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Observation of the reversible H-induced structural transition in thin Y films
via x-ray photoelectron diffraction

J. Hayoz, S. Sarbach, Th. Pillo, E. Boschung, D. Naumovic´, P. Aebi,
and L. Schlapbach

Institut de Physique, Universite´ de Fribourg, Pe´rolles, CH-1700 Fribourg, Switzerland
~Received 29 May 1998!

Yttrium can be loaded with hydrogen up to high concentrations causing dramatic structural and electronic
changes of the host lattice. We report on the reversibility of hydrogen loading in thin single-crystalline Y films
grown by vapor deposition on W~110!. Under a H2 partial pressure of 131025 mbar the hexagonal-closed-
packed Y films convert to the face-centered-cubic Y dihydride. Unloading is accomplished by annealing the
dihydride to 1000 K. No loss of crystallinity is observed during these martensitic transformations of the Y
lattice. Moreover, we demonstrate a model to determine the H concentration in Yin situ.
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The interaction of hydrogen with Y, La, and the rare-ea
~RE! metals has been the subject of numerous investigat
due to the interesting temperature- and concentrat
dependent structures and properties observed in the soli
lution ~a phase! as well as in the stable dihydride~b! and
trihydride ~g! phases.1 An example is the recent observatio
of switchable optical properties of Y and La hydride film
where shiny, metallic dihydride films become transpar
semiconductors in the trihydride phase.2 It is obvious that the
geometrical and electronic structure of RE hydrides are
quantities for the understanding of all these properties.

For Y, the geometrical structure of the host-lattice and
hydrogen atom positions are well known over the en
range of H concentrations: Y crystallizes in the hexagon
closed-packed~hcp! structure, while its dihydride transform
to a face-centered-cubic~fcc! CaF2-type structure.1 The in-
sulating trihydride, finally, possesses a hcp unit cell~HoD3
type!.3 The electronic structure of Y hydrides, however,
still a matter of dispute.1

Up until recently most work on hydrogen in Y has be
done using polycrystalline bulk or powder samples. Exist
photoemission spectroscopy data therefore only yields in
mation on the occupied density of states or on charge tr
fer from Y to H via core-level shifts.4–7 The reason for the
absence of experimental band-structure data based on a
resolved ultraviolet photoemission spectroscopy~ARUPS! is
due to the fact that loss of single crystallinity during the fi
transition ~a to b! is difficult to avoid and that most bulk
samples decompose into powder while going fromb to g.1

Recently an x-ray diffraction study demonstrated that in th
monocrystalline Y films, the structural coherence is ma
tained during cyclingex situbetween the dihydride and th
trihydride phases.8

In this study we demonstrate that it is possible to tra
form thin, single-crystalline Y films into the dihydride phas
and to unload them again without loss of order. We us
x-ray photoelectron diffraction~XPD! to observe, in real
space and near the surface, the changes occurring due t
H-induced structural transitions. In contrast to the previo
study,8 experiment, loading, and unloading are donein situ,
and the films are not capped by a protective Pd layer, a m
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crucial prerequisite for future ARUPS studies on the el
tronic structure of Y as a function of hydrogen content. F
thermore, based on XPD and hydrogen-induced core-le
shifts we propose a model to determine the H concentra
in Y in situ.

XPD has been chosen because of its chemical sensit
and its sensitivity to local real-space order. It is a power
technique for surface structural investigations,9 and it has
been shown that full hemispherical XPD patterns prov
very direct information about the near-surface structure.10–13

At photoelectron kinetic energies above about 500 eV,
strongly anisotropic scattering by the ion cores leads t
forward focusing of the electron flux along the emitte
scatterer axis. The photoelectron angular distribution, the
fore, is to a first approximation a forward-projected image
the atomic structure around the photoemitters. The XPD d
are presented in so-called diffractograms, i.e., in a ste
graphic projection and in a linear gray scale with maximu
intensity corresponding to white~Fig. 1!. The center of each
plot corresponds to the surface normal~polar emission angle
Q50°) while the outer circle represents directions para
to the surface (Q590°). Single-scattering cluster~SSC! cal-
culations have been used to interpret the XPD patterns.
SSC model used for photoelectron diffraction is discusse
detail elsewhere.9 Note that the cross section for forwar
scattering increases with increasing atomic number.14 As a
rough guide, at electron kinetic energies above a few h
dred eV, forward scattering is generally too weak to be o
served for hydrogen. H atoms, therefore, have been
glected in all simulations.

Experiments were performed in a Vacuum Generat
ESCALAB Mk II spectrometer modified for motorized se
quential angle-scanning data acquisition,10 and with a base
pressure in the low 10211 mbar region. Photoelectron spect
and diffraction patterns were measured using MgKa
~hn51253.4 eV! radiation with the sample kept at room tem
perature. The overall energy resolution is approximately
eV. In order to deplete the W~110! crystal from C, it was
annealed to 1500 K during 125 h under an O2 partial pres-
sure of 1027 mbar. Subsequently the crystal was flashed
R4270 © 1998 The American Physical Society
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FIG. 1. Stereographic projection of experimental and calculated~SSC! Y 3d5/2 intensities. All patterns are oriented with the@001#bcc

direction of the underlying W~110! crystal pointing to the top. Labels are explained in the text.~a! Y film as deposited.~b! Y film after H
loading.~c! Y film after H unloading.~d! Calculation including Y atoms in eight layers of an~0001! oriented hcp cluster.~e! Calculation
including Y atoms in eight layers of two fcc~111! clusters rotated by 180° with respect to each other.~f! Two possibilities~A, B! for
closed-packed metal layers to start the stacking sequence on a quasihexagonal bcc~110! surface.
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2500 K.15 As a result, no C or O contaminations could
detected with x-ray photoelectron spectroscopy~XPS! and
low-energy electron diffraction~LEED! displayed well-
defined and sharp~131! spots indicating a well ordered su
face. High purity Y~99.99%! was evaporated from a liquid
nitrogen-cooled electron-bombardment evaporation ce
pressures never exceeding 7310211 mbar and with the
W~110! crystal held at 600 K. The thickness of all films w
200 Å as measured with a water-cooled quartz microbala
After deposition, the W~110! signals were no longer visibl
and no O contamination could be detected with XPS. Du
the residual gas the O contamination level of both Y an
hydride films increased by 0.2% per hour~cross-section cor
rected O 1s to Y 3d intensity ratio!. Measuring times wer
chosen such that contamination remained below 1%.

Figures 1~a!–1~c! display the sequence of experimen
starting with the clean Y film@Fig. 1~a!# being loaded with H
@Fig. 1~b!# and unloaded again@Fig. 1~c!#. XPD from the Y
film as deposited@Fig. 1~a!# reveals sixfold symmetry with
flowerlike design in the center and prominent maxima aQ
'34° ~label U!, Q'52° ~label V!, Q'34° ~label W!, and
Q'50° ~label X!. An SSC calculation including Y atoms
eight layers of an hcp~0001! oriented cluster@Fig. 1~d!# fits
nicely with the experimental diffractogram@Fig. 1~a!#.
Though still sixfold symmetric, exposure of the Y films to
H2 partial pressure of 1025 mbar~700 K during 2 h! induces
drastic changes in the Y 3d5/2 diffractogram@Fig. 1~b!#. The
flowerlike design in the center of the diffractogram becom
wheellike. Moreover, only maxima atQ'34° ~label U! and
Q'56° ~labelV! remain. The experiment is very well repr
duced by an SSC calculation using eight layers of
equally populated fcc~111! domains rotated by 180° wit
respect to each other@Fig. 1~e!#. The fcc structure reveals th
b phase.1 Note that fcc~111! oriented Y dihydride films can
at
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also be produced by depositing Y under a H2 partial pressure
of 1026 mbar.16 Reversibility towards thea phase is
achieved by heating the dihydride film to 1000 K during 1
@Fig. 1~c!#.

It is the change in the stacking sequence between the
~ABAB . . . ! and the fcc ~ABCABC. . . ! phase that ac-
counts for the disappearance of maxima caused by scatte
events within next-nearest neighboring planes~labelsW, X!
when going from hcp@Fig. 1~a!# to fcc @Fig. 1~b!#. Except for
the slight H-induced expansion of the Y lattice the late
arrangement of Y atoms on the hcp~0001! surface is the same
as that on fcc~111! surfaces. Therefore, a simple kinema
LEED pattern analysis would not provide conclusive info
mation on thea to b phase transformation. However, th
high definition of the LEED spots during H up- and unloa
ing is indicative of the retention of long-range order. Mai
tenance and identification of short-range order is dem
strated by the well defined XPD patterns. Therefore, no l
of crystallinity occurred during these structural transform
tions. Moreover, both of these factors are consistent with
diffusionless translation of closed-packed Y planes, which
the mechanism behindmartensitictransitions.17 The forma-
tion of different domains is known to occur duringmarten-
sitic transformations, accounting for the observation of tw
fcc~111! orientations rotated by 180° with respect to ea
other after H loading@Fig. 1~b!#. In the case of direct Y
dihydride growth, when evaporating Y under H2 partial pres-
sure, two fcc~111! domains may be induced at the W-Y in
terface. Due to the quasihexagonality of the bcc~110! sur-
face, closed-packed Y layers can start stacking either in thA
or B orientation@Fig. 1~f!#. For the fcc case this results i
two ~111! oriented domains rotated by 180° with respect
each other. Finally, our XPD results show that both Y and
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dihydride films grown on W~110! follow the so-called
Nishiama-Wassermann orientation,18 where most densely
packed metal rows (@21̄1̄0#hcp , @101̄# f cc) are parallel to the
@001#bcc axis of the bcc~110! substrate@Figs. 1~d!–1~f!#.

Thea phase is a solid solution where the hydrogen ato
are distributed statistically in the tetrahedral interstices of
hcp Y lattice. As soon as thea phase is saturated~'0.2
H/Y!,1 with increasing H concentration, the system cros
into the two-phase~a1b! regime until the saturateda phase
has been completely converted to theb phase. The equilib-
rium pressure at the isothermal plateau of Y dihydride
very low (1026 mbar at 800 K!,1 however, further hydrogen
uptake needs much higher pressures than used in our ex
ments. Therefore, the H concentration of the dihydride fi
discussed in this study@Fig. 1~b!# corresponds to the lowe
boundary of the pureb phase, i.e., 1.8 H/Y. In the following
we discuss the case of a Y film in the two-phase regime. Thi
is done by means of azimuthal scans across the relevant
ward focusing maxima~labels U, W in Fig. 1! and XPS
core-level shift and line-shape analysis.

Figure 2 displays azimuthal cuts through the maxima
beledU andW ~Fig. 1!, respectively. The photoelectron in
tensities from each cut are normalized between 0 and
While the open triangles result from a cut through Fig. 1~a!
or Fig. 1~c!, open circles display the equivalent azimuth
scan through the Y dihydride film@Fig. 1~b!#. The curve with
the black dots~its XPD pattern is not shown! is characteristic
for a Y hydride film in the two-phase regime. By means
the W/U intensity ratio, linearly interpolating between th
hcp and fcc structure, the population of the two phases
be estimated. For the mixed phase~black dots! we find that
24% of the Y atoms populate theb phase.

Figure 3 shows the photoemission intensity in the reg
of the XPS Y 3d doublet as a function of electron bindin
energy. Compared to the spectrum taken from the hydro
free Y film @Fig. 3~a!#, after H loading the Y 3d doublet is
shifted by 0.4 eV towards higher binding energies@Fig.
3~b!#. Moreover, due to an intense high-binding-energy

FIG. 2. Azimuthal scans at a polar angle ofQ534° illustrating
the H-induceda to b phase transition. (n) Y film as deposited.
(s) YH1.8 film. (d) Y film in the two-phase regime.
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the linewidth is much larger. The change in chemical en
ronment is necessarily due to hydride formation, since
both experiments the O contamination was below 0.5%
shift of 0.4 eV is comparable to bulk values of
dihydride.6,7 Therefore, our interpretation of the XPD patte
of Fig. 1~b! in terms of a single-crystalline Y dihydride film
is confirmed. In the two-phase regime the Y 3d doublet is
shifted by 0.2 eV only@Fig. 3~c!#, and its linewidth is not as
broad as for the dihydride.

Since XPD very directly allows for a simple linear com
bination of the hcp and fcc structures the question ari
whether this is also the case for the core-level spectra~Fig.
3!. It turns out that a simple linear combination of~a! and~b!
does not fit~c!: neither the width nor the intensity ratio of th
spin orbit split Y 3d is reproduced. The situation is mor
subtle. Very good coincidence in peak positions and inten
ratio is only achieved when the pure metal spectrum used
the linear combination is first shifted towards higher bindi
energies and then linearly combined with the dihydride sp
tra. In the present case the best fit~solid curve in Fig. 3! is
achieved withDE50.08 eV and 26% of the dihydride phas
in good agreement with the XPD results.

This procedure can be explained within the followin
model. As the H concentration increases in thea phase the
line shape of the Y 3d doublet is not modified. Due to charg
transfer from Y to H, however, its peak position shifts t
ward higher binding energy. In the purea phase~0 to 0.2
H/Y! the concentration is therefore estimated via the che
cal shift of the Y 3d doublet. In the two-phase regime spe
tra can be reproduced by a linear combination of the sp
trum from the saturated purea phase with the one obtaine
from the Y film at the lower boundary of the pureb phase
@Fig. 3~b!#. From the resulting coefficients the H concentr
tion can be calculated easily. In the case of the two-phas
film discussed here we find a concentration of'0.6 H/Y. In
general, this model allows to evaluate H concentrations u

FIG. 3. XPS spectra illustrating peak positions and line shap
the Y 3d doublet during the H-induceda to b phase transition.~a!
Y film as deposited.~b! YH1.8 film. ~c! Y film in the two-phase
regime. The solid curve is the best fit to spectrum~c! ~see text!.
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1.8 H/Y ~lower boundary of the pureb phase! by means of
photoelectron spectra of the Y 3d doublet. Since already low
O contaminations induce substantial changes in the sh
and energy position of the Y 3d doublet,16 this method re-
quires very clean samples. Moreover, estimated concen
tions are based on the literature values of the critical H c
centration for both the saturateda phase~0.2 H/Y! as well as
for the low boundary of the pureb phase~1.8 H/Y!. The
values are rather widely scattered depending on the mat
purity.1 However, this spectroscopicin situ method is very
promising in that it may also be applied to theb to g phase
transition as well as to other RE hydrides.

In summary, we have grown well ordered singl
crystalline hcp~0001! Y films on a W~110! crystal. Revers-
ible hydrogen loading up to the fcc dihydride phase w
achieved under a H2 partial pressure of 131025 mbar. Two
fcc~111! domains rotated by 180° with respect to each ot
are observed. No loss of crystallinity occurred during t
reversible, H-inducedmartensitic transformations of the Y
re
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lattice, a fundamental condition to acquire accurate ba
structure data via ARUPS experiments.16 A model for H con-
centration estimation, based on line shape and peak pos
analysis of the Y 3d core level, is proposed. Consistent wi
the XPS analysis, XPD offers the possibility to directly d
termine the phase population in the two-phase regime. X
turned out to be a suitable method to observe the behavio
real space and near the surface, of the Y lattice during
loading. We would like to point out that the application
XPD is by no means limited to thea to b phase transition in
Y. Phase transitions in other RE’s are expected to be s
larly well imaged by this technique.
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