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In situ x-ray diffraction topography studies on the phase formation in thin yttrium hydride films

A. Remhof, G. Song, C. Sutter, D. Labergerie, M.dg¢uer, and H. Zabel
Ruhr-Universita Bochum, Institut fu Experimentalphysik/Festkoerphysik, D-44780 Bochum, Germany

J. Hatwig
European Synchrotron Radiation Facility, BePostale 220, F-38043 Grenoble Cedex, France
(Received 7 February 2000

Structural phase transitions in thin, epitaxial yttrium hydride films have been studied by means of synchro-
tron x-ray diffraction topographyXDT), complemented by atomic force microscopy and by measurements of
the electrical resistance. Depending on the applied hydrogen pressure during the gas-phase loading experiments
and the chosen temperature, different phases exhibiting different symmetries and electronic properties could be
established. Despite the small scattering volume of the 200-nm-thick film, the phase nucleation, the spatial
distribution of domains as well as the lateral hydrogen diffusion could be observed. Those experiments dem-
onstrate the feasibility of XDT to study structural properties like the dynamics of phase transitions in thin
epitaxially grown films on the nanometer scale. From the progression of the domain boundary between the
YH, and YH,; phase the hydrogen mobility was determined t018~ ¢ cn?/s at 300 °C. Comparing high-
temperature topographies with room-temperature results confirms that the phase boundary is narrower at high
temperatures. Finally resistance measurements of Y/Nb double layers with varying hydrogen concentration
confirm clearly that the YKl phase is insulating and that the resistance of the yttrium layer increases propor-
tionally to the degree of YEkIphase precipitation. The layer system acts as a hydrogen concentration-dependent
potentiometer and could be used as a hydrogen sensor.

. INTRODUCTION YH; with a band overlap of 1.5 eV. Subsequently different
theoretical approaches have been established to explain the
Among different hydrogen-metal systems, rare-eéRE)  band gap in YH.°>"** The reversibility of the YH-YH,
metals and their chemical relatives, scandium, yttrium, anghhase transition fueled the hope of technical applications and
lanthanum are of special interest because of their ability tonotivated many experimental studies, particularly on thin
absorb up to three hydrogen atoms per metal dtdfttrium, films. The dynamics of the system, especially the hydrogen
like most heavy RE metals at room temperature, has the hagiffusion, has been visualized recently by optical transmis-
P6;mmc structuré with lattice constante=3.3648 A and  sion measuremerits’® as well as by electromigration
c=5.732 A. The phase diagram of the Y-H system consiststudies:®'’ This paper discusses the macroscopic structure
of three principle phases depending on the hydrogen concenf thin epitaxially grown single-crystalline Y films and the
tration. At low concentrations« phasg, hydrogen in yt- effect of hydrogen on it. The focus lies on the question of
trium can be described as a lattice gas where the hydrogetomain size, domain formation, and domain mobility. X-ray
atoms are distributed on interstitial sites of the host latticediffraction methods will be used as an imaging tool for ob-
Above a critical H/Y ratio of 0.2, the dihydride phas@ ( taining laterally resolved spatial information. Subsequently
phase starts to precipitate in the CaFcubic structure the results of the diffraction experiments will be related to
Fm3m, in which all tetrahedral interstitial sites of the fcc atomic force microscopéAFM) measurements and to elec-
metal lattice are filled with hydrogen. This structural trans-trical resistance measurements. Because of the high anisot-
formation consists of an expansion of the metal lattice alongopy of the lattice expansion, effects due to the epitaxy be-
the c axis by typically 5%, accompanied by a rearrangementween Y and the substrates are negligible and therefore the
of the stacking sequence. Hydrogen saturation of the trivathin-film results should be representative for the bulk behav-
lent yttrium is reached in the trihydride phase. Within tipis ior.
phase the metal atoms regain their hexagonal stacking se-
guence, while the closed-packed planes are even further Il. SAMPLE PREPARATION
pushed apart, resulting in@axis expansion of about 15%.
Within both phase transitions the expansion of the basel The samples were prepared via molecular-beam epitaxy
plane is negligiblé:* (MBE) in a Riber EVA 32 MBE evaporation chamber. The
The B-v transition in yttrium hydride films gained much Y (000)) films with a typical thickness of 200 nm were

attention due to the spectacular changes in the optical trangrown on ALO; (1120)/Nb (110 substrates and capped
mission and its potential technical applicatiGna/hile YH,  successively with Nb and Pd. The epitaxial relation between
is a shiny metal, YH is a transparent insulator with a band Al,O5; and Nb as well as between Nb and Y are well known
gap of 1.8 eV. This discovery contradicted earlier self-and have been described in much detail. For Nb o5OAl
consistent band-structure calculations. Wang and &has  the reader is referred to Refs. 18—21; for Y on Nb the reader
well as Dekkeret al® concluded a semimetallic behavior for is referred to Refs. 4 and 22. While the buffer guarantees
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FIG. 1. Architecture of samples used in the x-ray diffraction
topography experiments. One-half of the sample is Pd covered tc .
allow the study of lateral hydrogen diffusion. 20
epitaxial growth, the Pd cap layer serves as a hydrogen win
dow and as protection against corrosion. Details of the

sample preparation may be found in Ref. 4. In order to study _ o )

the different stages of hydrogenation, only one-half of the FIG. 3. X-ray scattering by a crystal consisting of two different
samples was covered with Nb and Pd. In ambient air, th@nd spatially separated phases A and B.

uncovered part of the sample oxidizes on the surface. After hic il d Il vol ithin th e |
the formation of an oxide layer of a typical thickness of 9rapnic im and a sma Vo gme\/ within the sampie 1S
several nm, the oxidation process stops. The body-centere§Staplished. In a heteroepitaxial system all lattice planes are
cubic oxide ;05 is known to be protective. Therefore the parallel but different films exhibit different lattice spacings.
natural oxide layer of yttrium is often used to cover rare-The same holds true for different hydride phases within a

earth films and superlatticé3The following hydrogenation gja;qs g:ﬁwn ; f||tm. In tfht'ﬁ Cgi}?’ us;ng Tonolchromatui éaf
experiments prove that,0; is also an effective barrier for ation, the retiections of the ditferént matenals occur at dit-

hydrogen. The sample architecture is displayed in Fig. 1. ferent incident angle_:s. Rotating the sample about an axis
normal to the scattering plane, the reflections of the different

films (regions of different phasgsvill be spatially separated
ll. EXPERIMENTAL METHOD on the photographic film, as shown in Fig. 3. Thedtice
parameter contrastill be used later on to distinguish be-
tween the epilayersNb and VY) and the substrate and to

nique for single _crystals based on Bragg o_llffract|on. >(DTvisuaIize the development of the hydride phases within the Y
exploits local variations of the sample reflecting power. Thu i

it visualizes inhomogenities such as defects, domains or . . .
> . S . The XDT studies presented in this paper were performed
phases within the crystal under investigation. Reviews on

XDT may be found in Refs. 24 and 25. When using a zero-at the imaging beamline ID19 at the European Synchrotron

dimensional detectafcountef as employed in most diffrac- Radiation Facility(ESRBP in Grenoble, France. The charac-

. i L teristics of the beamline derive from the requirement of hav-
tion methods, this information is averaged out and conse- . . .
) : . ~"ing a spatially extended, monochromatic beam, a high pho-

quently lost. Those conventional experiments deliver, .
7 : . .~ —ton flux, and a tunable photon energy in the range of 8—120
detailed information about the crystalline structure of a given .
material on an atomic scale. They do not yield any spatiall eV. The small divergence of the beam (8.1 mrad)
. y Y Y SP Yeads to the choice of a 140-m-long beamline. Within this

resolved information about the phase nucleation, the domal(r:]. . s . X
; S . . ._.distance from the source, a high-magnetic-field wiggler with
size, and the distribution of domains during phase coexist- iabl h b ok 28 mn? all
ence or about the lateral hydrogen diffusion within a sample‘.”1 variable gap, a homogeneous beam mnt allows
All these questions may be investigated by XDT. us to illuminate extended samples._ The source guarantees a
Figure 2 schematizes the main idea of the topographif'gh photon flux at the sample position, minimizing exposure
methods. By using parallel and monochromatic radiation, |hmes. '? HA"SYLAB—stter ldoijble-cryste;:, f'xe?'eé't mono; ¢
connection between a poiRtof the two-dimensional image fhéoﬂgg?érasgg;rﬂ; OASEES,[O?] rgr?g%(; LC;”E Ilfeveacrro:: tg
on the position-sensitive detectdfor example, a photo- the MoK, line, was chosen. Further details of the beamline

characteristics can be found in the beamline handbook of the

X-ray diffraction topography(XDT) is an imaging tech-

incident sample ESRF. The height of the beam was limited to 7 mm by the
meiden m windows of the vacuum chamber. The 320 mnf big
beam . . . .
> sample was mounted horizontally, i.e., with the long side
/VW perpendicular to the scattering plane. Due to the large hori-
> zontal width of the beam, covering the whole width of the
diffracted sample, an area of 307 mn? of the sample was illumi-

beam nated. The angle of incidence of the parallel and monochro-
matic beam could be varied by rotating the sample about an
photographic axis perpendicular to the incident beam. A photographic film
film was employed as an open detector, covering a wide angular
range. TheKodak Professional Industrex Sksed for this
FIG. 2. Principle scattering geometry for x-ray diffraction to- experiment allows us to record all specular Bragg reflections
pography. of the sample within one exposure. The exposure times were
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sapphire substrate and the niobium buffer are displayed. During the

x-ray exposure time, the incident angle was continuously changed FIG. 5. Topographic images of the Nb buffer layer prior to
by rocking the sample. The gaps in the Y and Nb exposures are dUtydrogen loading. The images were recorded at different incident

to shadowing by the wire used during the growth of the sample. angles, corresponding to positions on the wing of the rocking curve
(A) and on the center of the rocking curi®).

adjusted according to the scattering volume of the constitu-

encies of the sample. For the sapphire substrate an exposuters and an abrupt change of contrast to the background. The
time of 1s was chosen; the reflections of the epilayers wersize of these mosaic blocks is estimated to be on the order of
recorded in about 100 s. Different lattice parameters of the0 pm.

different metals evaporated onto the substrate allow us to The sharp contrast between the blocks indicates that each
separate their images spatially on the photographic film bylock has its own orientation, independent and uncorrelated
their different Bragg angles. The topographic images wergrom its surrounding. Such a mosaic block does not neces-
recorded in two different ways. First, in order to visualize thesarily represent a perfect single crystal. As known from graz-
orientations of the structural domains within the sample, imjng incidence x-ray diffraction experimerftshe in-plane co-
ages were taken at several fixed positions on the rockingerence length is much smaller than the topographically
curve. Second, the sample was rocked during the exposure fpuacted size. Also measurements carried out by transmis-
collect all th_e reflected mtens_mes frpm t_he dlfferen_tly_orl- sion electron microscopy show a dislocation density, which
ented domalns_. Due to Fhe high collimation of t.he 'nc'd_emrequire defect-free domain sizes on the order of about 20 nm.
beam the spatla}l re_solutlon of the XDT mgthqd IS onlly "”.“' Thus a mosaic block has to be considered to be composed of
ited by the grain size of the photographic film, which is go\era| single-crystalline domains of the same orientation,
about 1xm. separated by dislocation lines.

The yttrium layer has a different appearance. Unlike the
Nb layer, the Y film appears to be more coherent. The topo-
graphic images show smooth changes of contrast, suggesting
a continuous distribution of crystal orientations. As expected

Figure 4 is a typical topographic image of the virgin PY th% independent in-plane expansions of the Nb and Y
sample. From left to right, corresponding to an increase of2Yers; there is no influence of the Nb buffer on the micro-
the scattering angle, the reflections of the yttrium layer, thetructure of the Y film. While the Nb layer shows well-
sapphire substrate, and the niobium layer can be seen. TH€fined structures in them range, the Y film exhibits much
trace of the wire used to fix the substrate during the growt{arger features in the mm range. The two toeograp_hm Images
process can clearly be observed on the recorded images giSPlayed in Fig. 7 demonstrate nicely the “negative image
the two metallic layers. As in Fig. 4 all samples were effect”: those volume eleme_nts that_fulflll the Bragg condi-
mounted such that the wire is horizontal and in the upper parfion at the center of the rocking curvenages B and B) do
of the sample. For the interpretation of the images it is im-NOt contribute to the intensity in the flanks of(images A
portant to realize that the topographies are horizontally com@nd A’). As a result, one topography appears to be the nega-
pressed. Taking into account the sine of the Bragg angle, théve image of the other one.
compression factor in our case is about 10.

The topographic images of the metal layers exhibit many
details. Images taken at different fixed incident angles illus-
trate which domains contribute to the reflected intensity at a:f;:rie_d»
specific point of the rocking curve. Figure 5 displays two
topographic images of the niobium buffer layer recorded on
the wing (image A and at the center of the rocking curve
(image B, respectively. At first glance both images appear
almost uniform, indicating a homogeneous film. An optical
microscope was employed to obtain more details from the
exposed and developed photographic film. An enlarged sec-

tion of Fig. 5A is shown in Fig. 6. Single mosaic blocks  FIG. 6. Enlarged portion of the topographic image from the Nb
become visible. Their shapes are well defined by sharp bomuffer layer obtained by an optic microscope.

IV. RESULTS AND DISCUSSION

A. The virgin sample

Y.




uniformly gray. At hydrogen pressures below 1 mbar, hydro-
gen dissolves in the palladium-covered part of the yttrium
layer, forming a lattice gas. The expansion of the lattice
causes a decrease of the scattering angle. Therefore the yt-
trium reflection shifts to the left-hand side in the upper part
of the image representing the yttrium layer. The precipitation
of YH, starts at about 1 mbar, occurring simultaneously at
arbitrary places in the Pd-covered part of the sample. This
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process may be compared with the wetting of the floor after
it starts raining. Between the two extreme states “dry (

pol -
A B .
phase and “wet” ( 8 phase both “phases” coexist lateraly.

FIG. 7. Topographic images of the Y layer prior to hydrogen There is no spatial separation or segregation of the phases.
loading. The images were recorded at different incident angles, coffhe homogeneously distributed YHdomains must be
responding to positions on the wirf@) and at the center of the smaller than lum (film resolution. The Bragg peaks for the
rocking curve B). A" andB’ are enlarged areas éfandB, re- andg phase are well separated in angular space, indicating
spectively. again that the transition between these two phases is discon-

tinuous. Up to 1 mbar, there is no detectable expansion effect
B. Hydrogen loading and phase formation of the Nb buffer layer; all hydrogen is absorbed by the yt-

Exposing the sample to hydrogen atmosphere leads to falium. N )
hydrogen loading of the yttrium and of the niobium layers At & pressure of 5 mbar, the transition to tBephase is
beneath the palladium-covered part. Thermodynamic equicompleted below the Pd-covered part of the sample. Also the
librium with the surrounding atmosphere is achieved withinNb buffer beneath the YHis saturated with hydrogen. Un-
several minutes. Afterwards lateral hydrogen diffusion startslike the Y, Nb does not cross a phase boundary between the
accompanied by the structural phase transitions as describ&ydrogen-free state and the saturated state as the experiments
in Sec. |. A series of topographic images at increasing pregNere carried out well above the critical temperature for Nb-H
sures is displayed in Fig. 8, showing the hydrogenation ofvhich is at 170 °C. There is a continuous shift of the lattice
the initially virgin sample. All images were taken at 300 °C. Parameter along the hydrogen concentration gradient within
Each one depicts a 7-mm-long part of the sample, limited byhe sample. As a result, the topographic images of the
the trace of the wire. Due to the geometrical effects menhydrogen-free part of the Nb film and of the hydrogen-
tioned before, the image of the 10-mm-wide sample is comloaded part are not isolated as in the case of Y. They are
pressed to about 1 mm on the photographic film. In order t¢onnected, indicating that the gradient in the lattice param-
record all domains of a given phase irrespective of their orieter is caused by a gradient of the hydrogen concentration.
entations, the sample was rotated during the exposure about A further increase of the hydrogen pressure initiates the
the axis normal to the diffraction plane. Therefore structurafateral diffusion of hydrogen from top to bottom, both in the

details are averaged out and each particular phase appedrdilm as well as in the Nb buffer layer. There is no sharp
diffusion front visible in the Y film. A region of coexisting

A’ B'

Sample andpg phase_s can st!ll be observed. Similar to the situation at
3} 0.5 mbar orientation 1 mbar, their domains are smaller than the film resolution
and both phases are completely mixed.
b) ' 1 mbar Pd “ e Thermodynamically the diffusion front has to be a con-
5 s bar boler g tinuous line in a homogeneous medium. Therefore the occur-
£ rence of a large region of phase coexistence in a diffusion
d) 10 mbar i experiment seems to contradict the laws of thermodynamic.
However, in the present case the medium is not homoge-
e) L 20 mbar neous and domains of both phases coexist. Obviously the
hydrogen finds diffusion paths in the film where it can ad-
i) P 40 mbar vance faster in one region than in others, leaving domains of
9 || —— lower hydrogen concentration behind.
’ The vy phase starts to nucleate at a pressure of 80 mbar.
) 160 mbar Like the occurrence of thg phase at 1 mbar, both phases
coexist beneath the Pd cap layer before the hydrogen-rich
i) | ;gshr‘:&)ar phase starts to diffuse along the sample at higher pressures.
Vi, RV N | 3 During the_d|_ffu5|on process, the phase bor_der of t_h<_a3YH
Yo, 2 521203 behaves similar to the YHborder. There is no visible

change in the domain size. Again a region of phase coexist-
FIG. 8. Series of x-ray diffraction topographies of the first hy- €NC€ propagates in front of the homogeneous; Yitiase.
drogenation of the sample shown in Fig. 1. The series of imagekiydrogen diffusion within the investigated sample is slow,
(a)—(i) is taken afT=300°C and at the respective hydrogen pres-€specially in the YH phase. Even after 36 h in a hydrogen
sures. The inset explains the sample orientation used. The verticatmosphere of 265 mbar the hydrogen front line of the;YH
lines are guides to the eye for the positions of the different Braggohase just moved 2 mm while the rest of the Y film changed
reflections. completely to YH. At this stage of the experiment the Nb
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the lattice parameter is allowed to change continuously
within a hydrogen gradient. On the first topographic image
exposed under hydrogen atmosphere, the Nb reflection is in-
clined, demonstrating a lattice parameter gradient. Under the
Pd-covered part the lattice parameter is higher than at the
bottom of the sample. Immediately after removing the hydro-
gen atmosphere, the hydrogen starts leaving the Nb layer via
the Pd window. Now the hydrogen concentration and the
lattice parameter rise toward the bottom of the sample. As
time passes on and more hydrogen gets expelled, the Nb
reflection moves back towards its initial position without
completely reaching it during this experiment.

a)
Pd
‘ . TH border.

b) |

owm

C. Lateral phase propagation

Exposing a partially Pd-covered Y layer to a hydrogen
atmosphere leads to the fast formation of thejYphase
underneath the Pd cap layer while the rest of the Y layer is
still hydrogen free. The resulting steep hydrogen concentra-
v tion gradient in the Y layer close to the Pd border is the

YH; Y0;YH, NbHgy driving force behind the lateral phase propagation in the
sample. Due to the large miscibility gaps in the H-Y system

FIG. 9. Series of XDT images during dehydrogenation atthe hydrogen concentration cannot vary continuously within
300 °C. First, the Pd-covered part switches to the,YiHase, than the sample. The lateral hydrogen progression therefore re-
the hydrogen within the remaining Y#phase diffuses towards the quires two mechanisms. First, the hydrogen atoms have to
Pd limit, where it escapes from the sample. This process is illusdiffuse from the Pd-covered part to the phase boundary.
trated by the two sketches representing the phase distribution withiThen new domains of the hydrogen-rich phase have to nucle-
the sample in the first and the last images. ate. The phase boundary moves through the sample by the

) _ o _continuous precipitation of new domains. This heteroge-
buffer layer is saturated with hydrogen. Surprisingly, there isheous seed formation consumes energy that is nessesary to
no hydrogen diffusing from the Nb buffer to the Xfilm. In- pastically deform the crystal lattice and to build up domain
other words, the NbHfilm is not short circuiting the lateral yg)s. During thea-3 transition as well as during thg-y
hydrogen pathway in the YHfilm. Due to the low velocity  transition, the heterogeneous seed formation is the process
of the diffusion, thermodynamic equilibrium has not beenthat limits the velocity of the phase propagation.
achieved in any of the topographic images in Fig. 8. Generally, the net flux of impurity atoms is related to

~ An investigation of the YH, the YH,, and the Nb reflec-  the gradient of the impurity concentratianby a phenom-
tions at different points of their respective rocking curvesenological relation called Fick’s first law:

does not provide any special features. The topographic im-
ages appear to be uniformly gray. Hydrogen loading destroys J=-Dgradc), (1)

all the structural features that were visible in the virgin StatewhereD is the diffusion constant related to the mobility of

of the sample and averages out all details of the domalr,[1he impurity atomsD may explicitly be concentration de-

structures. endent, symbolized b (c). Particle conservation requires
Removing the hydrogen atmosphere completely and keep: Sy ' q

ing the temperature constant at 300 °C expels the hydroge ¢/dt=—divJ, leading to Fick’s second law.

partially from the sample as shown in Fig. 9. The exposure Jc

times were kept constant at 300 s for the ;y&hd the YH Ezdiv[D(c) gradc)]. (2)
reflections together and at 500 s for the Nb reflection, sum-

ming up to a total of 800 s for one complete exposure. Im- | the present diffusion situation, only one spatial dimen-

mediately after finishing one exposure, the next one wagjon has to be considered. Fick's second law then takes the
started. The first topographic image in Fig. 9 is identical tofym,

the last one in Fig. 8. Between the first and the second one,

the hydrogen was pumped out of the chamber. ac d
Desorption of the hydrogen takes place through the Pd It oz

cap layer. First the hydrogen becomes expelled from the Pd-

covered part. On the third and fourth exposure a coexistencgherez is the lateral distance in the sample plane. Boltz-

of YH; and YH, can clearly be seen. As a result, the yttrium mann showed that Fick’s second law can be transformed into

underneath the Pd cap layer as well as in the bottom part df relation of only one variable =2/}, if the boundary con-

the sample exists in the phase, separated by a middle part, ditions can be transformed accordingfyThis transforma-

predominantly occupied by the phase. Later on the hydro- tion still holds in multiphase systef{s®

gen from this middle region diffuses towards the Pd window,

where it escapes from the sample, causing thphase to )\E: —21( D(c) %) @)

vanish gradually. The Nb reflection behaves differently as d\ d d\

D ‘ ‘ W Pd

YH border

Jc
D(c) 5) , ®



PRB 62 IN SITU X-RAY DIFFRACTION TOPOGRAPHY ... 2169

2

Precipitates l 300°C
b) VB~ | 20°cC
YH; Y,0,YH, Nb

2

(Position of the front) [mm]

FIG. 11. X-ray diffraction topography comparison of the satu-
rated 8 phase at 300 °C and at room temperature, showing the
precipitation of they phase.

0 2 4 6 8 10 12 14 v phase. It completely remains in tifephase. On the other
Time [h] hand, after cooling the sample to room temperature, the to-

pographic image of the lower part of the sample clearly

shows the appearance of ¥KFig. 11). The sudden nucle-

ation of the y phase can be explained by the Y-H phase

diagram! At elevated temperatures the miscibility gap be-

The validity of this Boltzmann scaling in the Y-H system hastween theg and they phase becomes more narrow. In other

been demonstrated by den Broeder and co-wotkems a  words, the hydrogen concentration of the saturatephase

3000-A-thick Y layer by optical transmission measurementsincreases with temperature. Vice versa, as the temperature is
To deduce the diffusion coefficiem(c), the concentra- lowered, the surplus of the hydrogen precipitates into the

tion as a function of\, c(\) has to be known. Those data hydrogen richy phase.

could be obtained mapping the concentration by nuclear pro-

filing methods or, in the case of H in Y, by optical methods.

Hov%ever, the effective mobility of theypr?ase boundary V. OPTICAL APPEARANCE AND AFM STUDIES

M= Z%/t, wherez denotes the position of the diffusion OF A PARTIALLY LOADED SAMPLE

front of the phase boundary can directly be measured. den The different diffusion fronts as well as the coexistence

Broder et al. investigated the temperature dependence Ofegions can be identified by the optical appearance of the

Me¢s and obtained ap Arrhenius behavior between roomy mple. In Fig. 12 an optical photograph of the sample is
temperature and 140°C and at a hydrogen pressure of 10Q4,,yn, in a state corresponding to the lower part of Fig. 11.

mbar. Me¢r can then be expressed ddei=Moexp o : . . .
= o e image was recorded using an optical microscope in re-
(~Ea/kT). The activation energy and i, were deter- flection mode and a black and white video camera. The

. 73 .
mined to be 0.369 eV and 1410 * cnv/s, respectively. sample itself was illuminated from the top with white light.

As the motion of the phase boundary can clearly be see : . :
M, is also easily accessible in XDT measurements. To ob- he upper third of the sample is covered with Pd. The trace

; o f the wire as well as the sharp change of contrast at the Pd
t lue for the mobility of the Y&YH, phase bound- © 1S angs ot a
e A Prase pou: Jporder ar clearl visle The ifusion font conices
staﬁt temperature of 300°C and a constant hydroge ith another change in the reflected intensity about 8 mm
pressure of 800 mbar. The progression of the;Yildnt as a away from the trace of the wire. Com_paring the differgnt'
function of time is represented in Fig. 10. Due to the rathed'dY scales, the region of phase coexistence can be distin-

large YH,-YH, coexistence area, the position of the diffu- guished from the homogeneous phases, as marked in Fig. 12.

sion front has to be defined in the same way for all tOIOO_Wlthln the lower part of the sample parallel stripes of up to

g . . 4 mm length and of 0.1 mm width are visible. Those stripes
graphic images. For the calculation of the phase mobility the ay be attributed to the precipitates of Yithich have been

front of the coexistence region has been chosen. The erroy. din th . h. Their sh their incli
bars in Fig. 10 originate from the uncertainty of determining IScussed in the previous paragraph. their shape, their incll-
this border line.

The progression of the Yfdiffusion front follows ayt

FIG. 10. The square of the position of the Yghase boundary
as a function of time af =300 °C in a hydrogen atmosphere of 800
mbar. The solid line is a linear fit to the data points.

law, indicating the validity of the Boltzman scaling. A fit to ,; trace gf
the data points reveals an effective mobility bf.¢=5 <+— the wire
X 1078 cn/s. Extrapolating the results of den Broeéerl. ' «<— Pd border

14 to 300°C results in an effective mobility of 8210’ o
cn?/s, which is about one order of magnitude slower than in

the present experiment. Unfortunately a single value of the
effective mobility measured at one specific temperature and
one specific hydrogen pressure does not allow determining
the activation energy. Thus additional experiments are nec-
essary to determine the kinetics of hydrogen in epitaxial Y
films.

“— border of pure YH,

<+ border of pure YH, at 300°C

20 mm

site of fig.13

I\ precipitates of YH,

D. The narrowing of the miscibility gap
at elevated temperatures

After 20 h at 300°C in a hydrogen atmosphere of 800 FIG. 12. Optical photography of the partially hydrogen-loaded
mbar, the lower half of the Y film still shows no trace of the sample as used in the second exposure of Fig. 11.
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FIG. 13. AFM image of the partially hydrogen-loaded sample. fime [s]
1]

The displayed surface profile was measured in the-YH 5 phase

coexistence region of the sampleompare Fig. 12 FIG. 14. Electrical resistance of a Y/Nb sample as a function of

nation with respect to the sample edges, as well as theﬂrme and for different hydrogen pressures. Starting from, YtHe
ydrogen pressure was successively increased up to thephabse.

pat:lllellt)fl are I?]rets)enﬂyfnm und%rsmo_%' dab h The resistance step at 300 s after increasing the H pressure from 5
part from the basic features described above, the sampI[% 10 mbar result from saturation of the Nb buffer layer with hy-

ex_hibits many morg details Iikg cloudy stains or. Streaksdrogen. Subsequent changes of the resistance are due to the gradual
Without further studies, explanations of those details are thgpage transition from Yhito YHs.

subject of speculation. They may be due to hydrogen density
fluctuations, to chemical impurities, or to yttrium oxides. . . ) ) )
Although a thin oxide layer covers the sample, the surface Within this experiment a different sample design was

topology of the partially hydrogenated sample still reflectsUS€d- The Y layer was completely covered with a Nb/Pd cap
the different stages of hydrogenation. As the out-of-planéo exclude lateral diffusion. The electrical resistance was
lattice parameter of Yiland YH; differs by 10%, the over- measured by an usual four-probe met_hod. The current in-
all thickness of the sample varies as well. Since the thickneg&lane (cPp geometry averages the resistance of the whole
of the Y film is 200 nm, in the region of phase coexistenceSample. Since the sample contains a niobium buffer layer as

the thickness variations should be on the order of about 2Well as a palladium cap layer, the change of the electrical
nm. resistance due to hydrogen loading is affected by the re-

Since the expected domain size is on the order pfd, sponse of all layers in thg sample_. Fortunate_ly the energy
an atomic force microscop@\FM) is the ideal tool for re- 9@ Per hydrpgen atom dissolved into thg lattice is smaller
cording the surface profile of the sample. Figure 13 shows ' YH2 than in Nb. Therefore the transition from ¥Ho
5x5 pm? area of the sample within the region of phaseYH3 starts only after the n|ob|um layers are sgturgted with
coexistence. The surface reminds us of a hilly landscape witYdrogen. The XDT experiments clearly show in Fig. 8 that
gentle slopes. Typical sizes of the hills match the expected1® Yitrium layer remains in th8 phase as long as the nio-
domain proportions. The height difference between the lowPium buffer is not saturated with hydrogen.
est and the highest point of the displayed area equals 15 nm. All resistance measurements presented in this paper were
This is five times more than the original height fluctuationsP€rformed at 200 °C. This temperature was chosen because
from the surface roughness of the oxide layer. AFM imagedh€ hydrogen solubility and resistance of Nb films have been
taken in single-phase regions show an average roughness gxtensively _studled at this temperature, allowing us to sepa-
about 2—3 nm. While the lateral extension of the surfacd@® the resistance changes of both mateffals. order to

structures as well as their heights correspond to the expect&listinguish between the different metal layers, the starting
values, their shape does not. Assuming columns of ¥kt condition was prepargd such that the Y layer was in the YH
of YH; with their respective film thickness, a surface topol- Phase while the niobium was almost hydrogen free. ,
ogy with sharp contours would have been expected. The Figure 14 shows the development of the electrical resis-

YH3-YH, borderline should result in a steep surface step!@nce as a function of time. At a timte=300 s, 5 mbar of bl

separating flatter areas. But it is important to recall that withd@S Were introduced into the chamber. The Nb buffer is im-
AFM the actual surface of the sample is scanned, which ifmediately saturated with hydrogen, while the Y is still in the
this case is covered by,0,. The oxide layer may smoothen YH, phase. The sudden increase of the electrical resistance

the discontinuities between the different phases. is entirely due to hydrogen in the Nb film. Bpth the time
scale as well as the absolute change of resistance are the

same as for a single Nb layer of the same thickness under the
same conditiond’ Subsequently the hydrogen pressure was
Measuring the electrical resistance together with the difincreased step by step up to a pressure of 25 mbar. All ad-
fracted x-ray intensity duringn situ loading of the sample ditional resistance changes originate from the Y layer. Each
with hydrogen offers the opportunity to monitor simulta- time the electrical resistance reached equilibrium, a radial
neously the structural aspects of the phase transition and theray scan was performed. These scans show that the in-
electronic aspects. crease of the electrical resistance is accompanied by a suc-

VI. ELECTRICAL RESISTANCE MEASUREMENTS
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»0 T ' T T ' T in the YH, film near the YH/NbH, interface at high« val-
] YHB YH, | ] ues. Thus the Nb buffer allows us to measurg,, for O

<x=1. Otherwise the conductivity measurement would be
limited to the percolation threshold.

12.5 mbar VIl. CONCLUSION

On a macroscopic scale, thin epitaxial layers of Nb and Y
T grown on sapphire substrates appear quite differently. Nb

data 1 shows distinct mosaic blocks of sevejai in diameter, in-
700+ 7 dicating an incoherent composition of the crystalline layer.
— fit 1 Y, on the other hand, shows larger structures with smoothly
650 -

7 varying orientation, suggesting a more coherent structure. No
T correlation between the structural details of the buffer layer
00 02 o4 06 08 1o and the Y layer could be detected. Exposing a Pd covered Y
. . film to a hydrogen atmosphere of a few mbar, domains of
YH, fractional scattering volume YH, nucleate at random places. With increasing hydrogen
FIG. 15. Plot of the electrical resistance versus the fractionaPréssure the number of YHdomains increase until the
scattering volume. The inset shows the corresponding radial x-rayhole film has changed to the phase. At higher pressures,
scans covering the YHand YH; phase. the formation of the YH phase starts in the same way. Typi-
cal sizes of the domains are on the order @frh. Within the
cessive structural phase transition from Yib YH; as  hydride phases, the topographic pictures show no further de-
shown in the inset of Fig. 15. In Fig. 15 is plotted the frac-tails. The structural features of the virgin sample are aver-
tional scattering volume of YH i.e., the integrated0002  aged out.
Bragg intensity, versus the resistance. The increase of the Atomic force microscope images show enhanced thick-
resistance can be described by a model of two parallel resigless fluctuations in regions of the ¥¥fH; phase coexist-
tors. The YH layer is represented by a tunable resistor whileence. Those originate from the different lattice spacings of
the resistance of the Nb buffer is assumed to be constant. ffie distinct phases, leading to different layer thicknesses.
a system of parallel resistors it is more convenient to usélowever, no sharp contours between Xahd YH; could be
conductivities rather than resistivities. Assuming an electri-detected.

electrical resistance [arb. units ]
2

cal conductivity close to zero for the pure YHtate, the Hydrogen diffusion can be observed by the lateral pro-
conductivity of the whole system may be written as gression of the phase boundary. A 800 mbar and at
300°C, the YH front moves with an effective mobility of
Tiotal= ONp T (1= X) oy iy, (5  5x1075 cnis.

In situ measurements of the electrical resistance together
with the x-ray diffraction curves upon hydrogen loading al-
lows us to relate the metal-insulator transition to the struc-
tural information. Starting with a pure YHilm, the electri-
tivity (x=1) and from the initial conductivity X=0), re-  cal resistance increases with the amount of the nucleated
SpeCtively. The Solid Iine in F|g 15 iS a f|t to the data pointshydrogen richfy phase. The Samp'e may be regarded as a

using this simple model. In spite of its simplicity the quality hydrogen tunable potentiometer.
of the fit is striking. Several conclusions can be drawn. First,

YH; is indeed a bad conductor or an insulator in agreement ACKNOWLEDGMENTS
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where X is the fractional volume of Yias determined by
x-ray scattering. The conductivity of the buffery,, and of
the YH, film, Oyh, can be deduced from the final conduc-
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