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Hysteresis and the single-phase metal-insulator transition in switchable YHfilms
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Extraordinary large hysteresis effects in optical, electrical, and structural properties are observed in switch-
able mirrors based on thin yttrium hydride (YHfilms, deposited on quartz glass or sapphire. The pressure-
composition isotherms of the YHsystem betweex=2 and 3 for absorption and desorption, determined
electrochemically, differ by approximately three orders of magnitude. The optical transmittance exhibits a
distinct minimum when loading the films from the dihydride to the trihydride state; however, upon unloading
this minimum is absent. The desorption data are in good agreement with literature data on bulk yttrium, but the
absorption results show large deviations. Most important for the metal-insulator transition is that during
hydrogen loading Yk remains in a single hcp phase for-2.1. The hysteresis is discussed in terms of strains
(and consequently stresat the interface between fcc dihydride and hcp trihydride.

[. INTRODUCTION cal potential is related to an effective hydrogen gas pressure,
thereby offering the possibility to study the thermodynamic
Owing to their application for efficient hydrogen storage properties of the system.
and in rechargeable batteries, metal-hydrogbtH() sys- In our study of the physics of switchable yttrium films we
tems have been the subject of extensive research over tl@ve encountered extremely large hysteresis effects upon
past century:> Thermodynamics, crystallography, transportvarying the hydrogen concentration. Under normal condi-
properties, magnetism, electronic band structure, and supetions (room temperature, atmospheric presstine hydrogen
conductivity have been investigated in great detail in manyconcentratiorx in yttrium hydride (YH,) can be varied re-
MH, systems. As most of these studies were done on bulkersibly betweens-YH,, s and y-YH;3_ 4, both in electro-
material, the optical characterization of metal hydrides washemical and gas-phase experiments. Lower concentrations
limited to absorbance and reflectance spectrosédpy. can only be reached by desorption at considerably higher
The use of thin-film techniques in the preparatiorMbifi,  temperatures< 1000 K).*° To our knowledge this is the first
samples introduced exciting possibilities for investigatingreport of such large hysteresis, either in bulk material or thin
these materials, and as a result many intriguing phenomerfdms of any metal hydride.
were observed. For example, it has been shown for palla- In this paper we describe the influence of this hysteresis
dium that the reduced film thickness has a marked effect onn various physical quantities measured during hydrogen ab-
the thermodynamic phase diagram; for thin films the criticalsorption and desorption in the reversible concentration range
temperature appears to be lowered considerably, indicating @.9<x<3.0). Optical transmittance and reflectance,
weakening of the elastic H-H interaction enerdy. pressure-composition isotherms, and resistivity are measured
The discovery of switchable mirrors based on rare earthin situ during electrochemical hydrogenation. The crystallo-
metal hydrides RH,) was another result of the use of thin graphic structure is determined by x-ray diffraction in a gas-
films in the study ofMH, systems. Huibertst al.” showed phase loading experiment, and related to the electrolytic ex-
that hydrogen absorption in yttrium and lanthanum induces @eriments by means of the simultaneously measured
metal-insulator transition accompanied by drastic opticaresistivity. The desorption and absorption characteristics of
changes; the initially reflecting metal transforms into a transthe YH, system are discussed separately. We show that the
parent insulator. Since this report, several authors have delesorption data correspond quite well to what has been re-
scribed similar optical switching properties in otlitid, and  ported for bulk material, while the absorption results show
in alloys based on these materi&ts® that a hexagonal single phase exists alreadyxfer2.1 in
Hydrogenation of switchable mirrors can be achieved ei-YH,. Finally, the hysteretic behavior, resulting from the dif-
ther by exposing the sample to a hydrogen gaderence in loading and unloading, is discussed in terms of
atmospheré;1° electrochemically by polarization in a suit- stress and strain at the interface between cubic dihydride and
able electrolyte solutioff;™*" or chemically by immersion in hexagonal trihydride.
a NaBH, solution!® The major advantage of electrochemical
loading is the ability to c_qntrol the hydrogen concentration. Il EXPERIMENT
Under oxygen-free conditions the hydrogenation reaction
Yttrium films of 300-nm thickness are evaporated in an
Y +xH,0+xe” = YH,+xOH" (1) ultrahigh vacuumUHV) system(pressure 10° mbar dur-
ing evaporatioh on quartz(Suprasil 1, Heraeusdisks of
implies that the change of the hydrogen concentrafianis  40-mm diameter. To prevent yttrium from oxidation, and to
proportional to the transferred charger equivalently, the catalyze hydrogenation, a cap layer of 15-nm palladium is
current integrated over timeAdditionally, the electrochemi- depositedin situ. After removing them from the UHV sys-
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tem, the samples are contacted using conducting adhesive 0.15
(E-Solder 3021, EPOXY Produkte GmhHSubsequently, (a)
the contacts are shielded from the electrolyte using an insu- -
lating lacquerApiezon. In all experiments an initial hydro-

gen concentration=0.08 H/Y is taken into accourt.

Electrochemical experiments are performed using an
EG&G Princeton Applied Research(PAR) 263A
Potentiostat/Galvanostat in a three-electrode configuration. A
platinum sheet is used as a counterelectrode in a separate
compartment connected by a glass frit to the compartment
containing the working and reference electrodes. The glass
frit is used to hinder diffusion of @ evolved at the counter-
electrode, through the electrolyte to the working electrode.
The yttrium/palladium sample is used as the working elec-
trode. A Hg/HgO electrode in 1-M KOH is used as a refer-
ence. All potentials are given with respect to this reference
electrode.

For single-wavelength transmittance measurements a di-
ode lasefMelles Griot,\ =635 nm) is used. The transmitted
intensity is measured with a standard photodiode in combi-
nation with a linear current-to-voltage amplifier. Spectrally
resolved transmittance and reflectance measurements are per-
formed by placing the electrochemical cell in a Bruker IFS
66/S Fourier transform infrared spectrometer with
transmittance/reflectance accessory. To avoid photoanodic FIG. 1. (a) Optical transmittance at 1.96 eV aifb) electrode
dissolution of yttriumtrihydrid&® due to absorption of light potential as a function of hydrogen concentratidor a 300Y/15Pd
with energies above 2 eV, the sample is only illuminatedfim in 1-M KOH during a galvanostatic loading experiment. The
during the short time needed to record the spectra, typically éunloading current amounted toH) —0.2 mA/cnf. The arrows
few seconds. Simultaneous four-point resistivity measureindicate whether hydrogen is absorbed or desorbed.
ments are performed as described by van der Phusing a

Keithley 2000 Multimeter. Details of the experimental setupthe hydrogen concentration with time. Figur@1shows the
were given in a previous publicatidh. _ _ optical transmittance at 1.96 eV. Two branches are observed:
Structural measurements employing high-angle x-raythe |ower one for the case of hydrogen absorption, and the
scattering are carried out in a Rigaku X-ray diffractometer higher one for desorption. With increasing hydrogen concen-
operated in thef-26 mode using CuK« radiation from a  tration the transmittance first decreases and reaches a mini-
rotating anode X-ray generatond, x,=1.542 nm. The  mym at x=2.1. This decrease has been reported
measuring time for the 2angle region 26°-36° is typically previously”#416-18Upon further loading the transmittance
10 min, to ensure good angle and time resolution. Hydrogefhcreases strongly to finally reach a constant valuex at
(unloading is done in the gas phase. Both x-ray spectra and.2 g. |n the case of desorption the transmittance character-
resistivity are recorded simultaneously as a func_tion of _timeistics are markedly different. Starting at maximum hydrogen
The four-point van der Pauw methfddor measuring resis- concentration the transmittance first drops to about 10%, ex-
tivity allows us, despite differences in sample geometry, tohipits a humplike feature ax~2.65, and then decreases
link the x-ray-diffraction results to the electrochemical ex- monotonically to the stable dihydride state. The minimum at
periments. As described. previously, th_is limits the error iny—5 1 is not observed. When during hydrogen loading the
the hydrogen concentration determination to 3% current is reversed at intermediate concentrations, the trans-
The 1-M KOH electrolyte solution is prepared fromo  mijttance immediately starts to rise until it reaches the de-
analysisgrade chemicals and double distilled water. Beforesorption branch which it then follows. Similarly, when
each measurement high purity argon g&8l) is bubbled  changing from desorption to absorption the transmittance de-
through the solution to remove oxygen. During the experi-creases and joins the absorption branch. Variation of the ab-
ments an argon flow is maintained over the electrolyte. A”sorption and desorption rate by changing the current density

transmittance

U vs Hg/HgO (V)

measurements are performed at room temperature. has no marked influence on the aforementioned behavior.
Moreover, identical results are obtained from a potentiody-
. RESULTS namic measurement in which the potential is scanned at a

rate as low as 0.1 mV/s. Also, increasing the temperature up
to 70 °C does not lead to a significantly different behavior of
The result of an electrochemical loading experiment usinghe transmittance characteristics.

a 300-nm-thick yttrium film capped with a 15-nm-thick pal- The potential measured during hydrogen cycling de-
ladium layer(to be referred to as 300Y/15Pd in the rest of scribed above is shown in Fig(l). Upon loading with hy-
this work) in 1-M KOH is shown in Fig. 1. A constant cur- drogen the potential drops from 0 t60.8 V almost imme-
rent|j|=0.2 mA/cnf (j<O is the absorption, anii>0 is  diately. Betweenx=2.1 and 2.6 the potential decreases
the desorptionis applied, resulting in a linear variation of slowly, followed by a more rapid decline to a value near

A. Continuous galvanostatic loading
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during transitions between the absorption and desorption
branches at intermediate concentrations.

B. Equilibrium measurements

To eliminate effects related to the kinetics of hydrogena-
tion we employ the galvanostatic intermittent titration tech-
nique (GITT) to study the physical properties of our electro-
chemically loaded switchable yttrium hydride films under
equilibrium conditions’ In the GITT a constant current is
applied for some time to change the hydrogen concentration
by a certain amount. Whether hydrogen is absorbed or des-
orbed depends on the sign of the current. After this pulse the
current is interrupted, and the system relaxes under open-

FIG. 2. Optical transmittance at 1.96 eV as a function of theCircuit conditions, while the potential, resistivity and optical
hydrogen concentratior for a 300Y/15Pd film. The solid line is transmittance and reflectance are monitdresitu. As men-
identical to the result of Fig. (&), but now on a logarithmic scale. tioned in previous publications, the relaxation kinetics are
Additionally, the result of a measurement using the galvanostatisurprisingly slow'®!’ the origin of which is uncertain, and
intermittent titration technique is showrD( dashed curve The  which will be the subject of future work. The concentration
equilibrium absorption results at high hydrogen concentrations arelependence of the aforementioned physical quantities is de-
corrected for the overestimate »fdue to hydrogen gas evolution. termined using the values obtained at the end of the equili-
bration period. In Fig. 2 the optical transmittance at 1.96 eV
measured using the GITT is compared to what is found dur-
ing continuous galvanostatic loading. Although the hyster-
esis between the absorption and desorption is slightly less,
essentially the same features are observed. The minimum at

x=2.1 during hydrogen loading is absent in unloading; the

|mpotrtaTt atlneganvelpgt\e;ntlals; wher; tze poter_1t|albreacbheijst%ree linear regimes are clearly observed. When switching
constant valué near 1.2 V, no more nydrogen IS absorbed ¢,y e absorption curve to the desorption curve, and vice

in the film. During hydrogen desorption, starting at any con-e g5 - jdentical behavior is found as during the continuous
centration, the potential rises slowly in the concentratio

Noading experimentgnot shown in Fig. 2 As the hysteresis

ran%e v(\j/here the trsnsmgtgnce_ Increases fr?]m (tjhe absorptigR e optical transmittance observed under equilibrium con-
to the desorption branch in Fig(d. Once the desorption jsions is very similar to the result of the continuous

curve in transmittance is reached, the potential remains apy ) inading experiment, the hysteretic behavior is not related
proximately constant dt = —0.4 V, to finally rise to values , the slow kinetics of the system.

U>p V toward x=1..9. When the _current is rgversed atan  grom the equilibrium potentialll o, an equivalent hydro-
a_lrb|trary concentration either dlurmg absorptlon or desorp—gen pressur@y,. (bar) is calculated using the Nernst equa-
tion, a potential step of approximately 0.35 V is observedlt. 2

which is due to the fact that the cell potentidlis a sum of lon
the equilibrium potentiall . and an extra potentiadl U. The oF
latter is a result of charge transfer at the solid/electrolyte Inpy, = — 5=(Ugqt0.926, 2)
interface, which introduces an overpotential and the 2 RT

Ohmic potential {R) drop in the electrolyte. In contrast to hereR=8.314 J/K mol is the gas constant, aRie- 96485

the transmittance _characteristics, . the potential dgpen /mol is the Faraday constant. This enables us to construct
strongly on temperature and applied current density. AL

transmittance

—1.2 V. At x=2.6 hydrogen gas evolution at the electrode
surface (HO+e~ —iH,+ OH") starts to compete with hy-
drogenation of the yttrium film. The consumption of charge
carriers in the formation of Hlbecomes increasingly more

he pressure-composition isotherm for the yttrium-hydrogen

lower current densities and/or elevated temperatures the di system between dihydride and trihydride, both during hydro-

ference bgtwgen the '0"’.“’"."9 and unloaqmg pote_ntia!s deg'en absorption and desorption. The result for a 300Y/15Pd
creases significantly. This is evident as fifie drop is di-  fim in 1-M KOH is shown in Fig. 3. In absorption first a

rectly related to the current density, and the overpotential strong increase is observed betweenl.9 and 2.1, followed

depends on both current density and temperature. by a much slower, almost linear increase of the logarithm of

In'Flg.. 2 the transmlttance'of Fig.(d is shown on 2 the pressure with hydrogen concentration frgm = 3.2
logarithmic scale. The large difference between absorption = " B = e N

and desorption is more pronounced, especially at low conx 10 bar atx=2.1 topy,=1.5¢10 bar atx=2.55. Atx
centrations. For a full absorption and desorption cycle thre&alues above 2.6 the pressure again increases more rapidly to
regimes can be distinguished in which the logarithm of theend atpy,,=1 bar. This is the maximum attainable pressure
transmittance (i) varies approximately linearly with con- value for a hydrogen-metal system in equilibrium at an am-
centration:(i) during absorption between=1.9 and 2.1, the bient pressure of 1 bar. As described in Sec. Ill A, competi-
transmittance decreases by about one order of magnitiide; tion between hydrogenation of the film and hydrogen gas
this is followed by a strong increase of the transmittancesvolution leads to an increasing overestimate of the hydro-
over more than two orders of magnitude; afid) during  gen concentration; the data are corrected for this overesti-
desorption a linear decrease ofTlris observed. Although mate by assuming an exponential potential dependence of

less pronounced, the linear behavior offlis also observed the kinetics for hydrogen gas evolution neaf.926 V. A
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FIG. 3. Pressure-composition isotherm of a 300Y/15Pd film. k1 4. Resistivity as a function of hydrogen concentratidar
Measurements were performed using the galvanostatic intermitten} 300y/15Pd film. Measurements were performed using the gal-
titration technique. The filled and open symbols pertain to hydrogen;anostatic intermittent titration technique. The filled and open sym-
absorption and desorption, respectively. The absorption results s pertain to hydrogen absorption and desorption, respectively.
high hydrogen concentratlons_ are corrected for the overestimate gf,o absorption results at high hydrogen concentrations are cor-
x due to hydrogen gas evolution. rected for the overestimate Bfdue to hydrogen gas evolution. The

o ) ~__ resistivity values are corrected for the palladium cap layer.
full desorption isotherm is shown by the open squares in Fig.

3. After a sharp decrease of the pressure, an almost flat pla. - .
teau is found betweer=2.6 and 2.0 ap,; =7.5% 1010 at x=1.9 corresponds to the minimum value measured in a
2

) first loading experiment using an as-deposited sartphn
bar. Towardx=1.9 the pressures again decreases very rafpcrease of the hydrogen concentration results in a sharp rise
idly. When starting to desorb hydrogen at intermediate conyt the resistivity followed by a characteristic kink neer

centrations(open circles and trianglgsa similar pressure _» g4 atp~0.14 n) cm, after which the resistivity in-
drop is observed until the plateau is reached, and the pressUtgagses further to reach a final valpe:7.8 m) cm. The
then exhibits the same characteristics as for a full desorptionggistivity values are corrected for the short circuit through
From the plateau pressure corresponding to a coexistentge palladium cap layer using the parallel resistor model for
region between two phase (and y in our cas¢ we can  the 15-nm-thick palladium layer and the 300-nm-thick yt-
Ca'c‘."atgzgthe enthalpy of formatiomAH; using the  iym |ayer?® When approaching=3 this shunting effect
relatiorf* becomes increasingly more important, owing to the strong
0 rise of the resistivity of substoichiometric yttrium trihydride
n :ZAHf_I_i 3 in this concentration rang€. When desorbing hydrogen
PH, RT R’ from the film the measured resistivity values are markedly
lower, leading to hysteresis in the electrical characteristics.
whereSp, =130.8 J/Kmol H is the standard molar entropy Furthermore, the kink which was observed in absorption is
of hydrogen gas. From the desorption plateau we obtaitnardly discernible upon unloading. Similar to what has been
AH;=—44.8 kJ/mol H. Considering that E¢B) underesti- described for the transmittance and the pressure-composition
matesAH;, this value is in reasonable agreement with theisotherms, when starting desorption or absorption at interme-
value AH;=—41.8 kJ/mol H, as determined by Flotow diate hydrogen concentrations a transition is seen from the
et al?* Yannopoulot al?® measured isotherms in the range top to the bottom branch, or vice vergtne latter is not
250—350 °C, and from a fit to the plateau pressure as a funghown in Fig. 4.
tion of temperatureAH;=—43.1 and—42.2 kJ/mol H are
obtained for absorption and desorption, respectively. From
the absorption isotherm we can estimate the partial molar _ _ _
enthalpy to have a value betwedrH = —37.4 and—32.7 Bulk yttrium cry_stalllzes in the hexe}gonal close-packed
kd/mol H by taking the pressure valupg =3.2< 107 bar (hcp) structure, Wh.ICh upon hydrqgenauo_n transforms to the
_5 2 ) face-centered cubifcc) structure in the dihydride state. At
and p;,=1.5x10"> bar atx=2.1 and 2.55, respectively. gyen higher hydrogen concentrations towards the trihydride
These enthalpies are significantly higher than the valuestate a second crystallographic phase transition brings the
mentioned above for the case of hydrogen desorption. Fogystem back to the hcp structiffé®® More precisely, by
comparison, from an absorption isotherm, measured byheans of neutron diffraction Yf{Hwas shown to have a
means of a quartz-crystal microbalance, Huibeztsal?° HoD, (P3cl) structuré®® but the small displacements of

found a sloping plateau aroum,,=9.21x10 > bar, from e yttrium atoms and the positions of the hydrogen atoms
which they obtain a formation enthalgyH=—30.0 kJ/mol  are not visible in x-ray diffraction. As the structural proper-
H. ties of YH, flms may differ from those available in the
The resistivity, measured simultaneously with theliterature (which are only for bulk or powder samplese
pressure-composition isotherms in Fig. 3, is plotted in Fig. 4carried out a detailed investigation by meansmo$itu x-ray
The resistivityp=29 u{) cm in the desorbed dihydride state diffraction on YH, films loaded from the gas phase. As de-

C. X-ray diffraction
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TABLE I. Lattice constants for bulk yttrium, yttrium dihydride, TABLE I1l. Experimentally determined lattice constants of a
and yttrium trihydride reported in literature. Also given are the 300-nm Y, 15-nm Pd film loaded from the gas phase. As in Table I,
calculated distanced, andd; between the hexagonal planes and the calculated distancess and d; between the hexagonal planes
the nearest-neighbor distance within these planes, respectively. Bind the nearest-neighbor distance within these planes, as well as the

the last column the molar YHvolume is listed. molar YH, volume, are given.
Ref. a(A) c(A) d, (A) dj(A) Vyy, (cnP) a(Ad) c@A) d.(A) d;(A) Vyy, (cnP)
hcp Y 31 3.650 5.737 2.8685 3.650 19.924 hep Y 3.662 5770 2.885 3.662 20.170
fcc YH, 5.206 - 3.006 3.681 21.235
fec YH, gg g';gg : g'ggéi 2'2282 ;1;22 hep YH,, 3713 6.613 3307  3.713 23.766
' ) ' ’ ' hcp YH; 3.713 6.612 3.306 3.713 23.762
34 5.201 - 3.0028 3.6777 21.174
35 5.209 - 3.0074 3.6833 21.272
Average 5.2035 - 3.0042 3.6794 21.204

dihydride and trihydride configurations. The inset shows
hep YH; 33 3.672 6.659 3.3295 3.672 23.405 thre_e (_1I|ffract|on 'spectra obtained in _the dihydride phase
34 3674 6599 3.2995 3.674 23.220 (solid line), the trihydride phasédotted ling, and at an in-
24 3672 6.625 33125 3672  23.285 terzmaefg‘éegg},’drogeggcggfe””a“@asged ling 1T"¥° psaks
Average 36727 6.6277 3.3140 36727 23304 al20=26.97° and 29.68° correspond fo t{ill) fcc YH,
and (002 hcp YH; reflectances, respectively. In Fig. 5 the
intensity ration=IYH3(002)/IYH2(111) is plotted as a function

scribed in Sec. Il, the results are mapped onto the electrg?f hydrogen concentration during absorption and desorption.
chemical results via the electrical resistivity, which is mea-These data reveal a most remarkable behavior of filkhs
sured simultaneously in the x-ray experiment and in theduring hydrogen loading and unloading. Upon hydrogen
electrolytical/optical experiments described in the previoudoading the intensity ratio; increases by five orders of mag-
sections, thereby giving the concentration dependence of thaitude, indicating a rapid transformation from fcc to hcp.
crystallographic structure. To obtain even more direct infor-This transformation is essentially complete ®t-2.15.
mation on this hydrogen concentration dependence, we plafibove x=2.15, YH, is therefore in a hcp phase in sharp
to perform anin situ study of the crystallographic structure contrast with bulk YH. Upon hydrogen desorption the fcc
of electrochemically loaded YHilms using synchrotron ra- phase immediately precipitates at high hydrogen concentra-
diation. tionsx. All the way down to the stable dihydride configura-
Although our molecular-beam-epitaxy-grown films aretion the two crystallographic phases coexist as observed in
polycrystalline, they show a preferential orientation with thebulk samples.
[002] direction (c axis) perpendicular to the substrate, or in ~ This hysteretic behavior is also clearly observed in Fig. 6,
other words, with the hexagonal basal planes of the hcp univhich shows contour plots of concentration-dependent x-ray
cell parallel to the substrate. Upon hydrogenation a reorderspectra during hydrogen absorption and desorption. The two
ing of the hexagonal planes yields the fcc structure with theéntensity maxima at 2=26.97° and 29.68° were described
[111] direction perpendicular to the substrate. In Table | bulk

literature values for the lattice constants of yy&te summa- 107 s

rized. Also given are the separatidn between consecutive /'/° e »
hexagonal planesthcp: d, =c/2; fcc: d, =a/+/3), the 10 , V4
nearest-neighbor distana within these planeghcp: d; _ / 0_08"9

=a; fcc: dH=a/\/§) and the molar yttrium volume/. . § 7 20000—
Upon hydrogenation the major expansion is along the origi- _¥ ¢ 2 45000 (002}

nal ¢ axis (4.7% between Y and Yjiand 10.3% between 5 f/ < 1000 i

YH, and YH;), while the maximura-axis change is limited T 107 Djp ;@: A

to 0.8%. This implies that in a crystallographic study of the  — & E AN
YH, system we can focus on a narrow 2ange (26°-32°) 10° o 2 27 28 29 30 31
containing only thgl002 hcp Y, (111 fcc YH,, and(002 2'0 : 2'2 : 2'4 . 2'6 280) 2'8

hcp YH; reflectance peaks. Experimentally obtained lattice
constants are listed in Table Il. The lattice constant of our x=H/Y
L ep0ed I P15, ety ra ofnac an (10 sayacton

! . . 20 peaks of hcp YH and fcc YH,, respectively, as a function of hy-
hydrogen concentratloxw_0.0S as found by Huiberest al: rogen concentrationduring a gas phase loading experiment using
The out-of-plane expansion amounts to 4.2% between Y an

0 - ’ : 300Y/15Pd film. Spectra were measured as a function of resistiv-
YH, and 10.0% between YHand Yk, which is slightly iy the corresponding hydrogen concentration was obtained from

smaller than for bulk material. The in-plane expansion to-e results in Fig. 4. The filled and open symbols pertain to hydro-
ward YH;_ s is larger than what is found for bulk material. gen absorption and desorption, respectively. The inset shows three

The result of an x-ray experiment on a 300Y/15Pd film diffraction spectra obtained in the f@ phase(solid line; x=2.0),
loaded from the gas phase is shown in Fig. 5. As mentioneth the 8-y two-phase regior(dashed linex=2.4 during desorp-
before, we only focus on the concentration range between thin), and in the hcpy phase(dotted line;x=2.7).
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FIG. 6. Contour plots of the x-ray intensity as a function of ~ FIG. 7. Contour plots of the optical transmittance for an elec-
hydrogen concentratior during absorptior{a) and desorptiortb). trochemically loaded 300Y/15Pd film as a function of the hydrogen
The grayscale corresponds to a logarithmic intensity scale. concentratiorx during hydrogen absorptiof@ and desorptiortb).

The step size wadx= *=0.05. The lightest regions correspond to a
above. The weak intensity maximum nea#=229.25° cor-  maximum transmittance of approximately 18%. The grayscale cor-
responds to th€¢101) hcp YH; reflectance. Due to the loga- responds to a logarithmic intensity scale.
rithmic grayscale, this small peak is greatly enlarged. There

is no discernible shift of the peaks in both fcc Y#ENd hcp  jinit- 1o minimum is observed. Moreover, already at rela-

YHs p.hases, eith‘?f during absorptioq or desprption_. This i?ively high concentrationsxi=2.6) the characteristic dihy-
especially surprising during absorption as it implies that

bovex=2.15 th is of the sinale h h d n tdride maximum can be discerned Bf,=1.8 eV. Also,
abovex=c.. ec axis ot the singie ncp phase does Noty,qq is no marked shift of this maximum, as was the case
expand during hydrogen uptake upxe 2.8.

during absorption betweer=1.9 and 2.1. When desorption
is started at intermediate concentratipfRiy. 8b)] the trans-
mittance characteristics immediately show a transition to di-
The GITT allows us to simultaneously perform optical hydridelike behavior with a peak nekr,=1.8 eV. The in-
transmittance and reflectance measurements. At the end t@nsity maximum ax=2.18(curve 6, peak intensity 1.6p4s
every equilibration period, transmittance and reflectancdollowed by a decrease of the intensity over the entire spec-
spectra are recorded. Figure 7 shows contour plots of theal range. As in the contour plot of Fig. 7, there is no
transmittance as a function of hydrogen concentration duringnarked shift of the transmittance peak in Figb)8 Close to
electrochemical absorptio@) and desorptiorib). In Fig. 8,  the lowest attainable hydrogen concentration, the spectrum
spectra of the optical transmittance during loadiagand  (curve 8 has a slightly lower transmittance (1.2%) than the
unloading(b) in the low concentration range (%<2.3) final dihydride transmittance.
are presented. Clearly, there are marked differences between In Fig. 9 contour plots of the optical reflectance as a func-
hydrogen absorption and desorption. The dihydride transmition of hydrogen concentration are presented for absorption
tance window, with a maximum transmittance of approxi-(a) and desorptior{b). Figure 10 shows reflectance spectra
mately 1.3% at a photon ener§y,=1.8 eV, shifts to lower during loading(@ and unloadindb) in the low concentration
energy Epn=1.6 eV atx=2.1), while the maximum inten- range (1.8<x<2.3), corresponding to the optical transmit-
sity drops to 0.35%. After the minimum at=2.1 toward tance spectra of Fig. 8. Although less pronounced, the reflec-
fully loaded trihydride the transmittance increases exponentance also exhibits hysteresis. The strong reflectance gf YH
tially over a wide spectral range (54£,,<3.0 eV), simi-  below the apparent plasma energyEgt=1.6 eV is related
lar to what was observed in Figs. 1 and 2 at a photon energip the number of free charge carriers, while the features at
Epn=1.96 eV. higher photon energies are related to interband transitions. A
In desorption a similar exponential decrease is also obmore detailed description of the relation between optical
served, but now all the way down to the low concentrationproperties and electronic band structure will be given else-

D. Optical spectroscopy
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FIG. 8. (a) Optical transmittance spectra for an electrochemi-
cally loaded 300Y/15Pd film during hydrogen absorption. The num-

bers 1-5 correspond to hydrogen concentrationd.9, 2.0, 2.1, . i
2.2, and 2.3, respectivelyb) Same as in(a), but now during hy- FIG. 9. Contour plots of the optical reflectance for an electro

drogen desorption startedat 2.3. The numbers 5-13 correspond chemlcally_ Ioaded_ 300Y/15Pd film as a function of the_hydrogen
; concentratiorx during hydrogen absorptiof@ and desorptiorb).
to concentrationx=2.3, 2.28, 2.25, 2.23, 2.2, 2.18, 2.1, 2.0, and . . .
. The step size wadx= +0.05. The lightest regions correspond to a
1.95, respectively. ; .
maximum reflectance of approximately 85%. The grayscale corre-
sponds to a linear intensity scale.
where. From Fig. @) it is clear that upon hydrogenation the

free-electron reflectance shifts to lower energy, indicating a IV. DISCUSSION
lowering of the free charge-carrier density. At hydrogen con- Since the large hysteresis reported in Sec. Il is related to

centrations above=2.3 _the free-electrqn contribution has the intrinsic difference between single hcp Ysynthesized
moved.out of the detection range. /T\t.hlgher hydrogen Con'during hydrogen absorption and mixed-phase, Ydtiring
centrations X=2.5) the spectra exhibit characteristics of adesorption, we discuss hydrogen absorption and desorption

transparent insulator. The reflectance is low25%), and  separately, starting with hydrogen desorption since it be-
interference of the light reflected at the palladium/yttriumhaves very similarly to bulkor powdey YH,.

interface and the yttrium/substrate interface is observed. Ab-
sorption above the optical gap of 2.8 eV results in a strong
diminishing of these interference fringes, in agreement with o ) ] ) _ )
the decline of the transmittance in the same energy range 'he characteristics of thin YHfilms described in this
(Fig. 7). work du.rln.g d_e.sorptllonfrom trihydride to dihydride show
Desorption of hydrogen leads to a decrease of the inter3ifongd similarities with what has been reported for bulk ma-
ference pattern and results in a reappearance of the |OV\tI§.”aI' From the x-ray-diffraction results in Figs. 5 anb}s
energy reflectance. However, this free-electron contributior. 'S clear that fromx'=2.7 down to .2'0 fcc Y. 5 and h'cp
is already observed at=2.4, and the onset of this reflec- YH;_; phases coexist. Further evidence for the coexistence
tance is always at higher photon energy than during absorrf—f the _two_phases_ls given _by the pressure-composition iso-
. : ) herm in Fig. 3, which exhibits a plateau in the same concen-
“Of? a_t c_orrequno!lng values[compz_ire F'gs'@) a_n_d ). tration range. The limiting hydrogen concentrations of the
-Frir(j:jlszllsslgcqeu?r:ga:\\//((:r:é]éepizseg;v(\a"r:;g]ye igerscaliatllt\g;ytg?;z oftwo-phase region are in reasonable agreement with the val-
- b

_ > : ues found for bulk YH.2” Moreover, the heat of formation
average density of free electronghroughwy=ne?/sqm*,  estimated from our desorption isotherm is comparable to val-

wheree, o, andm* are all constant®? Assuming that we yes determined by Flotoet al,24 and obtained from a fit to

can envisage the YHsystem in terms of an effective me- data measured at elevated temperat(@&§—350 °C)>>

dium, both the higher plasma enerdgyw, and the lower The transmittance and the resistivity measured in the co-
resistivity observed during hydrogen desorption indicate axisting phase region are related to the optical and electrical
larger overall number of free charge carriers. properties of the two separate phases. The hydrogen concen-

A. Hydrogen desorption
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FIG. 10. (a) Optical reflectance spectra for an electrochemically y

loaded 300Y/15Pd film during hydrogen absorption. The numbers
1-9 denote successive spectra fram1.9 tox=2.3 (Ax=0.05).
(b) Same as irta), but now during hydrogen desorption. The num-
bers 9-16 denote successive spectra foor2.3 to 1.95 Ax=
—0.05).

FIG. 11. (a) The functionv as a function of the scaled concen-
tration y=(x—2.0)/(2.72.0) in the two-phase region. The inset
shows a schematic representation of various phases we used to
model the experimentally observed transmittance and resistitaity.
Fraction of the various phases as a function of the scaled hydrogen

. . . concentration, calculated using the functien
tration dependency of both the transmittance and the resis- g

tivity can be rationalized by means of a simple matidlet Using the functionv we can easily calculate the fractions
us assume that a fraction of the film consists of regions of the horizontal and verticg andy phases as a function of
where the high concentratiop-YH, ; and the low concen- the scaled hydrogen concentratipnthe result is shown in
tration B-YH, o coexist next to each other in a columnar way. Fig. 11(b). Moreover, for three values gfthe distribution of
In the rest of the film(fraction 1-v) the two phases are the phases is schematically shown in Fig. 13. It is immedi-
stacked on top of each other in a layered configuration. Thigtely clear that at low concentrations the two phases are
is schematically shown in the inset of Fig.(&ll Considering  mainly distributed in a layered configuration; only a small
that the current used to measure the resistivity passes throu@faction of the y-YH,, phase forms columnar structures
the film horizontally, while the transmitted light travels ver- through the entire thickness of the film. With increasing hy-
tically, we arrive at the following expressions for the optical drogen content the fraction ¢8-YH, , phase distributed in
transmittancgusing the Lambert-Beer relatipand the elec-  columns stays approximately constant, while the penetration
trical resistivity: of the high concentration phase through the whole film be-
comes considerable toward the complgt®&H, ; configura-

T=v[(1-y)Ta+yT,]+(1-v)[(Tp)*(T)"], (48 tion.
1-v a5 B. Hydrogen absorption
=p[(1- + +— ) _
Pror=L=Y)ogtyp,] 1-y 'y (4 As mentioned before, Yibehaves completely differently
Ps + P_y during absorptionthan bulk material. Two regimes can be

distinguished during hydrogen loading. From the x-ray-
whereT; (T,) andpg (p,) represent the transmittance and diffraction results in Fig. 5 it follows that in the narrow con-
resistivity of a completeB-YH, (y-YH,;) layer, andy  centration range between=1.9 and 2.1 a rapid transition
=(x—2.0)/(2.72.0) is the overall fraction ofy-YH,;  occurs from the cubic to the hexagonal structure. Surpris-
phase (from Fig. 3. Using v=a+bexpf/c) with a ingly, at concentrations above=2.1 the thin YH film re-
=0.086,b=9.2x10 4, andc=0.144[see Fig. 11a)], we  mains in the hcp phase, and does not exhibit any further
obtain good fits to both the transmittance and the resistivityexpansion[Fig. 6(@]. The separation into two absorption
data. The results are shown in Figs(d2and 12b), where regimes is also apparent from the transmittance minimum at
the solid lines represent calculated curves and the data points=2.1 in Figs. 1(a), 2, 7(a), and &a), and the sudden change
correspond to the desorption data in Figs. 2 and 4. of slope in the resistivity neatr=2.1 in Fig. 4.
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X (a) y=0.1
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01 3 B-YH,,

(b) y=0.5

transmittance
o
=

B'YHz.o

(c) y=0.9

p (MQ cm)

0'15 FIG. 13. Schematic illustration of the distribution of the

B-YH, o andy-YH, ; phases within the film at three hydrogen con-
T T T centrationsi(a) y=0.1, (b) y=0.5, and(c) y=0.9. The black and
0.0 0.2 0.4 0.6 0.8 1.0 white regions represent the-YH, ; and 8-YH,, phases, respec-
y tively. Note that in reality the columnar and layered regions will be
randomly distributed throughout the sample.
FIG. 12. Transmittancéa) and resistivity(b) in the two-phase

coexistence region as a function of the scaled hydrogen concentra- .
tiony, taken from Figs. 2 and 4. The solid lines are calculated usin nd NiSe_,S (Refs. 40 and 4, YH, has the advantage

the model described in the text. The dashed lines represent tl at the Co_ncemrati_on of c.)ne.of its constitueftigdrogen
transmittance and resistivity during absorption, also taken fronf@n be varied continuously situ. Furthermore, the above
Figs. 2 and 4. indicates that the metal-insulator transition in ,Yid not due
to a structural phase transition. In this sense, Yéesembles
LaH, and Y;_,Mg,H, alloys. In a recent study** it was
. . . found that, with more than 10% magnesium, the cubic fcc
linear decrease of IR with hydrogen concentration can be . ) - .

. 7 : YH, phase in these alloys is stabilized, i.e., a structural phase
understood in terms of a similar model as described for th . o

ransition is absent. Nevertheless, similar to,Yahd LaH,

case of hydrogen desorption, but now with a moderatel . . . ;
transparent{ 1%) fcc phase and a much more opaque low-the Y1-yMgyH, alloys exhibit dramatic changes in their op-

concentration hcp phase. Furthermore, upxte2.1 the t?cal .and glectricgl properties when the h_ydrogen concgljtra-
transmittance spectra exhibit a maximum which shiftsf“on is varied. Th_|s implies th_at the metal—lns_ul_ator transition
slightly to lower energyFig. 7(a)], but is still reminiscent of N RHy systems is merely driven by the variation of the hy-
the characteristic dihydride transmittance. To our surprisedrogen concentration. It is, however, conceivable that it is
the pressure-composition isotherm in Fig. 3 does not show accompanied by an ordering within the hydrogen
plateau for 1.9:x<2.1. Also, the dynamic results of Fig. Sublattice’®*
1(b) do not indicate a plateau in this concentration range, but The concentration dependence of the electrical resistivity
merely a difference in slope below and above2.1. (Fig. 4 and the optical transmittand&ig. 2) in the single

At first sight it is rather surprising that in the single hcp phase regionX>2.1) can be interpreted in terms of a de-
phase the crystal lattice does not show any expan@ian  scription given by Nget al. for LaH,.*>*® In their work
6(a)] over the entire concentration range between<X1l LaH; is described as an insulator, in which the hydrogen
=<2.8. However, this constancy of the lattice spacing is conbandwidth is markedly decreased by strong electron correla-
sistent with calculations of Choet al® for various phases tion effects. The removal of neutral hydrogen atoms from the
of YH, between the dihydride and trihydride phases. Theoctahedral siteor in-plane and near-plane sites in hcp,yH
molar volume decreases smoothly by less than 1%. This beénatroduces vacancies, which effectively donate an electron to
havior is also similar to Lakd,?” which remains in the fcc the conduction band. The strongly localized nature of these
phase for allk>2. Most fascinating for the fundamental un- electronic vacancy states leads to the formation of an impu-
derstanding of switchable mirrors is that the metal-insulatority band at very high doping levels of about 20%. Upon
transition, which is seen in the concentration dependency dbwering the hydrogen concentration the vacancy concentra-
the transmittance, reflectance, and resistivity, occurs contion rises, and the overlap between the impurity states in-
pletely within a single hcp phase. Fer-2.1, YH, is thus  creases substantially. This leads to a higher mobile charge-
one of the few systems with a continuous metal-insulatoicarrier density and thus to a lower resistivity, in qualitative
transition. Compared to other such systei8sP (Ref. 39 agreement with the result of Fig. 4.

In the two-phase region (1s9x=<2.1) the approximately
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weak elastic H-H interaction. Due to the large exponent
the critical temperature is essentially given bBy= —a/4k,
which amounts td@ ;=136 K. Unfortunately, at this tempera-
L ture electrolytical(or gaseousloading is not possible. The
-10 low value a=—47 meV compared to, for example, Pd

S | (—529 meVj*® and Nb (280 meV},*8 is consistent with the
& -15 essentially zero lattice expansion in Ykbr x>2.1 (see Fig.
— 6 and Table I), since the elastic contribution is given3y
c
- 20
dAﬁelastic — dinV (VH)2
25 dx Vy dx ——BVYH , (8)

FIG. 14. Logarithm of the hydrogen pressure as a function ofvhereB represents the bulk modulugy, is the molar vol-
the hydrogen concentration. The data points are identical to theme of hydrogen, and!i/YHX is the molar volume of Yk

absorption isotherm in Fig. 3. The solid line is a fit to the data astne gpsence of any lattice expansion in Yk, implies an
described in the text. The dashed line represents the desorptiqq,en smaller elastic H-H interaction, indicating that the lin-
isotherm of Fig. 3. ear term in Eq(7) may also be ascribed to an electronic H-H

. : . . .. interaction.
The linear InT-x relationship in the single phase region in

Fig. 2 can also be understood in terms of the model byeiNg
al.*>%6 described above. When we assume that an optical C. Hysteresis
extinction coefficiente; is associated with the aforemen-

tioned vacancy state, and consider all other contributions 8
the optical absorption to be independent of the hydroge@e
concentratiorx, the transmittance is given by

The differences in hydrogen absorption and desorption,
scribed in the previous sections, result in considerable hys-
resis in the YH thin-film system. The optical transmit-
tance, pressure, resistivity and crystallographic structure
Tyn.=Toexd —e;(3—x)Nyy.d], (5) shown in Figs. 2-5 all execute closed loops when the hydro-
X 8 gen concentration is cycled. Additionally, when the concen-
in which T, ande; are Constanﬂ,\IYH3 is the yttrium density tration is varied over a limited range, the p_hysical propertk_es
in YH; andd is the thickness of the film. Additionally, based MOVe back and forth between the absorption and desorption
on their theoretical calculations, Net al“® found that the Pranches. Considering the large single-phase range in ab-
optical absorbance due to the hydrogen vacancy states is e2rption (2.5x<2.8), this is quite remarkable. For ex-
sentially independent of the photon energy. This is indee@MPle, when starting to unload hydrogen near2.4 the
observed in Fig. ® by the increase of the transmittance SyStém joins the desorption branch near 2.25 (open
over the entire spectral range with increasing concentrationg'cles in Figs. 3—5 This implies a disproportionation reac-
abovex=2.1. tion, as in desorption at=2.25 two phases coexistt) a
The absence of a plateau far>2.1 in the absorption high concentration hcp phas&~2.7), and(ii) a low con-
isotherm in Fig. 3 is also in agreement with a single-phasé&entration fcc phasex(=2.0). But then the hydrogen has
region. Starting from the lattice-gas model as described byéarranged in such a way that the hydrogen concentration in
Lacher’” we can estimate the effective H-H interaction from '€gions which remain in the hexagonal phase has increased
the pressure-composition isotherm. Within this simple modefrom x=2.4 (this was the case for the entire sample before
the hydrogen gas pressure and the hydrogen concentration $#rting desorptionto x~2.7, a transformation which is ob-

the film are related by viously driven by the precipitation of the low concentration
fcc phase.
x—2] 2AH(x) The hysteresis described in the present work is consider-
In 0o (T) =21n 3% + T (6)  ably larger than what has been reported in literature for other

MH, system. To our knowledge the only report of such large
thalpy, andpy(T) depends only on temperature. A good fit to (NiO,H,) electrode® when the hydrogen concentration is

formation enthalpy of the form bulk material and thin films lies in the fact that bulk material
is able to expand in all three directions. Clamping of the film
AH(X)=AH(2)+a(x—2)+b(x—2)°, (7)  to the substrate on which it is deposited, induces a strong

anisotropy in the expansiofl.However, we also observed
with a=—47 meV,b=380 meV, andc=5.6. The linear the phenomena mentioned in this paper in Yfms depos-
term in Eq.(7) is generally assumed to consist predomi-jted on different, flexible(polyme) substrates. This implies
nantly of an elastic contributioA H.4id X) to the formation  that clamping is not responsible for the large hysteresis ob-
enthalpy, while the last term can be considered to represesserved in YH. Further evidence is also provided by the
the additional H-H interactions, possibly of electronic absence of significant differences in lattice parameters of thin
nature?® The valuea= — 47 meV indicates an attractive but films and bulk materialcompare Tables | and)l|
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Although it is not clear what microscopic mechanism a reorientation of the crystal grains in such a way that the
is responsible for the hysteresis, it is reasonable to assuni802] directions of the different crystals align perpendicular
that it is related to large strain@nd consequently stréss to the substrate. This is expressed in x-ray measurements by
at the interface between fcc Y4 and hcp YH-5,,. YH,  a marked increase of the ratio of t@02 and (101 peak
films are composed of small crystal grains with anintensities upon hydrogenation of hcp Y yfooz/lv(101)
average diameter smaller than 70 nm in the case 0f1.9) to hcp YH (|YH3(002)/|YH3(101)~20)- Furthermore,

our 300-nm film?* Upon absorption of only a small quantity stress-induced deflection measurem@son YH, films
of hydrogen certain grains transform from a cubic structureshow a compressive stress in the range 0.2—1.0 RRés.
to a hexagonal structure. As a result of the elastic interactioBs ang 56 upon hydrogenation of Ykito YH,, which is at
between neighboring crystallites, the entire film is trans{east an order of magnitude lower than what is expected on
formed into the hcp phase at concentrations as lowk as the pasis of the 10% expansion along the f@Q?] direction.
=2.1 (see Figs. 5 and)6 Apparently, the absence of such Thjs can only be accounted for by a reorientation of the

interaction during desorption allows individual CrySta||iteS to Crysta”ites with the direction of maximum expansion per-
transform back to the fcc phase, while other crystallites rependicular to the substrate.

main in the(considerably more expandeticp phase. The
absence of significant differences in electrochemical hydro-
gen loading and unloading of LgHilms,>? which remain in V. CONCLUSION
the fcc phase for ak=2, also supports our assumption that
the hysteresis phenomena described in this paper are relatedWe have studied the hysteresis in the physical properties
to the structural fcc-hcp phase transition in the Ydystem  of thin YH, films in the reversible concentration range be-
for x>2. tween fcc YH, s and hep YH_ 5. The differences between
Owing to the stress-induced interaction the absorptiorhydrogen absorption and desorption are considerably larger
isotherm is significantly different from the desorption than what has been described previously in literature for any
isotherm. From Fig. 3 we can estimate the differeddd;  metal-hydrogen system. During desorption the crystallo-
in formation enthalpies associated with the febcp  graphic structure determined from situ x-ray-diffraction
and hcp-fcc transitions. In desorption, the pressureexperiments and the electrochemically measured pressure-
plateau yieldsAH? "#=—44.8 kJ/mol H. As mentioned composition isotherms indicate a large concentration range
above during absorption the phase transition occurs withijyhere the dihydride and trihydride phases coexist, identical
a narrow concentration range (%8=<2.1) in which no o what has been found previously with bulk material. The
plateau is observed. From the pressurexat2.0 (b,  optical transmittance exhibits an exponential decrease over
=2.91x10 8 ban we estimateAH?~Y=—40.3 kd/mol H.  the entire spectral range upon hydrogen unloading. The con-
The differencedAH{=4.5 kd/mol H is of the same order centration dependency of both the transmittance and the
of magnitude as the valueAH;=4.82 and 8.88 kJ/mol H electrical resistivity can be described by a simple model in
calculated from the hysteresis in the equilibrium potentialwhich both columnar and layered distributions of the two
for hydrogen intercalation in NigH, (0.050 and 0.092 V coexisting phases is taken into account.
for electrodes with and without cobalt hydroxide, Upon hydrogen absorption a rapid structural fcc-hep tran-
respectively in the work of Ta and Newmaff.Considering  sition is observed at low concentrations (&2<2.1),
that at every hydrogen concentration the,Yfim can be in  \yhich is accompanied by a decline of the characteristic di-
two different cr_ystallographlc states, |_t is interesting to COM-hydride transmittance window. A plateau in the pressure-
pare our experimental value féAH with the heat of trans- .o mposition isotherm was not found. Very remarkable is that
formation associated to similar structural transitions of pure, hydrogen concentrations abave 2.1 the film remains in

yttrium and lanthanum. At elevated temperatures the heaH,]e he ;
: . ) - o N p phase and does not show any further expansion to-
involved in transforming hcp Y to bcc YT, =1478°C) is ward x=3. In this sense YHis similar to Lak, which

AH,=4.99 k/mol ¥, while for the transition of double hcp remains in the cubic structure at all concentratiossx& 3

La to fec La (Ty=310°C) and of fcc La to bee LaTy but exhibits a similar metal-insulator transition. The optical

=865°C) the heats of transformation amount A, . . . . .
—0.36 and 3.12 kJ/mol La, respectivéfThe fact that these and electrical properties accompanying this metal-insulator

values are of the same order of magnitude indicates that tH&ansition can be interpreted in terms of hydrogen vacancies
difference we observe in our absorption and desorption isoll Steichiometric YH. Removal of hydrogen vacancies leads

therms may also be related to differences in the crystallof© @ reduction of charge carriers, and thus to a higher resis-
graphic configuration. tivity. The reduction in the density of defect states results in
Finally, the importance of stress in the YHhin films also @ lower optical absorbance and consequently a higher trans-
follows from a comparison between x-ray spectra of asMmittance, in agreement with experimental results.
deposited hcp-Y films and hydrogenated hcp,¥iitims. As Finally, the extremely large hysteresis effects in the vari-
mentioned in Sec. |, our as-deposited films are polycrystalous physical properties are discussed in terms of st(aims
line with a preferred orientation with tj€02] direction per-  consequently stregst the interface between fcc yHand
pendicular to the substrate surface. However, expansiohcp YH;. On the basis of experiments on more flexible sub-
upon hydrogenation of grains with tfi@02] direction paral-  strates and a comparison between bulk and thin-film lattice
lel to the substrate will be hindered by neighboring material.constants, we argue that the stress is not related to clamping
The stress which is built up leads to plastic deformation anaf the film to the substrate. The stress between the two
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