 

for these experiments. 

From tigure 26 it is obvious that the curves do not cross the 

origin. This is caused by the fact that to could not be determined exactly. The 

latter causes the distance Xo to be inaccurate. Since this distance is constant 

and thus has no influence on the slope of the curve, the activatien energy for 

ditfusion is not atfected. lt is important to know t0 in order to be able to 

understand the mechanism determining the beginning of the ditfusion 

process (e.g. incubation time for ditfusion). 

4.3. Model for H-diffusion in the P-phase 

By making two assumptions an expression for the ditfusion 

coefficient in the J3-phase is found. A third assumption shows the limitations 

of the model in order to predict quantitative values of the H-ditfusion 

coefficient for the y-phase. 

Looking again at tigure 11 and using experiments done by 

Huiberts et al., it is possible to quantitatively identify some phase boundary 

concentrations: ep1=2.1, Cpa=1 .75 and cap=0.2. For the velocity of the a/J3- and 

J3/y-phase boundaries can be stated, using (2.4), that 

Jp -Ja v2 = _..:.., __ Jr -Jp 
v1 = --'--~ (4.1 ), 

Cpa -Cap crP- cPr 

where V2 is the velocity of the a/J3-phase boundary and v1 the velocity of the 

J3/y-phase boundary. The experiments carried out show an obvious L\x=ke'2 
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dependenee for the a/~-phase boundary. Using this ó.x=ke'2 dependenee the 

velocity can be directly determined from the experiments, since 

8Llx k L1x 
V= -=--= -

01 21 }; 21 
(4.2). 

Doing this ditfusion experiment at several temperatures makes it possible to 

construct an Arrhenius-plot as was explained in the previous paragraph. This 

plot shows a clear straight line of which the slope is an indication for the 

activatien energy of ditfusion. The first assumption now is that this activatien 

energy is the activatien energy for ditfusion in the ~-phase , since the 

activatien energy for ditfusion in the a-phase is ~0 . 55 eV [15][16]. As a 

consequence Ja=O and (4.1) thus can be written as 

(4.3). 

lf also is assumed (second assumption) that the concentratien profile in the 

~-phase is linear then, by using Fick's first law and (4.3}, for Jp can be written 

(4.4.), 

and for the ditfusion coefficient of the ~-phase Dp thus follows 

(4.5}, 

which is a unique expression for the ditfusion coetficient in the ~-phase Dp. 

Using (4.5) and assuming that ill< ~ ill<13 , which is realistic because the y-
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phase hardly or not grows into the ~-phase, it is found that the ratio of the 

proportionality factor k2 and Op is a constant value 2.21 . In tabla 5 the 
ditfusion coetficients, calculated by using (4.5}, are displayed. 

tab/e 5: Calcu/ated values for the diffusion coefficient in the fi-phase according to the model. 

T (UC) Op (cm21s) 

25 2.21 *1 0-l:S 

80 1.81 *1 o·l 
115 6.76*10"7 

150 1.28*1 0-6 

175 2.34*10-6 

Extension of the model to the y-phase leads to a time 
dependent ditfusion coefficient Dy. This can easily be understood by making 
a third assumption. Because of the fact that the ~/y-phase boundary does not 
move v1=0. Then, according to (4.1) and using Fick's first law, Jp=Jy. 

Assuming a linear concentratien profile in the y-phase makes it possible to 
write for the J's 

11c P 11cr 
Jp = -Dp A.. = Jr = -D -

UAp r Axr 
(4.6). 

Experiments showed a stationary width of the y-phase, thus /1xy is constant. 
Also 11Cy again is constant. Jp is known according to the model described in 
this section. lt is then necessary for the ditfusion coetficient Dy to change as a 
tunetion of time to keep (4.6) valid. lt thus is not possible to find a constant 
value for Dy. 

According to Stuhr et al. [17] the ditfusion coetficient is strongly 
concentratien dependent in the region 1.80<x<2.09 (increase by a factor -8 

with rising x) and thus no constant value for Op can be expected. At x~2 and 

T=450 °C Stuhr et al. found Dp~1.5*1 o-s cm2/s [17]. According to table 5 at 
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T=175 °C, Op=2.34*1 o-s cm2/s, which is in contradietien with the result of 

Stuhr et al. A reasen for the latter was nat found. 

4.4. Experiments on electromigration 

4.4.1. Electromigration experiments on the first type of sample 

In figure 22 the contiguration of the first type of sample for the 

electromigration experiments was shown. Unique for this type of sample is 

the fact that the Y layer lays on top of the Pd strip. On top of the Y layer, after 

taking the sample out of the vapeur deposition chamber, immediately an 

oxide layer is formed, which is impenetrable for H atoms. The latter makes it 

necessary for the H atoms to enter the Y layer, of course via the Pd, trom the 

bottam side. lt was expected that the region of the Y layer lying on top of the 

Pd strip would be saturated with H atoms (up to YH3) and subsequently, after 

applying a voltage, a sharp front of the several phases would grow along the 

Y strip in the direction of the positive pole (H- ions). As was mentioned befare 

in paragraph 3.3.2., three ditfusion fronts originate in this type of 

configuration. Figure 29 partially shows (top view) the region of overlap of the 

Y and Pd layer of this kind of sample. In this tigure it is obvious that there 

exists no front at the intersectien of the Y and Pd layer. Two fronts on the 

sides of the Y strip are visible, the third front does exist but is nat visible in 

figure 29. lt thus was nat possible to do electromigration experiments. 

;..._;.. __ Pd 

glass ---Y 

tigure 29: Region of overlap of the Pd and Y /ayer after ~1 hour. On the /eft and on the right 

the fronts are visible (reflected light). 
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In order to completely saturate the region of overlap between of the Y and Pd 

layer and thus create a sharp front at the edge of the Y and Pd strip, the 

sample was put in the metallic chamber, in which H2 gas was let in under a 

static pressure of 1 bar, for 18 hours. In tigure 30 the sample, after 18 hours, 
is shown (top view). lt is obvious that at the intersectien of the Y and Pd strip 

a new front has originated. Also after applying a voltage to the sample this 
fourth front sametimes originated. 

Pd 

glass y 

fiqure 30: A fourth front originated at the edge of the region of overlap of the Y and Pd layer 

(reflected light). 

Looking closely at the fourth front, which originated after waiting for saveral 
hours, it appeared that the front was an crigin for hydragen diffusion. In tigure 
31 the Huiberts window is clearly visible (top view). From this tigure it is also 
clear that between the Huiberts window and the fourth front a transparent 

phase (YH3) grows into the Y strip, without applying a voltage. This 
transparent phase had a dendritic structure, which later appeared to be nat 

unique for diffusion. 
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Pd 

+ y 

Y (on top) 

t Huiberts window 

tigure 31: The f/oe region appeared to be an origin for diffusion. The transparent phase had a 
dendritic structure (transmitted light). 

A closer look at the new front shows that the Y layer seems to 

peel off from the glass substrate ( see tigure 32). An explanation for this 

phenomenon can be that the volume change of the Y and Pd caused by the 

hydragen uptake induces tension in the lattices of Y and Pd. The latter can 

lead to mechanica! friction at the tangent plane between the Pd and the glass 

substrate, which causes the Y and Pd to come loose of the substrate. The 

tact that the Y and Pd layer peeled off trom the glass strip only at the edge of 

the overlap was probably caused by the fact that at the edge itself the Y layer 

is thinner than in front of and behind the edge. So the tension in the lattice, 

caused by the hydragen uptake, locally caused this 'peel off effect'. Figure 32 

contains a close up (top view) of the region where the Y comes loose of the 

substrate and which is called the f/oe region. 
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tigure 32: Close up from the fourth front, which appeared to originate by a 'peel off effect 

(reflected light). 

The front, consisting of the floes in tigure 32, appeared to be an origin for 
electromigration. For the latter it was necessary to make connections with the 
power supply. The latter was done by soldering one contact on each Pd strip 
(i.e. the positive and negative pole). Applying a voltage (1V -10V) caused the 

Huiberts window to move in the direction of the positive pole (Hl Remarkable 
was the shape of the transparent phase (probably YH3). This phase did not 
grow as a sharp front but moved in the form of dendrites into the ~-phase . In 
tigure 33 a picture is displayed in which the transparent phase, after 
electromigration of -15 minutes at 10 V, can be recognised (top view). 

negative 
pole 

positive 
pole 

tigure 33: Picture of dendrites after electromigration tor ~15 minutes at 10 V (transmitted 

light). 
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The reason for the dendritic growth of the transparent phase in the Y layer 

caused by electromigration is not known yet. A possible explanation could be 
the low thermal conductivity in the y-phase. For the thermal conductivity of 

YH2 is found in literature Kp~0.3 W cm-1 K 1 (18]. The thermal conductivity for 

YH3 was not found in literature. Assuming the validity of the Wiedemann

Franz law led to a value for the thermal conductivity of the YH3 phase Kr. The 

Wiedemann-Franz law says that for metals the ratio of the thermal and the 

electric conductivity, K and cr respectively, is proportional to temperature T. 

For the ratio of the thermal conductivities of the ~- and y-phase thus can be 

written 

K CY p 
_ r =-r =~~300 
KP CYp Pr 

(4.7}, 

where pr:8.3 mncm (obtained trom tigure 2). Using Kp and (4.7) led to an 

estimation for the thermal conductivity of YH3, Kr~1 . 0 mW cm-1 K 1
. In other 

words, the thermal conductivity in the ~-phase is much better than in the y
phase. Since it is known that the transformation of YH3 out of YH2 occurs 

exothermic with an energy release of 0.31 eV per atom (8], it is obvious that 

this energy will be transported mainly through the ~-phase. Realising this it is 

clear that the growth of the y-phase is preferent in the direction of an YH2 rich 

environment. A disturbance of an initially flat front thus will grow preferably in 

the direction perpendicular to the front. The disturbance will not grow 

sideways, because of the tact that a neighbouring disturbance will be growing 

into the ~-phase there. On the other hand, the dendritic structure also was 
observed duringa ditfusion experiment (see tigure 31), which is an extremely 

slow process. With respect to the latter it seems unlikely that the dendritic 
structure originated due to a transfer of heat problem. At the ~/y-interface the 

~-phase has to be oversaturated with hydragen befare the hcp y-phase can 
be formed jerkily. In this respect, it is possible that the formation of dendrites 

at the ~/y-interface is inherent in the ~ly phase transformation and has a 
crystallographic background. In this case it would be better to call th is 

structure martensitic. 

Because of the dendritic structure it was ditticuit to define the 

location of the y-phase boundary. lt thus was not possible to determine the 

dependenee of the travelled distance of the y-phase to time accurately. 
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4.4.2. Electromigration experiments on the second type of sample 

The secend type of sample ( shown in tigure 24) had the 

advantage that, after the sample was exposed to H2 gas, immediately a 
straight front originated at the edge of the Pd strip and the Y layer. The major 

difference between this sample, which was produced by vapeur deposition, 
and the previous one is the tact that the Pd strips are deposited on top of the 

Y layer. After making centacts on the Pd strips a voltage was applied (1V -
1 OV). The current running through the sample again caused a dendritic 
growth of the transparent phase, as can be seen in tigure 34 (top view). 
Because of the dendritic structure of the y-phase it again was not possible to 
determine dependencies of the travelled distance to time or voltage 
accurately. 

negative 
pole 

positive 
pole 

tigure 34: Dendritic structure of the y-phase boundary in the e/ectromigration experiment on 

the second type of sample (transmitted light). 

Taking a closer look at the front of this type of sample no floes can be 
observed. There appears to be no 'peel off effect'. lt now is clear that the 
presence of the floes at the edge of overlap of the Y layer and Pd strip is not 
a necessity tor the growth of the y-phase to be dendritic. 

Looking at the negative pole of both sample type 1 and 2 it is 
obvious that the several phases grow towards the positive pole and the 

phases broaden into the Y layer. In tigure 35 a picture of the region near the 
negative pole is shown (top view). In this tigure the dendritic structure of the 
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transparent phase and the thin red line, which is the Huiberts window, can be 
recognised. 

negative 

pole 

positive 
pole 

t Huiberts window 

tigure 35: Picture of sample type 1 or 2 nearby the negative pole (transmitted light). 

lf one exchanges the positive and negative pole it is easy to understand that 

the several phases will shrink towards the positive pole (H- ions). This 

situation occurs in tigure 36 where a picture is shown of the pole which first 
was negative ( tigure 35) and after several minutes ( - 10 minutes) was 

exchanged to the positive pole. In tigure 36 this positive pole is shown (top 
view) at a bout 1 0 minutes after the exchange. 

positive 
pole 

negative 
pole 

Huiberts window 

tigure 36: Picture of sample type 1 or 2 nearby the positive pole (transmitted light). 
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pole. A remarkable feature in this electromigration experiment was observed 

concerning the Huiberts window and the region between the window and the 

dendritic structure. The dark region between the dendritic structure and the 
Huiberts window in tigure 35 has disappeared in tigure 36. In tigure 36 it 
seems that the Huiberts window is spread out all over the farmer dark area, 
which has become red. The position of the outer border of the Huiberts 

window, however, did not vary. The latter probably has no thermodynamica! 

reason, because there is no direct exchange of hydragen between the ~

phase and the gaseaus hydrogen, due to the oxide layer. In other words, the 
stability of the ~-phase probably is not caused by the equilibrium pressure of 
~ 1 o-33 bar, but has another reason. The driving force of electromigration can 

be written as 

(4.8}, 

where E is the external electric field and V is the applied voltage drop over 

distance x. Looking at the specific resistivity of the ~- and y-phase, p~ and Pr 

respectively, in tigure 2 (p1/p~~ 1 0\ it can be concluded that the driving force 

in the y-phase is significantly larger than in the ~-phase. This probably is the 
reason for the ~-phase to remain stationary in spite of the fact that an electric 
potential was applied. 

After switching the poles back to the original situation, the 
Huiberts window becomes sharp again and the red region dark again. Also 
the dendritic structured transparent y-phase did again appear. This process 

of growing and shrinking thus was reversible. 

4.4.3. Electromigration experiments on the third type of sample 

In order to produce samples in a more effective way a third type 

of sample for electromigration experiments was developed. This third type 
was shown in tigure 24. The efficiency of the production of samples has 
improved in the sense that the substrata (20x20x0.5 mm) is completely 
covered with an Y layer and a small strip (20x2x0.5 mm) can be braken from 
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the sample. So out of 1 substrata (20x20x0.5 mm) now 10 samples can be 
obtained. lt should be noted that in contrast to type 1 and 2 this type of 
sample was produced by sputter deposition. As can be seen in tigure 24 

instead of Pd in this contiguration Au was used for making contact strips. The 
Pd strip was deposited in the middle of the strip. The latter made it possible 
to abserve on one side of the Pd strip the growing process and on the other 
side the shrinking process during electromigration. 

After making cantacts on the Au strips the sample was put in the 
metallic chamber and H2 gas was let in. After several minutes the Y under the 
Pd strip was saturated with H atoms. The latter can be concluded because of 
the fact that the Huiberts window grew on bath sides of the Pd strip and the 
region directly under the strip became transparent Applying a voltage (1V -
1 OV) to the sample, which has a resistivity of -30 Q in the H-free state, 

however, had no consequence for the phases. The several phase boundaries 
remained stationary in spite of the current running through the sample. 

Applying a large current ( - 1 A) to the sample did nat initiate the phase 

boundaries to move. A drastic consequence of a large current was the 

destructien of the sample. The substrate, which was made of glass, could nat 
survive the high temperatures caused by large currents and broke. 

lt was concluded that this third type of sample also did nat suit 
for electromigration experiments. Ditfusion of the ~-phase did occur but again 
the y-phase appeared to be stationary. Applying a voltage to the sample did 
nat force the several phases to grow in the direction of the positive pole. A 
reasen for the latter can be the fact that the Pd layer in the middle of the 
sample caused a short circuit because the Pd tunetion as a parallel resistor to 

the Y layer. The y-phase is thus nat exposed to an electric current and no 
extra driving force is exerted on this phase. Another explanation is given by 
X-ray experiments on these samples by Ouwerkerk [19]. The structure of the 
transparent phase of the samples produced by vapeur deposition showed a 
hcp structure. In the case of samples produced by sputter deposition the 
transparent phase appeared to have a fee structure. According to 
experiments by Huiberts (see tigure 1) the y-phase was hcp-structured. The 
reasen for the sputter -deposited samples to maintain the fee structure can be 
that the vacuum conditions were nat optimal and oxygen was absorbed in the 
Y layer, blocking the growth of the y-phase. With respect to the formation of 
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dendrites in the first and secend type of sample it is possible that the 

dendrites grow into the fee ~-phase as a hcp structure (y-phase). 
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5. Conclusions 

5.1. Diffusion experiments 

lt was possible todetermine an activatien energy of 0.36 eV for 

the a/~-phase boundary (i.e. the Huiberts window), which corresponds very 
well to the one found by Stuhr et al. (0.35 eV). In spite of the fact that in 
paragraph 2.4. for the ratio of the ditfusion coefficient in the ~- and y-phase 
D~/01~4 was derived, it appeared not possible to determine time 

dependendes of phase growth in the y-phase and thus no activatien energy 

was found in this concentratien range. The reasen for the stationary ~/y
phase boundary can be the fact that in thin films, produced by sputter 
deposition, no hcp structured trihydride could be formed. The reasen for the 
absence of the y-structure can be given by the presence of oxygen in the thin 
film system, due to poor vacuum conditions during sputter deposition (also 
see the conclusions on the electromigration experiments). In thin films 
produced by vapeur deposition the formation of a hcp structured trihydride 
was possible, as was expected from experiments carried out by Huiberts et al. 

In the latter case the transparent phase grew into the ~-phase and had a 
dendritic or martensitic structure. 
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5.2. Electromigration experiments 

With respect to the electromigration experiments it can be 
concluded that the original purpose of accelerating the ditfusion process, 
under certain circumstances, appeared to be possible. Using samples grown 
by vapour deposition electromigration experiments were successfully carried 
out. The energy added to the H- ions by applying a voltage (1 OV) was about 
400 times larger than the thermal energy of the H- ions. The ~/y-phase 

boundary had a dendritic or martensitic type of structure. The determination 

of the time dependency of the ~/y-phase boundary thus was inaccurate. The 
origin of the dendrites can be explained by looking at the different thermal 
conductivities of the ~- and y-phase. On the other hand, the origin of this 
structure can have a crystallographic background, which is typical for the ~/y
phase transformation. In samples produced by sputter deposition applying a 
voltage had no effect on the various phases. Finally, applying a voltage 
perpendicular to the sample in order to obtain perpendicular electromigration 
was not possible because of the small resistivity of the thin film system in this 

direction (short circuit). 
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