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Hydrogen and deuterium in epitaxial Y(000J) films: Structural properties and isotope exchange
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Hydrogen in yttrium is of fundamental interest as a model system for driving metal-insulator transitions
including switchable optical properties from reflecting to transparent in the visible region. We report on the
structural properties of hydrogenated and deuterated thin, monocrysta{d@®Y films grown by molecular
beam epitaxy on Nb/AD; substrates. X-ray diffraction reveals the response of the host metal lattice upon
hydrogen loading. The structural coherence in all three spatial directions as well as the epitaxial relation to the
substrate are maintained, though the sample undergoes structural phase transitions between the different hy-
dride phases. With neutron reflectivity measurements we have determined the hydrogen and deuterium content
since the critical angle for total reflection depends on their concentration in the sample. Measurements on
hydrogenated and deuterated films show that H and D are completely interchangeable within the trihydride
phase. Neutron scattering also allows us to determine the position of the deuterium atoms within the yttrium
matrix. All structural information gained on thin films is in agreement with the space g?&:n which was
previously determined from powder samplgS0163-182€09)02810-9

I. INTRODUCTION along thec axis by typically 5%. The expansion is accom-
panied by a rearrangement of the stacking sequence. The
Within the past decades the properties of hydrogen irformally ABAB stacked hexagonal basal planes become an
metals and alloys have been studied in much détdiRe- ABCABCstacked cubic closed packed crystal. Apart from
cent advances in thin film deposition techniques and hydrothe divalent lanthanides and from the systems La-H, Ce-H,
gen loading capabilities caused renewed interest in metaknd Pr-H, which retain their cubic symmetry, all RE undergo
hydrogen systems. Exciting structural and functionala second phase transition at higher H concentrations to the
properties have been discovered in recent years stimulatingexagonaly phase. Within they phase the metal atoms re-
further work on thin films and superlattices. Among thosegain theirABAB stacking sequence, while the closed packed
are hydrogen induced changes of the exchange coupling iplanes are even further pushed apart, resulting taxis
Fe/Nb (Ref. 4 and Fe/V(Ref. 5 superlattices, giant lattice expansion of about 15%.
expansions caused by hydrogen in Mo/Ref. 6 superlat- For yttrium and the heavy rare earth, the dihydride phase
tices, and an extraordinary adhesion of Nb on sapphire sulftas metallic properties which gradually disappears as the
strates as probed by the hydrogen induced lattice expahsiorsystem approaches the trihydride phase. The exact phase
These results indicate that hydrogen in metals is more than laoundaries of thex phase in the RE is difficult to study
structural ingredient and can be used as a functional agent inecause of the very high solution enthalpy.
high technology materials. For the B and y phase reliable phase boundaries are
Among different hydrogen-metal systems, rare e&rhb) scarce. Only for Y the phase boundaries have recently been
metals and their chemical relatives Sc, Y, and La are ofnvestigated using thin film techniqués.
special interest because of their ability to absorb up to three Several unusual properties have been found in REys-
hydrogen atoms per metal atom. tems such as pairin§and rapid low-temperature hopping of
The phase diagram of the RE-H systems consists of threleydrogeri* within the solid solution phase as well as a metal-
principle phases depending on the hydrogen concentrtionsemiconductor transition within the dihydride pha$&dost
At low concentrations ¢-phasg, hydrogen in RE metals can recently, hydrogen governed switching of the optical proper-
be described as a lattice gas where the hydrogen atoms aies in YH, and LaH thin polycrystalline films have been
distributed on interstitial sites of the host lattice with tetra-observed within the trihydride phaSeln the trihydride
hedral symmetry. In yttrium the solubility limit of thee  phase, the formerly reflecting metallic film becomes trans-
phase isx=0.2 at room temperaturex€ H/Y). Within this  parent. The optical changes are accompanied by a metal-
solid solution phase the Y remains metallic. At higher con-insulator transition at hydrogen concentrations above
centrations, stable dihydride8f and trihydride ) phases =2.8. The film can reversibly be loaded with hydrogen and
form. While most RE metals crystallize in the hcp structure,the switching time between a metallic reflecting mirror and a
all dihydrides of trivalent RE metals transform to a Gdike  transparent film is on the order of a fraction of a secthd.
cubic structure in which all tetrahedral interstitial sites of theRecently, single crystalline films of Y4dand YH, have been
fcc metal lattice are filled with hydrogen. This structural prepared by controlled hydrogen loading of molecular beam
transformation consists of an expansion of the metal latticepitaxy (MBE) grown yttrium films!* The transformation
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planes which are each filled by one third of the remaining
Growth direction Y YH, YH,

—_at deuterium atomgwavy ling). Later we will refer to those
r Y e + | ; d | ol Fi &h
............ planes as in and near metal planes. Figut® $hows a top
L 5734 oo oo |swa TT- T [k view on a basal plane. The hydrogen modulation can be con-
e sidered as a transverse modulation with propagation in the
[1120]-like directions, which we will call H later on. The
Yttrium-Layer . — . . . .
....... Hydrogen-Layer (fully occupied) perpendiculaf 1100]-like directions will be referred to as K
in-and near plane hydrogen atoms direction when using three independent indi¢eKL] to

describe the lattice in more convenient terms. Details of this
structure are given by Udoviet alX®
First-principles total-energy calculations carried out by

Deuterium Wang and Chou for YK (Ref. 16 showed that the YB

® below structure as described above is the energetically most stable

® within the metal crystal structure. Although the structure of Ykeems to be
plane known, standard local density approximation calculations

@ above fail to predict the metal insulator transitidf*®

O Yetrium The insulating state of LaH,, which also undergoes a

metal insulator transition, has recently been explained by Ng
et al'®in a local model assuming localized states centered at
vacancies in the RE-fHstructure. In another density func-
tional approach by Kellyet al?° small symmetry lowering
FIG. 1. The upper panel shows the layered structure of Y, YH displacements of the hydrogen atoms are required for driving
and YH; along thec axis. The lower panel gives a top view of the the metal-insulator transition and for opening a band gap. In
hexagonal basal plane of %HUsing three independent indices, the both models the main challenge is to understand why only
(1120) direction will be called H while K labels the (10) direc- ~ Minute structural changes induced either by vacancies or by
tion. Perpendicular to H and K, L denotes the growth direction.  collective displacements cause dramatic changes within the
electronic configuration.
between_ the dihydride anq the trihydri.de phase did not eﬁe%olgg:csgﬁiﬂzlsoru;?)vszgzrIzgﬁil :Z?]meetrrgaiertﬁ grsrllr:)?cihfero;?_
the quality of the crystal in the direction normal to the sur-fe ts mentioned above have been discerned for thin films and
face,'|..e., .the growth dlrectlor_l. Fur;hermore, this StrUCturaguperlattices. In epitaxially grown films the assumption of
transition is conlpletely reversible W_lthout any I_oss pf struc-p|k symmetry is not necessarily correct. Pseudomorphic
tural coherencé? However, the optical switching time is growth and clamping effects to the substrate during hydro-
conS|derabI_y Ionger for the epitaxial films as compared to th%en uptake may change the symmetry. For a better under-
polycrystalline films. standing of the structural properties and their relation to the
In this paper we will focus on the structure of ¥Hnd  gjectronic properties it is therefore necessary to study single
the epitaxial relation between Y and tén Nb/ALO; sub-  ¢rystalline RE films with varying hydrogen concentration.
strates in single crystalline films as revealed by x-ray anggecause of the structural phase transitions mentioned above,
neutron scattering. it is not clear whether the once deposited epitaxial RE film

In previous neutron powder diffractiotNPD) work,  \4y1d maintain its structural integrity up to=3. According
Udovic et al. have determined the positions of the hydrogeny, Vadja® in the past single-crystal work on hydrides was

atoms within the hcp phase of ¥B° The structure has the |imited to the system CeH .. In all other RE hydrides the

space groupP3cl. In this structure the D atoms occupy transformation from hcp to fcc leads to a loss of monocrys-
unusual interstitial sites. hcp lattices offers two kinds of hightallinity. As we will show, epitaxially grown Y0001 films
symmetry interstitial sites with octahedréD) and tetrahe- on Nb/ALO, substrates maintain their structural coherence
dral (T) symmetry. Per metal atom there are two T sites andind their bulk symmetry during hydrogen loading. There is
one O site. In YR, the deuterium atoms occupying the O no loss of crystallinity during the transition from YHo
sites are shifted parallel to tlweaxis towards the basal metal YH,. The transition is completely reversible and can be
plane. An additional wavelike modulation displaces one thirdcycled for many times. Neutron diffraction data on the deu-
of the O sites above the metal plane and one third below thgerated films are in agreement with NPD data, indicating
metal plane, while the basal metal plane hosts the remainingatching structural properties for epitaxially grown thin
third. The T sites are also slightly displaced from their con-films and powder samples. Furthermore it is possible to com-
ventional positions in a correlated manner. The resulting displetely exchange H against D within the trihydride phase on
tribution of D atoms parallel to the (0001 axis of YD; can  a very short time scale.

be described as consisting of a regular stack of D layers

schematically indicated in Fig.(4). Between any two con-

secutive yttrium planessolid lineg four deuterium planes Il. EXPERIMENTAL CONDITIONS

are arranged. The two planes with tetrahedral site symmetry
are fully occupied as in the YDphase(dashed lings The
wavelike modulation of the deuterium atoms occupying the The samples were prepared via molecular beam epitaxy in
octahedral sites close to the metal plane results in three moeeRiber EVA 32 MBE evaporation chamber. We evaporated

A. Sample preparation
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Y (0001 films with a typical thickness of 300 A on During the growth procesdn situ reflection high-energy
Al,Oq (1150) substrates. The Y film is separated from the€lectron d.iffractior(RHE_ED) was performed, confirming the
sapphire substrate by a N0 buffer to prevent chemical excellent mterfac'e' quality of the sam_ples. Further details of
reactions with the substrate. To protect the Y film from oxi-the metal deposition and the experimental set-up are pro-
dation and to dissociate the hydrogen molecules at the sutided in Ref. 14.

face, the sample was covered with a thin Pd cap layer. How-

ever, palladium does not wet the(0001) surface well and B. X-ray scattering

tends to form islands, defeating its purpose. Therefore we x_ray scattering is not sensitive to the hydrogen, however,
deposited a second niobium film of about 60 A thickness ont allows to characterize the host metal films and to study
the Y(0001) surface prior to the Pd growth to enhance thetheir response to the hydrogen uptake. Structural character-
layer growth and the oxide protection. This procedure is onlyizations along the growth direction were performed via high
necessary for epitaxially grown (9000 films and appears angle x-ray scattering using M6, radiation of a fine focus
not to be required for polycrystalline Y films. The resulting x-ray tube. The thicknesses of the individual layers within
sample architecture is shown in the inset of Fig. 2. The layethe sample were determined by small angle x-ray reflectivity
thicknesses are results from the fit to small x-ray scatteringneasurements. Grazing incident x-ray diffracti@IXRD)
experiments to be discussed in the next section. was carried out employing CK, radiation from a rotating

Hexagonal closed packed RE metals are known to grovanode x-ray generator. The resolution of the instrument al-
epitaxially on cubic NB* The most densely close-packed lows to determine lattice parameters with an accuracy of
Y (0001 planes grow on the most densely close-packed Nlabout 0.002 A. For then situ studies of the structural
(110 planes. The epitaxial relation follows the Nishiyama- changes under hydrogen loading a x-ray furnace with Kapton
Wassermann orientation, where the (D) axes of the hcp windows was used.

RE is parallel to the (10) axes of the bce Nb. In the special [N the high angle regime, scans in two different directions
case of Y on Nb there is a 3:4 match, i.e., a supercell com9f the reciprocal space were carried out. Rocking scans, i.e.,

mensuration between the Y(0Q) distances of 3.16 A and transverse scans perpendicular to the scattering vector, reveal
the mosaicity of the sample. In radial or longitudinal scans

the Nb(110) distances of 28A . As thesupercell commen-  515ng the scattering vector lattice constants and the structural
suration is not perfect, we see a slight in-plane compressiogyherence lengths are determined.

and a slight out-of-plane elongation maxis grown films.
While Y grows in one single domain on niobium, niobium
tends to form domains when evaporated on yttrium which
are rotated against each other by 120°. This is caused by the In contrast to x-ray scattering, neutron scattering is sensi-
hexagonal symmetry of thé001) grown yttrium surface. tive to the presence of hydrogen in the sample and is able to
Since the hydrides also form hexagonal basal planes witldistinguish between the different hydrogen isotopes via their
corresponding lattice spacings of 3.184 A (¥Hand 3.177  different scattering lengths. Therefore, additional informa-
A (YH,), they should obey the same epitaxial relation ontion about the actual positions of the hydrogen atoms and the
the NH110 substrate. hydrogen concentration in the yttrium film can be gained. In

C. Neutron scattering
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small angle neutron reflectivity measurements the position of
the critical angle for total reflection depends sensitively on
the hydrogen concentration and the isotope ché$éwn high
angles the periodic modulation of deuterium atoms gives rise
to additional Bragg reflections which cannot be seen using x
rays. The structure factors of the individual Bragg reflections
depend explicitly on the H or D concentration. Comparing
the relative intensities for YHand YD, (0002 reflections it
is thus possible to analyze the position and the occupancy of
the hydrogen layers in the direction along the film normal.
The neutron reflectivity experiments as well as the isotope
exchange were carried out at the reflectometer ADfed- .
vanced diffractometer for the analysis of matepiads the 19 - 15 16
Institute Max von Laue Paul LangevifiLL) in Grenoble/ Detector Angle 20 [deg]
France. ADAM is a fixed wavelength two circle instrument. , . .
It is connected to a liquid deuteriugm cold source of the ILL /G- 3. Radial scan of the (0002 reflection. The Bragg peak is
reactor. A focusing HOPG monochromator at a fixed take off.cc0mPanied by finite size oscillations, proving the high quality of
angle of 82° selects neutrons with a wavelength xgf the film. The inset shows the corresponding rocking scan. It exhibits

_ ) 23 a two component line shape indicating long range lateral order
=4.4 A. A Be filter removes\o/2.*° Although ADAM was i e Y(0001) planes.

primarily designed as a reflectometer in the small angle re-
gime, it covers a 2 range up to 140°, accessing scatteringfore the entire Y film is structurally coherent. The position of
vectorsQ up to 5.4 A~! when using\y/2. ADAM offers  the Y(0002 reflection refers to an out of plane lattice con-
the unique opportunity to perform small angle reflectivity stant of 5.75 A, which is about 0.3% larger than the bulk
measurements as well as high angle Bragg scattering withowalue of 5.73 A. The rocking curve of the(0002 reflection
changing the sample environment or the alignment of thexhibits a two-component line shape with a narrow compo-
instrument. nent superimposed on a broader contribution. Two compo-
Off-specular rods were measured at the thermal triple-axisent line shapes have been observed in other heteroepitaxial
spectrometer UNIDAS at the neutron research reactor DIDQystems as weft2°and are a sign for high quality epitaxial
in the Forschungszentrum'lih in Juich, Germany. The growth. The sharp component indicates a long range struc-
double monochromator system, consisting of two identicaltural order of the film induced by a flat and monocrystalline
vertical focusing pyrolytic graphité002) crystals, allows to  substrate, while the broad component reflects short range or-
select incident wavelength between 0.8 A and 4 A. Afterder fluctuations of individual growth domains. The widths of
interaction with the sample the neutrons can be analyzed ithe two components are 0.018° and 0.4°, respectively.
energy and direction with an analyzer crysfglyrolytic We have also examined the in-plane epitaxial relation of
graphite(002] and a®He detector. During the experiments the Y(000J) film to the N110) buffer layer using surface
the wavelength of the incident neutrons was kept constant aicattering techniques with glancing incident and exit angles
2.3558 A. The analyzer was used to select the elasticallyo the surfacé®3! The incident angle was kept constant and
scattered neutrons from the sample, reducing the backequal to the critical angle for total external reflection from
ground. the surface. The intensity of the exit beam was integrated
In both neutron experiments, the sample was mountedver a wide range of exit angles via a broad detector win-
vertically, i.e., the surface normal lying in the horizontal dow. With this setup the structural information is averaged
scattering plane. A vacuum chamber with an Al window wasover the entire thickness. The in-plane detector anglevas

used fp_r_scattering experiments withsitu hydrogen loading  fixed to the scattering vector of the Y(TQ)Z Bragg peak and
capabilities. the sample is rotateda-axis) by 360° around the surface
normal. This scan reveals six Bragg reflections equally sepa-
Ill. RESULTS AND DISCUSSION rated by 60°, reflecting the sixfold symmetry of tf@001)
zone axis of Y, as seen in the lower panel of Fig. 4. The
varying intensities are due to different geometrical factors
such as a tilt of the yttrium planes with respect to the physi-
Figure 2 shows an x-ray reflectivity scan of a representaeal surface because of a miscut of the substrate by about
tive sample before hydrogen loading. The solid line repre0.5°, which is on the order of the critical angle for total
sents a fit to the data points using a modified Parratt formalreflection. This leads to different incident angles of the x-ray
ism including interfacial roughne$?® Typical interface beam with respect to the crystal planes and causes intensity
roughnesses lie balo5 A . Thethickness parameters result- fluctuations. Keeping the scattering vector constant at the
ing from the fit are shown in the inset of Fig. 2. A high angle value of the NIf002) reflection and rotating the sample, two
radial scan of the Y0002 reflection is reproduced in Fig. 3. strong Bragg reflections 180° apart can be segper panel
The main Bragg peak is accompanied by finite size oscillaof Fig. 4). They originate from the Nb buffer, confirming the
tions. The longitudinal width and the position of the finite twofold symmetry of the NE@L10) layer. The weaker reflec-
size oscillations correspond to a coherently grown film thick-tions separated by 60° originate from the Nb cap layer. One
ness of 309 A, which agrees very well with the layer thick- can distinguish between the buffer and the cap layer by per-
ness as deduced from the reflectivity data in Fig. 2. Thereforming x-ray scans at different incident angles of the x-ray

[counts/s]

10 4

Intensity

10 A

A. X-ray scattering characterization
of the hydrogen free sample
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300 . . . . . T Figure 5 shows in-plane radial scans along three equiva-

ol Nb [002] lent Y[1120] directions. All three equivalent {1120} re-

-l flections peak at the samedosition, indicating that the

= 200 Y-lattice spacings are isotropic. This is surprising since only
E one crystallographic axis coincides between Y and Nb,
> 150F which might have caused an anisotropic pseudomorphic

- YIT210] growth of the yttrium layer. The Y(11® in-plane reflec-
100 tions exhibit a transverse width of about 0.55°, referring to
an in-plane coherence length of abouts51& . This is a
typical value for epitaxial growth of Nb on AD; substrates.
. ] ) . Thus the yttrium in-plane domain size is limited by the Nb
O 50 50 150 210 200 island size. From the position of the Y peaks we deduce an
Sample Angle 6 26/2 [deg] in-plane lattice parameter of 3.631 A, which is slightly
smaller than the bulk value of 3.648 A. We attribute this
FIG. 4. 360° in-plane rocking scans of the Nb 08&p) and the  gjight distortion to the fact that the 3:4 supercell commensu-
Y(1120) (bottom reflections, showing that both materials are ration between Y and Nb is not perfect, as explained above.
growing with their in-plane crystal axis parallel to each other. Y Note again, that the observed compression ofalaxes is
grows hexagonal in a single domain on the twofold Nb buffer. Thejsotropic, though the Nb buffer exhibits a strong uniaxial
different intensities of the Y reflections stem from geometrical rea-stryctural anisotropy. The solid line in Fig. 5 represents a
sons. The strong NDBO2) reflections are due to planes of the Nb gegn through the NDO02 buffer layer peak and the

o cnou s S ey e . Y(L2.0) k. Along the FI210] and the Y2110] direc
' ' tions no Nb reflection exists from the buffer. The two weak

Wassermann epitaxial relationship betweenNi§) and Y(000D). flecti : h Y reflecti i, f
The scans are superimposed on each other for clarity. reflections accompanying these Y reflections originate from
the Nb cap layer.

The epitaxial relation between KIL0) and ALO;(1120)

beam, propmg d'n‘ferent depths. With Increasing InC'denthas been investigated previously and shall not be repeated
angle the intensity of the Nb buffer-reflection increases, .. For details we refer to Refs. 32—34

whereas the intensity of the cap layer remains constant. The
different symmetries for the Nb buffer and the Nb cap can be
explained by the different materials they were grown upon.

While the AbO3(1120) substrate defines a unique in-plane
growth direction for the N@L10 buffer layer, the sixfold

Y (0001 surface offers three equivalent directions for the
Nb(110 growth. As a result, the cap consists of three do-
mains, separated by 120°. Taking into account the differen

20 values of the Y(2.0) and the N{®O02 reflections by

B. X-ray scattering on the hydrogenated sample

Hydrogen loading at room temperature up to JYHe-
grades slightly the structural long range order of the
Y (0002 planes, causing the narrow component in the rock-
ing scan of the unloaded sample to vanish. The;(802)
rocking curve shows only one broad component with a
. : . Y FWHM of about one degree. The radial scan through the
plottmg 'ghe_lntensny Versus = 9_2‘.9/2’ the n|o_b|um refle_c- YH3(0002) Bragg reflections exhibits the same width and
tions coincide exactly with the_yttrlum reflections, confirm- shape as before, indicating a constant coherence length. No
ing the alignment of the Y(112and the NKOO1) planes  additional diffuse scattering from structural disorder could be
(Fig. 4. observed. From the peak position we deduaeaxis lattice

parameter of 6.62 A* Within the trihydride phase, theaxis

500 — . ; lattice parameter does not depend on the external hydrogen
pressure, i.e., on the hydrogen concentration.
—gg_ggg . As known from polycrystalline and powder samples, the
----------- Y(2110) transition to the hydrate phases affects mainly thaxis.
. While the ¢ axis expands by about 15%, the change of the
Nb [002] basal—plang Iattipe parameter is _only about 0.5%. Epitaxially

] grown c-axis Y films behave similarly.

The trihydride phase is first observed at a hydrogen pres-
sure of 4 mbar with an in-plane lattice constant of 3.646 A,
corresponding to an expansion of 0.015 A compared to the
L hydrogen free case. In contrast to tbeaxis, the in-plane

48 49 50 s1 52 53 s4 S5 56 57 S8 lattice parameter in the trihydride phase changes with hydro-
Detector Angle 20 [deg] gen pressure. Increasing the hydrogen pressure up to 250
mbar, the in-plane lattice constant expands by 0.55% up to

FIG. 5. In-plane radial scans. All equivalenf}20} reflections ~ 3-651 A. We suggest from the different response of the host
peak at the same position, demonstrating the isotropic growth of Yattice along thec axis and basal plane directions that the
on Nb. The Nb buffer layer exhibiting a twofold symmetry causeshydrogen sites in the host metal plane are filled last. Within
the strong NKO02 reflection (solid line. The weak the resolution of the instrument we could not detect any in-
Nb(002) reflections originate from the Nb cap layer. plane anisotropy of the lattice expansion.

300

200 -

100

Intensity [counts/s]
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LA ' — virgin sample hydride phase. In the small angle regime, i.e., at low momen-

YHy(1210) ——  1mbar tum transfer, neutrons probe the average scattering length

B ngﬁar density of the sample. Changing the average scattering
— ar

length density by introducing hydrogen into the sample
causes a shift of the critical angle of total reflection. The
amplitudes of the finite size oscillations also change as the
. _ scattering length density determines the neutron optical con-
................... / trast. Additionally, the film expands during hydrogenation

r and the interface roughnesses may be affected. The critical
angle of total reflectiorg, of the YH; film is related to the
hydrogen/yttrium ratio via

g

Intensity [arb. units]
@
(=]

48 50 52 54 56 58
Detector Angle 26 [deg] B(X)= w (1)

FIG. 6. In-plane radial scans during hydrogen loading at room
temperature. The different scans are offset for clarity. The hydrogemwhere the particle densityn(x), is given by n(x)=(1
concentration increases from the bottom to the top. The stronget-x)ny and the effective scattering length Hy(x)=(by
in-plane expansion of the Nb buffer layer does not effect the Y+ xb,)/(1+x). Hereby, andby are the coherent scattering
symmetry, which is grown on top of it. lengths for Y and H, respectively, ana, is the yttrium

particle densityatoms per volumewithin the sample. Thus

In the literature different values for the lattice constantsthe critical angled, depends on the hydrogen concentration
are given. While there is good agreement orazaxis value  x. In reflectivity scans the measured edge is determined by
of 3.666+0.008 A, thec-axis value is determined less pre- the layer with the highest scattering length denaitywithin
cisely to 6.629-0.030 A8°3°0Qur measured values for the the sample. As the scattering length densityfor Al,O; is
lattice constants lie within the error bars of the publishedarger than for Y, the critical angle of the virgin sample is
data. determined by the sapphire substrate. Since hydrogen has a

The development of the in-plane radial Bragg reflectionsnegative scattering length, adding hydrogen to the Y film
with increasing hydrogen pressure is represented in Fig. esults in a further decrease wb. Hydrogen in Y is there-
The Y in-plane peak shift only slightly to lower angles while fore not a suitable isotope for observing changes close to the
at the same time the Nb in-plane peak shows a large shift dugritical angle as a function of the hydrogen concentration.
to hydrogen loading. We therefore make the surprising obThis can, however, be achieved by replacing hydrogen with
servation that the Y film and Nb buffer expand indepen-deuterium, which has a positive scattering length. As con-
dently upon hydrogen uptake. The increase of the Nb incerns the structure we have not found any difference between
plane lattice parameter by 3.8% within the Nb buffer layer isH and D in yttrium, except a slight difference in lattice con-
about 7 times as big as the in-plane lattice expansion of thetant, which will be discussed later.
Y film. The Nb expansion observed here conforms the re- The reflectivity curve of the virgin sample together with a
cently reported expansion of N0 films on sapphire sub- fit to the data is compared with the reflectivity curve of the
strates having comparable thickné&aoreover, the highly ~ deuterium loaded sample in Fig. 7. The reflectivity curve of
anisotropic in-plane expansion of the Nb buffer layer and itgshe sample as prepared clearly shows high frequency oscil-
uniaxial structural anisotropy have no effect on the hydrogenations which originate from the 2380 A thick Y layer, as
uptake in the yttrium film, which expands isotropically in- well as oscillations stemming from the 540 A thick Nb
plane. Thus, the trihydride maintains a sixfold symmetry ir-buffer. The fit to the data gives interface roughnesses of
respective to the twofold symmetry of the niobium buffer. about 4 A. Exposing the sample to a deuterium atmosphere
There is no sign of a lattice distortion. These two observaof 100 mbar, the high frequency oscillations vanish and the
tions indicate weak adhesive forces between or an easy glidewer frequency oscillations become damped out quickly as
plane between the two metals. the thickness fluctuations increase strongly. The fit routine

The in-plane mosaicity and coherence length remain unbased on the Parratt formalism fails under these conditions.
changed during the dihydride to trihydride phase transitionThe deuterium concentration can still be measured via the
Removing the hydrogen pressure at room temperature, sevritical angle. The edge of total reflection shifts to higher
eral days are required for the dihydride phase to reappear. lengles as the gas enters the sanipée inset of Fig. )7 The
c-axis lattice constant of 6.00 A agrees well with the valuemovement of the critical edge stops when the concentration
given in Ref. 8. of deuterium within the sample is in equilibrium with the
atmosphere surrounding it. A further increase of the pressure
has no effect on the position of the critical edge for total
reflection, indicating saturation. Longitudinal scans through

The neutron scattering experiments carried out at ADAMthe Bragg peak assure that the sample has completely con-
were performed at a 2400 A thick Y sample, grown in theverted to the trinydride phase with no reflections left from Y
same way as the sample mentioned above. The higher YD, phases. From the measured position of the critical
sample volume was chosen to obtain more scattered interedge of total reflection, we calculated a deuterium concen-
sity. We applied small angle neutron reflectivity methods totration of x=2.94+0.03. Thus the trihydride exhibits a sub-
determine the hydrogen concentration within the yttrium tri-stoichometric composition. Expelling the deuterium at 472

C. Neutron reflectivity and isotope exchange
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FIG. 7. Small angle reflectivity scans for the sample as prep@ogyand the deuterated samgtettom), measured with 4.4 A neutrons.
The solid line is a fit to the scan from the virgin sample, where the critical angle is determined by the sapphire substrate. As the scattering
length density increases with increasing deuterium concentration, the critical angle is a measure for the deuterium content of the sample. The
inset compares the edges of total reflection in detail.

K, the critical edge of total reflection completely moves back1 for the tetrahedral planes and 1/3 for each in and near metal
to its initial position. Simultaneously, th@11) reflection of  plane. In model 1b, was varied continuously frotn, to by,
the stable YD reappears in high angle Bragg scans. for all layers simultaneously. In model B,, was kept con-
With neutron scattering and using the different isotopesstant at the value dbp for those planes containing the tet-
the stability of the hydrides can be tested. It is well knownyghedral interstitials. Onlyb,, for the in and near metal
that YH, is a very stable compound even under vacuumyjanes was varied continuously froby, to by,. The first
conditions. The heat of formation for YHs relatively high mogel predicts a decrease in scattered intensity by 20%,
(—114 kJ/mole H,°" indicating a strong hydrogen-metal \hie the second model predicts an increase by a factor of
bond for the hydrogen atoms occupying tetrahedral |nterst|f0ur’ making the decision between both cases easy.
tial sites. In comparison, Yiiis much less stable and decom- | Fig. 8 the experimental results are reproduced. We
poses to YH after removing the hydrogen pressure. IfaxD 1,0 st measured the intensity at the center of the

samp_le is exposed to a hydrogen atrr_losphere, two d'ffere%g(oooz Bragg reflection under equilibrium deuterium
reactions may occur. Either all deuterium atoms will be ex-

changed by hydrogen atoms, or only those deuterium atorfyessure conditions. Then we exchange the deuterium atmo-

occupying in and near metal planes with octahedral symmes-'phere of 100 mbar by a hydrogen atmosphere of the same

try pressure at room temperature. The intensity of the Bragg
Neutron diffraction can distinguish between these twoPeak stays constant. Obviously there is no interchange taking

cases. The sensitivity of neutrons to the different scatterin@!@ce with the deuterated sample and the hydrogen atmo-
lengths of the hydrogen isotopes results in distinguishabléphere at this temperature and during the observation time.

structure factors. Using the structural parameters determinefit 472 K and after 12 minutes the neutron count rate starts to
recently by Udovicet al,'® the structure factor for the decrease and reaches a new stable plateau of about 78% of

YH3(0002 Bragg reflection is given by the initial value. Radial scans through the D002 reflec-
tion before isotope exchange and the ;{6002 reflection
—2i after completion of the isotope exchange show two respec-
Soooz= ; aub, exp—— |+ Dy, (2 tive peaks which coincide in position and width but which
“ differ in integrated intensity by 21.5%. The same behavior
wherea, describes the relative occupation of plasae b,  can be observed in transverse scans. The exchange of deute-
the average scattering length of the species occupying thisum and hydrogen is fully reversible, the intensity change
plane and , the relative position of ther plane in units of could be reproduced several times. After each exchange, the
the distance between two adjacent Y planes. In the case of@ncentration of deuterium and hydrogen was checked by
stoichiometric composition of Ykithe occupation number is small angle neutron reflectivity to assure that the isotope
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o 110] angles with respect to the YjHBragg reflection, indicating a
] 2 R A smaller lattice spacing within Ypas compared to the YH
0,006 ‘gs g = M structure. This isotope effect agrees well with the lattice con-
1 ’ %“"j \N stants published in Ref. 8. Again, the epitaxially grown film
g om0 A Aw shows no difference in the structural properties as polycrys-
Z ool ‘ ‘ talline or powder samples.
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g D. Off-specular neutron diffraction
E While the previously discussed measurements along the
specular rod provide information about the layered structure
73 s | & | 8 ' 8 | s | 90 | o of the sample, they are not sensitive to the lateral arrange-
Detector angle 20 [deg] ment of the atoms within the.individual layers. In order to
study the change of the stacking sequences during the phase
FIG. 8. Comparison of the YDreflection with the YH reflec-  transitions as well as the in-plane deuterium ordering, scans
tion. Exchanging the hydrogen isotope, the integrated intensityalong reciprocal lattice rods containing in-plane components
drops to 78.5% of the starting value. The inset shows the developyere carried out.
sition from YD; to YH3. At t=0 s the temperature was set to 3.72 same manner as the samples used in the previous experi-
K; at t=1050 s the temperature was increased to 472 K. The ins&l ants. However. the Pd cap layer was rather thin and did not
compares the YBPreflection with the YH reflection. ’ . -
completely cover the underlying Y film. Therefore parts of
the sample were oxidized. Below the uncovered parts of the
exchange has indeed taken place. Within the; YHase the sample almost no deuteration takes place as the natural oxide
critical angle of total reflection is always determined by thelayer prevents the uptake of deuterium. Deuteration of these
sapphire substrate, obscuring the sensitivity for the hydrogeparts of the sample requires lateral diffusion of deuterium
content. On the other hand, the sensitivity to the deuteriungntering at Pd-covered parts. During the time the experiment
concentration is not limited and we have always measured @as carried out, deuteration by lateral diffusion was negli-
deuterium concentration ok=2.94, even after several giple. Thus the phase transition was not complete. This
hydrogen-deuterium cycles, indicating a complete isotop&ample composition allows always to observe Bragg reflec-

exchange. o tions emerging from deuterium free yttrium, which serve as
As the intensity difference of th€002 Bragg peak be-  markers in reciprocal space.
tween YD; and YH; is very sensitive tax, the observed The bottom panel in Fig. 1 shows schematically the real

decrease in intensity is a measure of the hydrogen conceRpace of the hexagonal basal plane of Y. To simplify the
tration. While a stoichiometric Composmon leads to an |nten'description of the fo”owing measurements, three perpen-
sity decrease by 20% upon isotope exchange, for a subficular axes were chosen to characterize the hexagonal lat-

stoichiometric composition of=2.8 we calculate a decrease .. : T e o .
tice. In this description the Y(11® axis is called the H axis,
of 49%. From our measured decrease to 78.5% we calculatec? P (

a deuterium concentration of=2.99+0.03, which is a and.the .perpendicular in-plan.e dirgct!on @Dl Is called th_e
higher concentration than calculated from the small angl d|re_ct|on. The speculac axis CO'.nC'des .W'th the L axis.
reflectivity curve. This difference may be attributed to two he first allowed m—plang reflections will be denoted as
different effects. Either there is a nonhomogeneous distribu(loo) and (010), respectively. As demonstrat.ed 'by 'the
tion of hydrogen and deuterium in the sample, or the isotop@XRD measurements, the pasal plane maintains its sixfold
exchange is not quite complete. In the first case the criticaty™MMety during hydrogenation. In the cubic coordinates of
angle for total reflection, being sensitive to the average conthe YD, phase, the H direction coincides with the @)1
centration in the yttrium film, would give a different result direction, the K direction with the (1)2direction and the L
than the Bragg peak intensity, which probes only the ordirection with the closed packgd1l) direction.
dered, crystalline part of the sample. If this concept applies, As a consequence of the structural changes during the
we conclude that the hydrogen concentration within the oriransition to theB phase, the reciprocal space changes as
dered regions of the film reachgs-2.99, while it is less in  well. Figure 9 shows the K-L plane in reciprocal space. Re-
other regions of the sample, such as grain boundaries, etflections which are only allowed in the hexagonal lattice are
lowering the overall hydrogen content in the sample. At themarked with hexagons, reflections which are only allowed in
present time we cannot distinguish between one or the othehe fcc lattice are indicated by squares. Common reflections
model, and further experiments are necessary. In any casare represented by circles. Due to iBCABC. .. stack-
exploiting the scattering contrast of the different hydrogening, the reciprocal space of a fcc lattice in the K-L plane is
isotopes offers an independent method to determine the hyrot symmetric with respect to L or K. Domains which are
drogen concentration if the structure is known. Vice versa, ifrotated by 180° against each other will produce two sets of
the concentration is known, the structural model can be rereflections which are distinguished by open and solid squares
fined. in Fig. 9. There isa priori no reason for preferring one
There is another effect which is worth mentioning. Theorientation. Thus scans alon@1L) do not only show the
YD3(0002 Bragg peak is slightly shifted towards higher different stackings, they are sensitive to different domains as
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FIG. 11. Scans alon@H00) for YD, (open symbolsand YD;
well. The relative intensities of the fcc reflections along this(bold symbols. The peaks at H1/3 and 2/3 in the trihydride phase
rod are a measure for the scattering volume of the two posshow that the deuterium distribution exhibits a wavylike modulation
sible domain orientation$:3° about the Y basal planes in th&00] direction corresponding to the

To follow the phase transitions during deuteration, scangexagona[1120] direction.
along(00L) were carried out. In reciprocal space units of the
hydrogen free Y lattice, the reflections of Y, YDand YD,
appear at 2, L=1.91, and |=1.74, respectively.

Scans along thé1L) direction are shown in Fig. 10. The A further increase of the deuterium pressure causes the
virgin sample exhibits a strong reflection €@11) which  fcc reflections to drop in intensity as the sample reaches the
slightly shifts to lower L values during deuteration in the YD; phase. Again, the phase transition is not complete.
alpha phase. A further increase of the gas pressure leads td/ithin the YD; phase a weak Bragg reflection at=D.87
drastic decrease of its intensity. However, it does not vanisli=1.74/2 can be observed, originating from the ¥D11)
completely as the phase transition does not take place in theflection. In contrast to thB3 structure of the virgin metal,

entire sample as described above. At the same time two newp, crystallizes in the higher symmet®3c1 structure, for
reflections occur at £0.64 and |=1.28, which is one third \yhich only even L reflections exhibit strong intensity. Expel-
and two thirds of I=1.91. The strongly reduced intensity of |ing the deuterium, the reflection at40.87 vanishes and the
the hexagonal peak and the appearing cubic reflectiongflections at I=0.64 and |=1.28 reappear. The sample was

clearly show that the lattice expansion during #h¢8 tran-  cycled three times without any measurable loss of structural
sition is accompanied by a rearrangement of the stackingpgherence.

sequence. Furthermore, the occurrence of both fcc reflections Lijke the transition from Y to the dihydride phase, the

indicates that within the sample both possible stackinggransition from the dihydride phase to the trihydride phase is
ABC... andBAC... are realized. The intensity ratio of accompanied by a rearrangement of the Stacking sequence
1:3 of these two reflections agrees well with the intensitya|ong the closed packed axis. The hexaganakis of YD,

ratio of measured powder spectra. There seems to be no pregincides with thec axis of the virgin metal. This is, how-
ferred orientation of the fcc stackings. Obviously, as thegyer, by no means obvious. The fcc structure of,Yias
sample undergoes the hcp-fcc transition, the probability foggr equivalent(111) axes, and single crystals of jDie-
formation of either domain is equal. This observation agreegelop domains along all four directions. This is because the
sixfold symmetry of the Yc axis does not provide a template
for a particulaf111} axis in the YD, phase. Then one would

with recent x-ray photoelectron diffraction measurements on
yttrium films grown on tungsteff
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expect four different Y domains with theirc axis to align
along the{111} of the fcc structure. In thin films the situation
is different. A thin film can easily relax along the growth
direction which in this case coincides with only one of the
four (111) directions. This direction will be the direction of
choice if a structural phase transition requires an uniaxial
lattice expansion.

Within the trihydride phase, scans alot$00) and(H02)
exhibit Bragg reflections at H+1/3 and H=*+2/3, as
shown in Fig. 11. They do not occur in x-ray diffraction
measurements. Since those reflections are absent for the vir-
gin sample as well as for YD they clearly show the order-
ing of the deuterium atoms within the metal. As there are no
additional reflections along K or L, we conclude that thin
single crystalline films, like powder samples exhibit a
uniaxial deuterium modulation along the H direction. This
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modulation is commensurate with respect to the metal latticeof the different in-plane structural symmetries.
The modulation length equals three times the distance of the The structural transition from the pure Y to the Yphase
yttrium atoms in this direction. As in previously measuredcauses some degradation of the structural coherence, indi-
NPD spectra, superstructure reflections appear onli{@it) cated, for instance, by the loss of the sharp component in the
whereL =2n for integer values oh. transverse scan across tf@002 peak. Between the YH

As band structure calculation based on this structure dand the YH phase no further loss in structural coherence is
not predict the metal insulator transition, Kekyy al?® sug-  observed and the phase transitions are completely reversible.
gested a lower-energy, broken-symmetBB( structure for With small angle neutron reflectivity measurements as
thin YDj5 films. In this assumption theP@3) structure would well as high angle neutron scattering experiments we have
be stabilized by epitaxial strain in thin filf5The symmetry investigated the isotope exchange in y&hd possible pref-
lowering would result in additional Bragg reflections which erential occupation sites with stronger binding energies. The
are forbidden in the high-symmetry structure. In contrast toesults show that there is no doubt that all hydrogen atoms
the (P3c1) structure, in which the-glide symmetry restricts 2aré being exchanged by deuteriu@and vice versawithin
the allowed Bragg reflections {#10L) for even values of L, the sample by changing the surrounding gas atmosphere. The
the absence of this element of symmetry in tiR8) struc-  Position of the critical angle for total reflection of neutrons as
ture abolishes this restriction. We could not find dmL) weIIt.as thellntgntsny of 12@?02) Ffa}?g pea:< can ?eﬁ:'féed

; L o continuously between the two limiting values o n

reflection for odd values of L, indicating that the3c1l) is YD, depending on the relative H/D ratio in the sample. This

preserved for epitaxial YPfilms. In all structural measure- isotone exchanae takes place on a rather short time scale of
ments which we carried out so far, there is no contradiction P ang P
only a few minutes.

to the (P3cl) structure. Off specular neutron diffraction demonstrates nicely the
reorientation of the stacking sequence of the yttrium atoms
IV. CONCLUSION AND SUMMARY during the phase transition. It also shows the wavelike modu-

Epitaxial single crystalline ¥0002) films with perfect six- lation of the qe“te““m_ atoms in the ba_lsal pEme ofsY B
Bragg reflections are in agreement with th8c1 structure

fold symmetry have been grown on a Nb(llOk@é(llEO) . . . -
buffer/substrate system with uniaxial structural symmetry]cound in powder samples. No additional reflections, indicat-

While this system has often been grown in conjunction with!nd @ broken symmetry, could be founq. Therg seems to be
rare-earth superlatticdé*® we present here a complete no structural difference between thin epitaxial films and bulk
structural analysis of the in-plane epitaxial relation betweer?amples'
the different layers. More surprising than the hexagonal sym-

metry of the virgin Y000)) layer is the fact that the symme-

try and epitaxial relation is maintained during hydrogen up- We would like to thank R. Griessen, R. Kirchheim, and B.
take and lattice expansion to the bulk stoichiometry of;YH Hjorvarsson for fruitful discussions. This work was sup-
Admittedly, the lattice expansion is highly anisotropic andported by the BundesministeriumrfBildung und Forschung
takes place mostly in the out-of-plane direction. Nevertheunder Contracts No. ZA4BC1 and No. ZA4BC2 and the EU-
less, the 0.5% in-plane lattice expansion of Y is surprisinglyTMR project Metal-hydride films with switchable physical
isotropic irrespective of the simultaneously expanding NbpropertieSERB FMRX-CT98-187, which we gratefully ac-
buffer layer to a much larger value of 3.8%, and irrespectiveknowledge.
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