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Hydrogen in Pd/Nb multilayers
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Several Pd/Nb multilayers with various modulation periods have been prepared by laser deposition. Hydro-
gen was doped into the samples electrolytically or from the gas phase. The elastic response of the multilayers
upon absorption of hydrogen, their relaxation and phase separation were studied by x-ray diffraction in reflec-
tional, transmissional, and tilting geometries. It was found that the elastic expansion of the Nb layers after the
first two cycles of hydrogen loading and unloading can be described well by a model allowing expansion in
one dimension only. Phase separation is observed in the Nb layers as well as in the Pd layers. The phase
separation is believed to be initiated by a plastic instability of the film due to hydrogen incorporation. The
relaxation and change of strain mode in the multilayers due to hydrogen loading and unloading are discussed
concerning the possible defects in the sample formed during sample prepdiafia63-18206)01834-9

I. INTRODUCTION presented, focusing on fundamentals of the kinetic and ther-
modynamic behavior of H in this special system. Both bulk
The study of hydrogen in thin films, superlattices, andsystems, H-Pd and H-Nb, are well-studied ones facilitating
multilayers has been the subject of recent theoretical anthe interpretation of the results on thin films and multilayers.
experimental interest.® Fundamentally, the study of H in So far, only a few results on Nb and Pd thin film or
superlattices and thin films is motivated by the possibility ofmultilayer systems have been report&c?® Although no
new phenomena related to the reduced dimensionality. Theonsensus is accepted about the interpretation of the results,
pioneering work of Miceli and Zabel and their co-workers a lowered critical temperature and narrowed coexistence re-
focused on the critical phenomena of H in strain and comgjon were found generally in thin Pd films compared to the
position modulated superlattices and has revealed manyyk *3-16|n Nb thin films, greatly enhanced solubility of H
novel features:* Later, the work on Mo/V superlattices of \as reported by Moehlecket al,'” based on the relation of

Hjorvarsson and his co-workers has emphasized the effeCigiice parameters and H content in bulk materials. Similar
of electron transfer at Mo/V boundaries on H absorption in V agits were reported for Nb in Pd/Nb multilayers in the

6,7 . .
layers." In such work, H is takep as a probe in t_he hostsame work. The authors claimed that the expansion of the
metals to detect the local elastical and electronical statﬁlm is uniform in all directions and similar to that in bulk

around the H atorﬁ._PracUcaIIy, on the other hgnd‘,‘ H was materials with free boundaries. Later a direct measurement
reported to play an important role as an effective “cold 8M"0f H content in such thin films were carried out by Steiger
nealing” agent to improve the quality of thin epitaxial filfs. . . .

g a9 P quanty P et al’® and Reimeet al1° using the nuclear reaction method

Also, H can be one component in thin films or multilayers = %" = 12
leading to different lattice parameters and different structuref "H("N.a»)C. It was found that the hydrogen concen-

of the host. This may be accompanied by changes of mad[ation in t'h.in.Nb films is lower than. that in thg bu!k at thg
netism, conductivity, optical and mechanical properties ofSéme eéquilibrium H pressure. The high expansion in the film
the host films. Some attempts have been made in improvingOrmal direction is explained by the fact that only one-
the magnetism of Fe/Ce and Fe/Nb multilay¥$! The ef- imensional expansion is allowed in this direction due to the
fect of H on Superconductivity and magnetism of hrg(h- in-plane constraint® Miceli et al?° also claimed that the
materials is another active topic of this kiffdErom the view — phase separation might be initiated by plastic instabilities of
point of materials science, the study of H in multilayers maythe film. From the above studies, however, very limited data
improve the understanding of H in structural composite maabout the relation between lattice parameter and H content
terials. Interfaces in composite materials are critical to theihave been obtained except that reported by Re#hai® A
mechanical properties and, unfortunately, they are also gervery large expansion of out-of-plane parameters, more than
erally favorite positions for H trapping. The thermodynamicsthree times higher than expected from the one-dimensional
and diffusion of H could play a very important role in deter- expansion model was observed. Since the data were col-
mining the mechanical properties of such materials. Anothelected in a small concentration ran(f®-2 at. %, more work
possible potential of the study of H in multilayers could be may be needed mainly at higher H concentration in order to
the conventional field of hydride applications. H purification, confirm this.
isotope separation, and H sensoring, for instance, may find In the present work, the hydrogen concentration will be
new solutions based on multilayer systems. These systenvaried in a wide range by electrolytical doping and the lattice
may provide a combination of different requirements in oneparameters are obtained by immediate x-ray diffraction
material package to carry out a task, which cannot be doneXRD) measurement between the doping steps. The phase
by bulk materials or by single element films. transformation will be monitored by XRD and also by elec-
In the present work, results on H in Pd/Nb multilayers aretromotive force(EMF) measurements.
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Il. EXPERIMENTAL DETAILS

Specimens of Pd/Nb multilayers with various modulation
lengths(double-layer thickness will be denoted By have
been prepared by pulsed laser deposition in an ultrahigh
vacuum chamber as described earffe?? The multilayers
were deposited on single-crystalline silicon substrates. The
bilayer thickness was chosen larger than 12 nm so that in |
XRD patterns the Nb and Pd reflections are separated and no |
satellite reflections from the layered structure occurred. Both |
the bottom and top layers of the multilayers are Pd layers in
order to protect the Nb layers and to get fast kinetics of |
hydrogen absorption and desorption. The Nb and Pd layers |
show a strong texture with Nb1G and P4111} planes par- !
allel to the film surface. Only the interplane spacings of these
two planes were obtained by conventional XRD in reflec- and potential lead
tional geometry. Hydrogen was doped into the sample step

by_ Step eIec’FrolyticaIIy using an electrolyte of phosph_oric FIG. 1. Schematic drawing of the multilayer sample and Pd
acid in glycerin at room temperatu?%ﬁl;ro.m Ithermodynam|c substrate for EMF measurement. The Si wafer contains a hole and
data Of_ bulk Nb-H and Pd-H systerfiswithin the low con- |_||or0vides the necessary support for the thin Pd substrate.
centration range and at room temperature, the solubility of

. . 5 . .

in Nb is 2.8<10° times larger than that in Pd at the samen, the package with that doped into a pure Pd substrate for
H, pressure. Therefore, nearly all H is located in Nb layerspe same EMF.

at the beginning of loading. The hydrogen concentration in

Nb layers is thus calculated by Faraday’s law before signifi-

cant hydrogen is absorbed in Pd layers and bubbling of mo- !ll. EXPERIMENTAL RESULTS AND DISCUSSION
lecular H, occurs. The out-of-pl_ane IaFtice parameter of Nb A. The elastic response of Nb/Pd multilayers
and Pd are monitored by XRD in the intervals between two at low hydrogen concentration

consecutive loading steps. . .
Secutiv g s'eps Figure 2 shows the XRD patterns of a Pd/Nb multilayer

Hydrogen is believed to be removed from the multilayer . . . -
ydrog Y€l iaken in a conventional reflection geometry for several dif-

by formation of water at the top Pd layer according to aferent hydrogen loading states. The sample has an overall
catalyzed reaction with oxygen from the air. The rate of this ydrog g ) P

d thickness of 580 nm with 20 bilayers and a top layer of Pd.
reaction appears to be strongly dependent on the surface COPhe bilayer thickness is 28.3 nm with an atomic ratio of

dition.and treatment history of thg sample. For the Sample%d/Nb=46.9/53.1. In Fig. @), results of the first loading
used in the measurements described abovg, the hydrogendpde starting from the as-prepared sample are presented.
the Nb layers was rather stable. It _stay_ed |_nS|de the specisypsequently the specimen was degassed by an annealing
mens several days to several weeks in air or in vacuum undgfeatment at 200 °C for 14 h in an argon atmosphere and then
the current surface conditions at temperatures below 80 °Ggaded again. Results of this second loading are shown in
At room temperature, where the XRD was carried out, therig. 2(b) and of a further third loading cycle in Fig(@. In
change of lattice parameters of Nb in 12 h was less than 5%l three cycles the peak of NH10) shifts to the left, when
of the overall change. A temperature above 200 °C was nedhe sample is loaded with small amounts of H up to a con-
essary to remove all the hydrogen within 8 h. The in-planecentration of about 20 at. % hydrogen in the Nb layers. In-
lattice parameters of the films were obtained by XRD increasing the H content gives rise to the occurrence of another
transmissional geometry or by a four-axis diffractometerphase with larger interplane spacinggnoted byByy, in the
(“Philips X’pert MPD”). Due to the limited intensities a figure) and its amount increases with total H content. Finally,
long measuring time was needed in collecting the in-planghe first phase disappears and all of the Nb layers consist of
parameters. Unfortunately the specimens prepared with a géie second phase. It is also noted that théd) peak does
ometry suitable for the four-axis diffractometer lost their hy- not shift until the Nb layers are saturated. Thus, the hydrogen
drogen very quickly. Thus, these measurements were onlgontent in Nb layers can be calculated by assuming that all of
possible before loading and after unloading of hydrogenthe H electrochemically produced is located in Nb layers
Therefore, only the film relaxation is monitored by the in- until they are saturated. When the sample is charged to a
plane parameter measurement. state where molecular H is formed at the Pd surface and
The measurements of the chemical potential were carriedonsequently gaseous hydrogen bubbles out of the electro-
out using the double-cell described previouSlyn order to  lyte into the air, a second hydride phasg.g is formed in
measure the potential of the film at the side opposite to théhe Pd layers too. Because of the hydrogen losses to the
doping one, the multilayer was deposited on a pure Pd sulatmosphere the content inside the specimen cannot be quan-
strate 12.5um in thickness. An additional Si support pro- tified for this late charging state.
vided sufficient mechanical stability. The complete sample To begin with, in this section only the elastic response of
package is sketched in Fig. 1. The H content in thesingle-phase Nb layers on charging with small amounts of
multilayer is calculated by comparing the amount of H dopechydrogen should be discussed. The interplane spacing Nb
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phase(a) Absolute andb) relative changes. Solid lines connecting
the experimental points are results of a linear fit.
(110 (dnp110) at low H contents is shown in Fig.(8.
Figure 3b) gives the relative changed{dg)/d, with dg
being the initial values without hydrogen. It is seen that in
the as—prepared_ sampﬂl@,b(ll_o) is 2.0% larger than the value
of bulk Nb and increases linearly with H content. After an-
z nealing the samplelyy110 dropped to a value which is 1.3%
B smaller than the bulk value. During the second cycle, the
= interplane spacing increases linearly again, but with a larger
slope compared to the first cycle. The third cycle gives simi-
lar results as the second one with a slightly larger slope.
Afterwards, further charge-discharge and annealing has no
significant effects on the slope and the initial value of
dnpa1g - In bulk materials, the host metals expand linearly
with hydrogen content. For Nb the following relation is held
for the interplane spacing of any crystalline plane:
20 (deg.)
FIG. 2. XRD spectrausing CuKa radiation of Pd/Nb multi- Ad) _L1/AVE s @
layers with a layer periodicity oA =28.3 nm in reflectional geom- do b 3\ Vy b ’ Ho

etry. (a) First loading of the as-prepared sample with different H
concentrations given in the figuréh) Second loading after degas- . ) .
sing at 200 °C for 12 hc) Third loading after degassing again. The Where X is the atomic ratio of H to Nb andX(d/do), and

peak positions for bulk Nb and bulk Pd are marked by small arrowd A V/Vo)p, are the relative change of interplane spacings and
in the upper part. the volume for the bulk material, respectively. For thin films
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clamped on a substrate, there may be different cases depend-
ing on the constraints imposed by the substrate.

(1) One-dimensional expansion: This is the case of com-
plete lateral clamping of the film on the substrate. In Pd/Nb
multilayers, the lateral expansion of Nb is also constrained
by the neighboring Pd layers which do not expand because
only Nb layers accommodate the H at the beginning of the
loading. In this case, the expansion of the Nb layers in nor-
mal direction may be described ¥y

diffraction planef.."'

Ad _ C11+ 3C12_ 2C44 Ad) (2) X_ray
do C1+Cipt2Ca /| do/, beat Specimen
if its elastic anisotropy is considered, and by
Ad 2v \[Ad
4 1Trille) ®
0 v 0/p FIG. 4. Beam geometry of the four-axis diffractometer with

if the material is considered to be isotropic. HQ@ in Eq. definition of the angles mentioned in the temtnormal of the film

(2) and v in Eq. (3) are elastic constants and Poisson’s ratioSUrface.d scattering vectorys angle betweem andg, ¢ angle of
of the material, respectively. Equatiof® and (3) are ob- film rotation around axis.
tained by the following proceduré First, the film is allowed
to expand in all directions as in bulk materials and secondlaxation has been completed and the expansion in the Nb
the film is biaxially compressed to its original lateral dimen-layers is completely constrained by the substrate and the
sions while keeping the normal direction free. The secondieighboring Pd layers in the composition range concerned.
step adds an extra expansion in the normal direction accorddore importantly, these results show that the elastic behav-
ing to the elasticity of the material. Simple addition of the ior of thin Nb films in Pd/Nb multilayers is similar to bulk
two expansions in the normal direction is assumed to givéib, because the simple model, &), based on the elastic
the overall expansion in the normal direction. For Nb thebehavior of the bulk Nb-H system, describes the experimen-
following value may be obtained by E() and the elastic tal results of multilayers quite well.
constants of N3¢ Regarding the first two cycles, the abnormal elastic re-
sponse of the film upon absorption of H seems to be due to a
d relaxation process within the film. The case of semiconstraint
d_0(110)20-13@<H (4 may be ruled out by the fact that the normal expansion of the
as-prepared sample is not in between that of the bulk and that
and if neglecting the small anisotropy of Nb, we have, fromof the one-dimensional expansion limit, as expected in this
Eq. (3) and a Poisson’s ratio af=0.397: case according to the discussion above.

From Fig. 3b), it is seen that the interplane spacing of
(110 Nb is smaller than the bulk value after the first loading-
unloading cycle. It seems that the relaxation process intro-
o ) duces an expansion in the film plane and thus a contraction
Because of the small quantitative difference between the ann the normal direction of the film. If this takes place during
isotropic and the isotropic model, the isotropic approxima+he first loading process, the contraction in the normal direc-
tion will be further used throughout this paper to avoidtion will counteract the expansion of the lattice due to ab-
lengthy formulas. _ sorption of hydrogen, which makes a net expansion of the

(2) Constraint free: This could be reached by a completgattice smaller than expected. In the next section, the change
relaxation of strains at the interfaces. The corresponding eXf in-plane lattice parameters will be determined before and
pansion in the normal direction of the film is the same as ingfter a loading-unloading cycle, to see whether the above

the bulk given by Eq(1). assumption is true.
(38) Semi-constraint: In this case the constraint between

the layers and the substrate is partly relaxed. The expansion
in the normal direction is expected to be in between the two
extremes above.

In Fig. 3(b) both, the one-dimensional expansion limit, = The geometry of the four-axis diffractometer is schemati-
Eg. (4), and the constraint free expansion, EL, are shown cally shown in Fig. 4. The sample can rotate with an axis
together with the experimental results. It is seen that thelong the normal of the film surface. The angle of the rota-
expansion of Nb in as-prepared samples is even smaller thdion is denoted ag. When the diffraction angle @is fixed
that of bulk Nb, whereas samples after the second cycle eat a position where Bragg diffraction occurs, the change of
hibit an expansion which is in agreement with the one-¢ does not influence the intensity of diffraction, indicating
dimensional expansion limit within the experimental errorthat no texture is formed in the film plane. The other angle
range. From these results, it is inferred that, after two chargewhich can be adjusted ig. It is the angle between the scat-
discharge cycles, the multilayers come to a state where rdering vector and the film normal vector. If the normal of a

Ad
d—0(110) —0.134,, . (5)

B. Relaxation of the multilayers upon hydrogen loading
and unloading
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TABLE I. Lattice strains in the normal direction of the indexed planes. First cycle, after first loading and
unloading by annealing at 200 °C for 12 h; second cycle, after second loading and unloading by annealing at
200 °C for 12 h; for definitions ot andAe, see text.

Niobium o

Strains(%) (110 e(011) (112 Ae (110 A€e(110) Ae (001 Aeg
¢ (degree 0 60 54.7 0 90 90
As-prepared 1.94 0.02 0.46 1.55 —1.68 —-0.67 0.39
First cycle —1.57 0.89 0.50 -1.91 1.71 1.19 0.34
Second cycle -1.83 0.86 0.51 —2.06 1.68 1.45 0.23

o _ Palladium o o
Strains(%) €(11)  ¢(131) €(111) A €(11)  Ae(211) Ae(011) Ae
¢ (degree 0 80 70 0 90 90
As-prepared 0.56 -0.11 -0.15 0.40 -0.39 -0.25 0.16
First cycle —-0.25 0.87 0.98 —0.69 0.70 0.40 0.44
Second cycle —-0.39 0.80 0.93 —0.73 0.75 0.41 0.34

crystalline plane in the film has an angle ¢fto the film A€(110) andA e(001) of Nb andA e(211) andAe(011) of

normal, the condition of the Bragg diffraction of this plane pq| after loading and unloading by annealing, the strain
requires that the scattering vector is aligned along its plang,oge of the film in its normal direction and its in-plane
normal. This can be performed by tilting the sample by anyirection are reversed. In its normal direction, the film be-

an?lelegpal E[?f’ its obtained 0 all . tal comes contracted from an originally expanded state, while in
ncluding the results obtaine at » al experimenta .rplane the contraction is reversed to an expansion. After the
results on lattice strains are collected in Table I. The strai L : .
; ; : ._second cycle, no significant difference is observed except
e values in Table | are obtained directly from XRD data via o . : . o
gquantitative adjustment. It is clear that the “relaxation” pro-

relative changes of lattice spacingd—<d,)/dy. Ae values : Lo Lo
are strains in mutually perpendicular directions calculated®SS of the f!Im Igads to a contraction in |ts-normal dwech_on
and expansion in the film plane, answering the question

from elasticity after separating the isotropic expansign . . ) .
which is due to defects formed during sample preparation Opf?used in the last section. It is shown that the smaller expan-

hydrogen loading. An example of the calculation for the caséOn of the film in its normal direction upon the first absorp-

of Nb is given below: tion qf H is indeed resulting from a cognteracting pf a vol-
ume increase due to H and a contraction of the film in the
€(110=A€(110 + A€y, (6) normal direction due to its “relaxation.” We use quotation
_ marks to emphasize the fact that the film is not really relaxed
€(011)=[Ae(110)+ Aey]1?+[Ae(110) + A ey ]m? but strained in a different mode.
Regarding possible mechanisms of the above relaxation
2

+[Ae(001) +Aey]n?, () process, more detailed work is in progress. In this work, it

' — ' will be briefly discussed only. Laser deposition is used in this
€(112)=[A€(110+A€o]l"“+[A€(110)+Aeo]m work to prepare the multilayers. One of the features of this
+[Ae(001) +Aegln’?, (8) technique is that the energy of the deposited atoms and ions

is very large[up to more than 100 eVRef. 29]. Such an
v energy level is above the threshold for the formation of Fren-
Ae(110 =— =[0(110) + o(00D) ], (9) kel defects in metals and therefore, defects like interstitials
E and vacancies may be formed during the preparation process,
o 1 as in high energy particle irradiated met&isThese defects
A€(110)= =[o(110)— va(001)], (100  may anneal immediately after their formation at grain bound-
E aries, layer interfaces, or aggregate into dislocation loops.
Because those defects have their own free volumes, their
annihilation at grain boundaries perpendicular to the film
surface or aggregation into dislocation loops in crystalline
, , planes not parallel to the film surf&@€® will intend to en-
whereE is Young's modulusg’s are stresses in the corre- |5rge or decrease the lateral dimension of the film. Since the
sponding direction), m, n are cosines of01D) to (110,  fjjm is constrained by the substrate and previously formed
(110), and (001) andl’, m’, n" cosines of(112) to (110, layers, corresponding stress will be developed between fim
(110), and (001, respectively. It is seen from Table | that and substrate to account for this change of dimension. From
both Nb and Pd in the as-prepared layers are expanded in tA@ble |, it is seen that the strain in an as-prepared sample is
film normal direction [positive Ae(110) of Nb and negative in its lateral directions, indicating an intention of
Ae(111) of Pd and contracted in the film plan@egative lateral compression due to preparation defects. Therefore, it

A€e(00]) = é[a(OOl) —va(110)], (12)
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Pd

_annealed 200C/8h

.. annealed 150G/24h

annealed 85C/20h

\¥ . as-preplared

perature of 200 °C which is higher than the critical tempera-
ture for phase separation. The interplane spacing ¢f.ND

is monitored by XRDin situ during loading. After Nb is
saturated with H at a pressure of 10 mbar, the lattice spacing
of Nb(110 reached a value which corresponds to the second
phase when loaded electrochemically at room temperature.
Then the sample is degassed also at 200 °C by pumping the
chamber to a base pressure of f0mbar. It was found that
the final interplane spacing of Nl0) is only about 0.35%
smaller than that of the as-prepared one and still larger than
the bulk value. A complete relaxation is not reached, al-
though the Nb layers were at a similar stress level and at the
same temperature at which the annealing of the samples
doped at room temperature is performed. It may be con-
cluded from this observation that the relaxation of prepara-
tion strains, or the change of strain mode in the film, is

42 44 greatly facilitated by phase separation.
26 (deg.) Another interesting point related to the above experiment
is noted. From Fig. @), it is seen that the difference of
FIG. 5. XRD spectrdusing CuK«) of Pd/Nb multilayers after ~€Xpansion of Nt110) between the first and third loading is
different treatments. The peak positions for bulk Nb and bulk Pd arébout 0.012 aK,;=15%. If this is considered to be the part
marked by vertical lines. of strain relaxed by extra stress due to H, the part relaxed by
loading from the gaseous phase should be larger, as more

is reasonable to assume that these defects are mainly pretréssidue to a larged value of Ni110] has been intro-
duced by interstitials which have positive free volume. Fromduced. Nevertheless, as is mentioned above, the strain re-
the extent of strains in Nb and Pd layers, the concentration dfx€d by gaseous loading and unloading is only 0.0035. An
defects in Nb should be much higher than in Pd. assumption may e>_<pla|n' this phenomenon, ie., t.he stram re-
Next we discuss the temperature at which the relaxatioff*€d by H absorption without phase separation is elastically

take places. Figure 5 presents the XRD patterns in refled€versible and can be restored to some extent when H is
tional geometry for the sample before and after hydroger‘ieleased- The linearity of _the relaxation in this range also
loading and after annealing at various temperatures. First, [§UPPOrts such an assumption. ,
us focus on the change of the Pd lattice parameters. It is seen SUCh @ process, being elastic and reversible, could be ex-
that the Pd'111) peak keeps a constant position during load-€MPplified by the following picture. Suppose that a disloca-
ing before Pd hydride is forme@ee also Fig. 2 indicating  tion loop on a(110) plane with a Burgers vector of
that hydrogen diffusion through the Pd layénto the Nb  (&/2)[111] is formed by aggregation of interstitials, as ob-
|aye|j does not he|p its relaxation. However, absorption of Hserved in irradiated bcc metafdIf the perfect dislocation of
in Pd layers itself and formation of the Pd hydride phase anda/2)[111] dissociates then via the reaction
thereafter the release of H into air at room temperature let the
interplane spacing of R#l11) decrease and finally become
smaller than its bulk value. Therefore, it is concluded that the
relaxation in Pd layers can proceed at room temperature via
absorption of H and phase separation. Whereas, relaxation
without hydrogen will not occur by annealing at a tempera-three partial dislocations and two stacking fault ribbons are
ture below 375 °C. Above 375 °C a reaction between Pd anéormed. This process is accompanied by a decrease of the
Nb takes place. total energy and a contraction of the lattice perpendicular to
In Nb layers, however, it is not clear whether a completethe fault plane. According to Amelinck¥, this process can
relaxation takes place due to the loading and subsequent uhe schematically described as in Fig. 6. Since the film of the
loading of H at room temperature or whether it is initiated byas-prepared sample has an in-plane compressive stress and
the later annealing at 200 °C, as the H cannot be removegirain, the above dissociation with a contraction in lateral
completely at room temperature. From results of othedirection of[110] may be enhanced and make the fault rib-
samples, where H desorbes in a few hours at room temper&ons wider than in its stress free state. When H is incorpo-
ture, it is found that the final out-of-plane lattice parametergated in the lattice, the intention of the lattice expansion and
are smaller than the as-prepared sample but still bigger thahe constraint of the substrate introduce extra compressive
the bulk. What can be inferred is that the relaxation starts astress in the film plane. This extra stress will force the faults
room temperature during loading and unloading of H, as into extend further and a new equilibrium between the fault
dicated by the smaller expansion(@fLO) Nb for the firsttwo  width and strain is established. The contraction related to this
loading cycles. further dissociation, therefore, offsets the expansion due to
Another experiment was carried out in order to checkH. When H is released, the stacking fault width-strain equi-
whether the phase separation in Nb is the main reason for lédorium and thus the strain state of the film may be restored.
complete relaxation of strains in the as-prepared samples. In fact, a reversible elastic process like the above could
The as-prepared sample was loaded with gaseous H at a teriso be realized by dislocation dissociation having expansion

a _ a a a
E[lll]—g[llO]-l— 1[112]-1— §[110], (12
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FIG. 6. Schematic drawing ofa(2)[ 111] dislocation dissocia- thid — g” 5~
. — . 0.02 Hoading & x~ o phase e
tion on a (110) plane(Ref. 3). (a) Atom positionsa andb, of two J=:5%
successivg110 layers;a’ anda” (andb’ andb”) are possible 001 | A first loading -
quasiequilibrium faulted positions of atonts) The arrangement of od 5 . . . . .
layers in the extended dislocations) Geometry of the stacking 0 0.2 0.4 0.6 0.8 1
fault ribbons. H/Nb

in faulted planes. There the incorporation of H could resultin - i 7. nterplanar spacing of Nb10) vs H content in Pd/Nb
shrinking of the stacking faults to offset the expansion ofyyiilayers withA =28.3 nm for the whole concentration range.

lattice due to H. _ N Absolute andb) relative changes.
When the H concentration reaches a critical value, phase

separation occurs. No matter whether the phase separation is ,
initiated by a plastic instability firé® a plastic flow due to '€aches a value of H/Nk 0.21, 0.31, and 0.16 for the first,

phase separation itself and the movement of phase bounagcond, and thlird loadings, respectively._ This feature of_hav—
aries will help to eliminate the intrinsic strain in the as- 'Y t\oNo peaks is rather stable and remains after annealing at
prepared sample and accommodate further the strain due {0 °C for 24 _h' As shown by the time I_ag techniqftiehe .
the formation of a second phase. When the film is degassééiffus'on of H in Pd/Nb multilayers is quite fas_t, because it
by annealing, an intention of contraction of the film may [2KeS only several seconds for hydrogen to diffuse through
introduce a tensile stress in the lateral direction of the film"€ multilayers. Any inhomogeneous distribution of H in dif-
due to the constraint of the substrate and neighbored layer€rent Nb layers will, therefore, disappear in several minutes

Therefore, an in-plane expansion may be developed in th&€r charge at room temperature. The extra peak is thus
film, accounting for the experimental results. believed to correspond to a second phase, instead of an in-

homogeneous distribution in different Nb layers. From the
phase diagram of the Nb-H system, the second phase at room
temperature is expected to be ordered face-centered ortho-

Phase separation has been observed in multilayers witthombic (fco) 8 hydride. Considering the decrease of the
bilayer thicknessed of 63 nm(Nb 40.9 nm), 32.6 nm(Nb  critical temperature for phase separation in thin films ob-
16.6 nm), 28.3 nm(Nb 13.6 nm, and 21 nm(Nb 10.7 nm), served in Pd, the possibility may not be ruled out that the
besides one exception with=26.6 nm(Nb 6.2 nm). The second phase here i, a disordered condensed cubic hy-
XRD patterns of one of the above samplé £28.3 nm) dride existing at higher temperature in bulk materials. Be-
upon H absorption have been presented in Fig. 2. The corresause of the small thickness of the layers and the fine grains
sponding lattice parameters of Nli0 are shown in Fig. 7. in them, the diffraction peaks in the XRD spectra in reflec-
The EMF of H in the sample with =21 nm is shown in Fig. tional as well as in tilting geometries are rather broad. This
8 for the third loading. makes it impossible to distinguish between thfephase and

As shown in Fig. 2 and Fig. 7, an extra peak at the left ofthe 8 phase, the latter having splitted peaks around the
the shifted N110) peak occurred when the H content former>

C. Phase transformation in Nb layers
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. — . =0.16 and a potential of 50 mV. This terminal solubility is

200 | (@) £ in agreement with the XRD measuremefgse Fig. 7 where
- e at the third loading an additional peak was detected at the
= 100 L Pd-subslf?jﬁ/*” Dzr” | same composition. Taking the potential of the saturated
= T 4 calomel electrode at a fressure of 1 atm as refererf@30
5 * le/ mV (Ref. 23], the potential value of-50 mV corresponds
§- 0 B N to a free enthalpy of solution of about 27 kJ/mol H which is
g A in agreement with the bulk Nb value calculated from the
g a0l 2 | plateau pressur¥. At the end of the two-phase region, the
g potential has increased up to 0 mV which corresponds to a
;:’j A _ change of 50 mV or about 5 kd/mol H. If this change of free
200 /Po-substiate + muliayer A enthalpyAG is attributed to internal stresses, a value of 3
e GPa is calculated for the hydrostatic stresfrom the rela-
~3%o0001 00'01 (-)-'01 — ““0'1 y tio_n AG=aVy, whgreVH is the partial molular volume of
: ' : ‘ H in Nb. The potential of 0 mV corresponds to a concentra-
H/Pd in Pd substrate tion ratio of H/Nb=0.26 in the« phase according to the
T ———— T extrapolated line of thex phase in Fig. &). Thus the H
200 F (0) . concentration in thex phase increases from 0.16 to 0.26

within the two-phase region, in agreement with the change of
lattice spacings in Fig.(B) showing an additional increase
for the @ phase within the miscibility gap.

From the results of the last section, it is known that the
T expansion of Nb layers are constrained by the substrate and
neighboring Pd layers. Now let us consider the effects of this
i constraint on the phase separation of Nb hydride. A con-
straint energy termW; is added here into the simplified
expression of the chemical potential of H, which was used to
account for the phase separation in metal-H systems first by

5 Lachef® and later by many investigatotS:

-300 i — '
0.01 0.1 1

100

-100

electrochemical potential {(mV)

-200

H/Nb +W, 0+ W6, (13

°+RTI 0
= n —
m=p 1—9
FIG. 8. Electrochemical potential vs H concentration at room

temperature(a) For a pure Pd substrate and for multilayers of where u is the chemical potential of Hug is its value at
A=21nm on the same SUbSt.rate vs total H concgn_tra(tn)nl.:or standard state] is the fraction of interstices occupied in the
the multilayers after substracting the H content within the Pd subbCC structure of NB(, = 66), andW, @ is a term accounting
strate in order to get the H concentration in the Nb layers of thefor the long range at};ractivé H-H ir|1teraction. The reason for

multilayer. The three straight-line segments belong to éhand i d d f traint H trati
B single-phase regions and the two-phase region in beteésr- a linear depen e_nce_ 0 cor'!s ra!n energy on Co_ncen ration
0 and the quantitative estimation &V, are explained as

ence: saturated calomel electrpde
follows.

The H content in Nb at which the phase separation occurs AS We did in the previous section, suppose first that the
is always larger than in bulk Nb but has no obvious relation/@Yer is expanded isotropically and freely upon absorption of
with A and cycle numbers. H, with a r_elatlon des_cr_lbed by EqL) f(_)r Nb. Then a b|_aX|a_\I _

From Fig. 7, it can be seen that the lattice parameters dfomPressive stress is imposed elastically onto the f_|Im in its
both first and second phases are changing with the g|ob(1:@teral directions to compepsate exaptly the expansion strain
hydrogen concentration. This is different from the case ofé = €xx= €yy=K# due to H incorporation, wherk is a con-
bulk Nb where the concentration of coexisting phases angt@nt being<=0.058<6=0.348 for Nb. Insert this strained
therefore their lattice parameters remain constant. Only thi&yer into the multilayers and attach the package onto the
relative amount of each phase changes with global composfiubstrate, an in-plane strain wigh= €,,= €,,= —0.34& and
tion. A “plateau” with a remaining slope in the chemical corresponding biaxial stress andoy, are developed in the
potential-concentration relation results due to the change dfim- Using the isotropic approximation again, the stresses
compositions, as shown in Fig(l§. The sample used to get ¢an be simply expressed by
the results in Fig. 8 has a double-layer thickness\af21
nm and a Nb layer thickness of 10.7 nm, similar to the cor- 0= 0= 0yy=Me, (14)
responding values 28.3 nm and 13.6 nm for the multilayer in
Fig. 7. A qualitative comparison of the results obtained by here
lattice parameter measurements in Fig. 7 and those by EMF
measurements should be possible. If the three solid lines in
Fig. 8b) are associated with the phase, the two-phase E

region, and the3 phase, a phase separation occurs at H/Nb M= 1-v (19
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is the biaxial elastic modulus. The work required to put onevide defect sources which catalyze further plastic flow. This
mole H into a host with this stress field may be expressednay explain the above-observed contradiction. If the phase
by?3 separation is initiated by plastic instability of the layers, its
start will be controlled by a kinetic process like dislocation
W= $MeVy=5MKOV,=W,H, (16)  generation and movement. This depends strongly on local
stresses and types of produced defects, instead of global ther-
modynamic factors, and makes the critical concentration for
phase separation change irregularly. Another point is that the
irreversible plastic flow can accommodate the strain of
growth of a second phase and the layers in lateral directions
can be strained again when H is removed quickly at higher
etemperature, as discussed previously. Also, when plastic
flow occurs accompanying the phase separation, the local
strain and stress is inhomogeneous and/or the stress may de-
W, +We pend on the fracti_o_n of transformed Nb, _Which both could
Te=— R (170  introduce compositional changes on a microscale level and
thus, a slope of the chemical potential-H concentration pla-
teau is expected, as seen in Fig. 8.

whereVy is the partial molar volume of H in the hos/ in
Eqg. (16) is the term we added for lateral constraint in Eq.
(13). W is a constant which can be computed by ELf).

Now that we have got the chemical potential of H, the
critical temperaturelT, spinodal boundaryg, and phase
boundaryXg could be calculated. With the same procedur
used by Flanagan and Oat¥she first two parameters are
obtained from Eq(13) as follows:

4RT

W We (18

1 . 1
95—5 _E 1+
IV. SUMMARY
As mentioned earlier, the H-H interaction is attractive in
long range, thusV, is negative. On the other hand, due to  The behavior of H loading and unloading in Pd/Nb mul-
repulsive interaction of H with the compressive stress fieldtilayers has been investigated. The elastic response of the Nb
W, is positive. Consequently¢ is decreased and the spin- layers upon H absorption can be well described by a model
odal miscibility gap is narrowed, according to E¢s7) and assuming expansion in one dimension, based on bulk elastic-
(18). Now let us estimate the effect of the constraint on theity of Nb and the behavior of the bulk Nb-H system. The
critical phase separation temperattife,, in our case. From Smaller expansion of the Nb layer in as-prepared samples is
the experimental value of c=444 K for a-a’ phase sepa- fou_nd to result from the relaxation of the strain developed
ration without constraint in bulk NB® W,=—15 kJ/mol is  during the preparation process of the sample by laser depo-
obtained from Eq(17) with W.=0. From Eq(16) and using ~ Sition. This rglaxauon is d|§cus§ed based on the spe.mal. de-
the elastic constants of NB,W,. is estimated to be 65 kJ/ fects formed in laser deposngd f|!ms and theyr properties in a
mol. Thus we found a large negative critical temperaturePcc structure. Phase separation is observed in the Nb and Pd
indicating no phase separation could be reached if the film {@Yers probably initiated by plastic instability of the layers
really constrained completely in its lateral directions. Al-and introducing irreversible strain into the film. The latter
though it is a very crude estimation @ by Eq.(13), the fémainsin the f|Ir_n after H is released at higher temperature.
above conclusion may be qualitatively valid considering the® Simple model is suggested to account for the effects of
huge difference ofV, and W, . §ubstrate constraints on phase separation of hydride in thin
The above prediction contradicts obviously with the ex-flms or layered structures.

perimental observation that phase separation takes place in
N_b layers of multi_layers with the exception of one sample ACKNOWLEDGMENTS
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