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Reversible depression in therl ; of thin Nb films due to enhanced hydrogen adsorption
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The effect of large hydrogen concentratidrs30% atomig, on the superconducting transition temperature
T. of Nb films is discussed. The hydrogen is incorporated in solutionlike phases which occur at these concen-
trations because th@r to B) hydride transition in these films is suppressed. X-ray-diffraction data show an
asymmetric expansion of tH&10] Nb interplanar spacing. This can be as high as a 6—8 % expansion perpen-
dicular to the plane of the film for the addition 6f70% hydrogen, with only a 1-2 % change in the plane of
the film. T is depressed to a value near 50% of that of the undoped film with about 30% atomic hydrogen, and
returns to its initial value when the hydrogen is removed. A discussion is given of how both disorder and
changes in the electronic structure can affect
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I. INTRODUCTION below our lowest attainable temperature-o4.2 K.
By making the Nb films on the order of 600 to 800 A, and

The depression of the superconducting transition temperagovering them with a thin layer of Pd, it is found that large
ture (T.) in A15 and transition-metal superconductors hasamounts of hydrogen can be dissolved in Nb at pressures in
been a subject of active interest for decatiddn these ex- the 1 Torr rangé&® The Pd keeps the Nb from oxidizing and
perimentsT, was depressed by introducing disorder into thealso has a large effect on the rate at which hydrogen can
superconductor through radiation damage by cryogenic ~ enter the NI Furthermore, it is found that in thin layers the
depositiod? and T, was studied as a function of the residual hydride phase is suppressed,probably due to the clamping
sample resistivityp,. Alternatively, the sample sheet resis- of the film to the substrate, and this accounts for the large
tance could be increased gradually by decreasing the filldmounts of hydrogen that can be absorbed in the layer with-
thickness and the effect of weak localization wasout hydride formation and ultimately film disintegration.

investigated. However, in general, the great sensitivity K After a description of some of the relevant experimental
to disorder has never been totally understood, both for tranconditions, we discuss measurements of the resistivity which
sition metals and nontransition metals. is used to estimate the degree of disorder. X-ray measure-

In the present work, we depress the superconducting trafents are used to establish the two-phase nature of hydrogen
sition temperature of Nb films with interstitial hydrogen. In in these films and is also used to measure the amount of
this caseT; is reversibly changed as a function of the hy- hydrogen from previous calibrations. A discussion of the
drogen concentration: it is lowered as hydrogen enters thBroximity effect is used to discuss the nature of supercon-
film and increased as the hydrogen leaves the film. Thigluctivity in this two-phase system and finally a calculation of
method constitutes a departure from the irreversible nature dhe density of states is given to show that besides increasing
radiation-induced disorder. It will be shown that to under-the resistivity through disorder, the hydrogen also reduces
stand superconductivity in this system we must understandl(0). A discussion section then addresses how the reduction
both the effect of disorder, as well as the change in the eled? T, can be understood in terms of both disorder and the
tronic states. decrease iN(0).

Previous investigations of the effect of hydrogen on the
superconducting properties of Nb, were hindered by the in-
ability to dissolve more than 1 at. % hydrogen without the
precipitation of a nonsuperconducting hydride phase. There- Samples for this experiment were made by dc magnetron
fore, little or no effect onT, was observe.On the other sputtering in an argon atmosphere at a pressure of about 8
hand, some work has been done on H in Nb/Ta multildyersmTorr. The argon purity was about 1 part in®18nd the
and large depressions Th were found. In these experiments ambient pressure was aboutx20~’ Torr at a pumping
the individual layer thickness was 20 or 85 A and proximity speed of about 30 liters(the pumping speed during sputter-
effects are a complication in understandifig changes. In ing). The highest measured,. for films prepared this way
the present experiments on films about 600 A thick, we eswas about 8.8 K for an 800-A film. This transition tempera-
timate there is up to 30% hydrogen in solution, and this carture, which is about 0.5 K below thE, of bulk Nb, indicates
be increased to 70%. In this case there can be as much asaa impurity concentration possibly on the order of about
6—8 % increase in the interplanar spacing in the direction 0.5%° Thinner films show a somewhat depres3eddue to
to the plane of the film. For more than 30% hydrogépjs  the proximity effect of the Pd layer.

Il. EXPERIMENTAL
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The films studied here were usually 600—800 A of Nb on
a glass substrate. Even though the 800 A film is not the
optimum thickness for hydrogen uptake without hydride for-
mation, it was necessary to make the film thick enough to
reduce the proximity effect from the Pd layer. Several films
were 600 A thick and had &, without hydrogen of about 8
K. Since the thickness of the Pd layer is usually small com-
pared to the Nb thickness, its effect on the resistivity is rela-
tively small. Considering the smaller value of the
temperature-dependent part of the resistivityl0 w{) cm
compared to 14 cm for Nb, the expected Pd resistance is
about five times higher than the Nb resistance. In fact, care-
ful analysis of the effect of the Pd layer thickness on the
measured resistance ratios for fully charged and completely
uncharged films shows that for 100 A Pd on 800 A Nb one
needs a correction factor of 0.8 and 0.9, respectively, to ob-
tain the resistance ratios for niobium from those of the mea-
sured values for the composite film. Hence, the cover layer is
a relatively small contribution to the film resistivity that can
be accounted for.

The film's T, was determined by a dc four-probe mea-
surement with the temperature determined by a calibrated
carbon resistor with sensitivity of 0.1 K in the temperature
range 4—-20 K. The films were charged with hydrogarsitu
in an atmosphere of 15 Torr or higher.

The structure of the films before, during, and after hydro-
gen charging was determined by x-ray diffraction and more
detailed x-ray scattering studies of the anisotropic expansion
due to hydrogen uptake were made at the National Synchro-
tron Light Source(NSLS). The films usually grow with the
[110] plane parallel to the substrate, and are most likely com-
posed of grains of the order of 100 A in size as determined
from x-ray line broadening. The lattice expansion with hy-
drogen was almost entirely in th&10] direction, normal to
the film surface. Little expansion was observed in the in-
plane direction. In fact, it is the “clamping” of the film to
the substrate that plays a role in the anomalous hydrogen
sorption properties and unusual phase equilibria.

lll. RESULTS

In Fig. 1(a) we show the resistive transitions for a typical
600-A film at various hydrogen concentrations. Thede-
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creases slowly from about 8.0 K for the uncharged film to FIG. 1. Resistive superconducting transitions for Nb films

less tha 4 K for a hydrogen concentration of about 60 at. %.
The residual resistance at 10 I§g, without hydrogen is

charged with various hydrogen concentratidiasR(T) for a 600 A
Nb/100 A Pd showing relatively sharp transitioris) R(T) for an

comparable to the change in resistance from 300 to about 1§ A Nb/100 A Pd film. The difference in behavior is explained in
K. If we assume the temperature-dependent part of the resigerms of the properties of a mixture of two phases, a Higiphase
tance is approximately the same as the room-temperatughd a lowT, phase. In curvéa) the residual resistivitydo) at 9 K
“handbook” value of 14u£) cm, this allows an estimate of for the sample without hydrogen is about 44 cm which corre-

po. Note we are basically assuming an approximation thasponds to a change in resistance of a factor of 2 when the film is
far from saturation, Matthiesen’s rule holds. A further dis- cooled. The addition of about 30% hydrogen charige®out 50%,

cussion of the temperature dependencepg@sncreases is
given below. Note, that for an increase mf of 50% due to
hydrogen,T. drops to less than 5 K. The single transition for

to apg of about 21 cm atT, 10 K.

this type of sample is contrasted with the double transitiorthe change in residual resistance is not nearly proportional to

behavior for thicker films shown in Fig.(i). Both types of

the concentration of hydrogen. Initially, at low concentra-

behavior are understood in the framework of a proximitytions, the resistivity changes at a rate of about 0.6
effect modet' which takes into consideration the particle xQ cm/at. % hydrogeh? However, at higher concentrations

size in a mixture of two coexisting phases, one with a Tow

the volumetric measurements that we have madbow a

and the other with a higher. . It should be mentioned that leveling off of the resistivity with the concentration of hy-
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drogen. In general for 600-A films with at room tempera- . r - r - T 1T T T 1
ture, of about 28uf) cm, the change in resistivity due to i Nb[110]

hydrogen charging ofH]J/[Nb]~0.6, is about 14u{) cm.
These measurements, described elsewlfesdso show a

R "-phase
complete change of the phase diagram in thin layers as com | “P Pd[111]
pared to the bulk, and there is no evidence of a structural i
transition into the hydride phase. However, there is evidence | « -phase

for the coexistence of a dilute hydrogen phdag¢ with a
more dense hydrogen phase’} similar to thea and o'
phases in the bulk phase diagram. For a film 200-A thick
where the phase diagram was measudPasle found that the
pure « phase exists up until about 10% hydrogen and the
boundary for the pure’ phase is about 40% H. = |
The absence of a transition to a hydride phase, which & |

might be expected at low temperatures, is confirmed by mea-a"c-" 5 %
surements of the temperature dependence of the normal-star— - %

ty[arb. units]

resistance over the temperature range from about 300 to 4 K
The data indicate no breaks which would be evidence of a -
phase change. The slope of th€T) curve, orpsg—pg k.,

for three different concentrations of hydrogen shows that
there is basically no change with increasing hydrogen con-
tent. This is somewhat surprising since the slope is propor- e . . .
tional to the strength of the electron-phonon interaction 23 24 25 26 27 28 29

; Discharged

which is related to\,, as given by the relationsHip qiA™]
m 27Kg FIG. 2. X-ray powder-diffraction data for a 600 A Nb/100 A Pd
p(T)=po=|— 27 | Ml film that was charged to 10 Torr of hydrogen and allowed to dis-
n e‘h C T e :
eff charge in air. The normalized intensity is plotted against transferred

momentumg. The data shows that the NI®O] peak exhibits large
movement from its uncharged position while thegl Pdl] peak re-
mains unchanged.

and the largel. changes in Fig. 1 imply that, changes,
sincely, is related ton. However, we note that,, is propor-
tional to the density of states at the Fermi ledl0), but
(M/n)¢=[N(0)v2)Y/3]"* and, hence, the expression for
p(T) is independent ofN(0). Thus, if T, changes due to the Pd111] peak, which is also visible in the scan, shows no
changes inN(0), theslope ofp(T) vs T will not change, change from its ambient position. Under these conditions, in
even though\, does. Of course, there is still an electronic air, we have found that hydrogen comes out of the Pd much
factor throughv ¢ that will provide some changes, but appar- more rapidly than Nb because of the much smaller heat of
ently these are small. Furthermore, the two-phase nature dlfie solution.
the sample itself may bias the resistivity measurements in a An issue we have only mentioned briefly in the above
way that makes changes of with T more insensitive to discussion is the nature of the hydrogen in these thin films.
different concentrations of hydrogen. We have made x-ray studies which basically show a lattice
In Fig. 2 we show x-ray-diffraction results on the samegas phase at concentrations below about 10% hydrogen and a
sample whose resistivity data are presented in Fig). In correlateda’ phase at high concentrations, above about
this figure, we plot the normalized powder diffraction inten- 50%. In between these concentrations the x-ray-scattering

sity against the momentum transfer vectpgiven by results show the coexistence of the two phases. The super-
conductivity results in Fig. 3 go across this coexistence re-
41 sin 0 gion and thus the uniform dependenceTlgfwith concentra-
a=— tion of hydrogen must be a result of the coherence length

which is larger than the particle size. This point will be dis-
The x-ray data show that the spacing,d=2#/q, of the cussed below. Furthermore, the uniformity of the transition
Nb(110 planes, oriented perpendicular to the plane of theand the steady decrease with hydrogen composition also im-
films, increases from 2.32 to 2.45 A when the sample iply that this solution phase persists, probably metastably, to
charged with hydrogen, which corresponds to an increase déw temperatures with no structural changes due to hydride
5.5%. Under “full” charging the change goes as high asphase formation. The approximate concentration of about
6—8 % of the pure Nb value. Exposing the hydrogen-chargeti/Nb~0.3 is estimated from the x-ray results.
sample to air caused the discharge of the dissolved hydrogen A macroscopic picture where it is assumed that the films
and a reversible change in thkspacing of the N@.10 are composed of a mixture of a high-phase(the low hy-
planes. Other work we have ddfleshows that @ and H  drogen densityr phasg and a lowT phase(the high hydro-
react on the Pd surface and the hydrogen is depleted from thgeen densitya’ phase can be invoked here to help one un-
bulk as this reaction progresses. The solid line marked “ derstand why some samples show one sharp resistive
phase” is provided as a guide to the eye and indicates theuperconducting transition, while others become supercon-
lattice spacing of the unchargedohase sample. As expected ducting via a double transition like that of Fig(hl. In
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10 y T y T y T y the values fofT . calculated using the values of the effective
interaction averaged for the two phases in BCS formula for
9k - T.:
* T.=0 p[ 1
=0pexXg———|.
¢ TPEHIN(O) Ver

It is found that a value of the effective interaction for the
low-T. phase of about 0.22 produces a reasonable fit for the
data. This corresponds to a superconducting transition tem-
perature of abau3 K for this phase at H/Nbk 0.3. Note that

the expression fofN(0)V]es above, is the simple Cooper
formulation; the de Gennes version has somewhat different
weighting factors.

Tc[K]

IV. THE DEPRESSION OF T. DUE TO DISORDER

The general depression of tie of ultrathin metal films
has been investigated in some detail previously for
nontransition-metal films such as Pb and Bi. It is generally
found that at high enough amounts of disorder, Thef the
1+ . metal is depresseld~*® This effect is thought to be due to
L 1 the localization of electrons and the breakdown of screening
0 s I . . . ! . in the two-dimensional metal. Ultimately this leads to an
0.0 0.1 0.2 03 0.4 activated conduction process and the rapid destruction of su-
c([HV[Nb]) perconductivity. In this regime, the mfp is on the order of an
interatomic spacing and for a film about one monolayer
FIG. 3. A fit (solid line) of the measuredr, values (solid  thick, Ry is on the order of about 60QQ; this is of the order
circles versus concentration for the 600 A Nb/100 A Pd film. The of the value given by the scaling theory of Anderson
fit is obtained assuming a two-phase mixture as discussed in thigcalizatiort® of #/e?. In three dimensions there is a critical
text. Note that for concentrations above 30% hydroderis de-  resistivity on the ordet.#/e?, whereL is on the order of the
pressed belo 4 K and we have no measurementsTef in this  jnteratomic spacing. It should be emphasized here that none
regime. of the results presented in this present work are influenced by
this limit. The resistivities in these films near 10 K are on the
order of 25u{) cm, whereas the above limit150 u{) cm.
samples of the latter type the film is usually thicker, with  \We mention that mfp’s of the order of an interatomic
larger particle size. In this case the coherence lerigth spacing do not necessarily destroy superconductivity in
= J(&ol) in the dirty limit is of the order of 90 A where’ thicker films. In fact, there are amorphous phases of Bi that
~20 A is the mean free patimfp). Henceé; is smaller than  have aT, near 6 K** whereas crystalline Bi is a semimetal
the particle size which for this particular film is of the order that is nonsuperconducting. Furthermore, quench condensed
of 200 A. In this case the particles are independently supefilms of transition metals such as Mo and W halgs that
conducting and although there is some averaging of the ordefre far above the bulk valdeThis fact, together with the
parameter in ther and o' grains, two transitions can be depression ifT, of disordered Nb, led to the original con-
observed. On the other hand, when the particle size ifecture that the variation df. in disordered transition metals
smaller, as in the 600-A film of Fig.(&) (¢;= particle size  had something to do with smearing of théoand density of
which is here of the order of 100)Athe T, of the separate states' It was later argued that this could be characterized by
grains is averaged out. For example, in the Cooperirttie  the residual resistivityp,.2 This argument was especially
proximity effect on the strength of the interaction for the appealing for theA15 superconductor®;?! where the struc-
mixture is simply the volume average for the two phases: ture in the density of states is sharp. However, if one makes
a simple estimate fromMEAt=7%,12 one might expect a
£ IN(0)V],+f [N(0)V] smearing on the ord_er of O._5 eV for a mfp qf ab(:iu,_& or
about an interatomic spacing and a Fermi velocity of 6
X 10° cm/s?? Smearing on this order in cryogenically depos-
ited transition metals can possibly account for at least some

wheref, andf,, are the volume fractions of the high-and  of the observed changes Th (Ref. 1) mentioned above, and
the low-T, phases as determined by x-ray diffraction. Usingthis is discussed below.

the measured value @f; for the uncharged film which is-8

K, one cal_culates an interaction stren@tt(o) V], of a_bout V. ELECTRONIC CHANGES FOR H IN Nb

0.28. In Fig. 3 we show a plot of the superconducting tran-

sition temperature measured for the 600-A film versus hy- To investigate the problem of H in Nb in more detail, in
drogen concentration as obtained from the lattice expansiorfsig. 4, the density of statg®09) calculated using the full-
determined by x-ray diffraction. On the same graph, we plopotential linearized augmented Slater-type orbital method

[N(O)V]ey= . ,
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- - thus provides a mechanism for the decrease of the supercon-
T bk e ducting transition temperature. As already mentioned, it is
] —__ distorted Nb also true that disorder is a component in the depression of
i T.. For example, in the case of radiation-damaged filars
increase of residual resistance at 10 K neap@Q7cm, which

is comparable to the residug} of the “as-sputtered film,”
causes a reduction df. on the order ba 4 K. This is a rate

of depression of about 0.22 Kf) cm. In a similar manner,
adding oxygen to bulk Nb depressggsat a rate of about 0.2
K/ cm?* This depression of ; with disorder has already
been discusséd?' and Testardi and MatthieSsgive a cal-
culated value of about 0.2 ) cm for Nb due to smearing

of the electronic properties. In contrast we emphasize that in
these present results tg is depressed to abbb K from

2 7.8 K for a change ipg due to the addition of hydrogen of
Energy (eV) about 7} cm, or a rate of 0.4 KiQ cm. Hence, the hy-

FIG. 4. Calculated density of states for distorted Nb, andH\lb drogen.depresse'.éc at twice the rate of.disorder alone _and
with energies given relative to the Fermi level. The inset gives anVe attribute this increase IQ the !OWGF'UQ of the density .Of
expanded view of the density of states near the Fermi level and thgtates due to the hydrogen itself in addition to the smearing
DOS for bulk Nb are also shown. due to disorder. Of course, the situation is somewhat more

) complex because of the two-phase nature of the material
are shown for bulk Nb expanded perpendicular to the planghen hydrogen is added. However, the intuitive volume av-
of_the f|Im,_ and corresponding to the x-ray dlﬁractlon_ d_eter‘eraging of the interaction makes physical sense.
mined lattice parameter data at 50% H, and for similarly
distorted Nb with an ordered array of H on the usually tet-Jhout 4.5 K with a change ip of about 700 cm or less
rahedral sites. Other calculations similar to those above shoy - g ¢ KfQ cm. In this case the effect of disorder as hy-
that a homogeneous lattice expansion of up to 10% has al; - :
most no effect orN(0): while overall the DOS narrows and drogen is ?dded IS mu_ch more severe and can amount to 2
increases in magnitude with a lattice expansion, the positior‘i‘Q cm/a_t. %6 H, which is h|gher0than n our films where the
of the Fermi level on the downward slope of the DOS is suchChange is about _O'GLQ cm/at. % .H (5|m|Iar_to the b.UIk
that N(0) remains almost constant. On the other hand, thé(alue)._Some ‘_)f this large ghapge in the m_u_lnlayers might be
effect of an expansion perpendicular to the plane of the filmSOMe interfacial effect which is very sensitive to the defects
with the appropriate lattice parameter changes, changes ti§gused by the addition of hydrogen. If this is true, the inter-
DOS in such a way thail(0) increasescf. inset to Fig. 4, facial component of the disorder might not directly affect
which naively would imply an increaset, in Nb which is Te.
contrary to experiment.

The inclusion of H into the Nb lattice expanded perpen-
dicular to the plane of the film causes significant changes in VIl. SUMMARY
the DOS(cf. Fig. 4), including the formation of a split-off
peak below the Nl band. Even though the DOS near the  The depression of in Nb layers has been studied for H
bottom of thed bands are severely distorted, the density ofconcentration up to about 30 at. %. In these thin films the

states near the Fermi level is well described by a rigid-banghydride is apparently not formed, although at concentrations
picture, as can be seen by comparing the DOS shown in thghove a few percent there is a mixture of a dilute and more
inset of Fig. 4; a shift o~0.4 e_V aligns the (_jen3|ty of states gncentrated hydrogen phases. The depressidr, i sig-
near the Fermi level. Increasing the Fermi enerBy)(de-  pificantly greater than that due to disorder alone, and this is
creasedN(0) as it movesEr down the peak. Because of the attriputed to changes in the density of states r&adue to
r|g_|d—band-l|!<e behawor. around the Fermi level, we expecichanges in the Niol band caused by the addition of hydro-
this conclusion to hold independent @easonablechanges  gen. A simple proximity effect model is used to account for

in the concentration of H atoms themselves. Hence, this prome two-phase nature of the material when hydrogen is
vides a mechanism for the reductionTf. In a similar way, zdded.

if H were absorbed in Mo or WT, might be increased.
However, the solubility is too small to try this experiment. It
is, of course, clear that this is meant to be a plausibility
argument for H concentrations that are similar to those in the
experiment. No attempt is made to include the proximity

L . ) This work was supported by the U.S. Department of En-
effectin this estimate, or the two-phase nature of the sampl%rgy, Division of Materials Science, under Contract No. DE-

ACO02-98CH10886. X-ray spectroscopy was done at the Na-
VI- DISCUSSION tional Synchrotron Light SourcéNSLS) which is also
It seems clear that hydrogen changes the density of statesipported by the U.S. Department of Energy, Division of
by increasing the electron occupancy of the dNband, and Materials Science.
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Density of States (states/eV)

It is interesting that in the multilayer systéfi, decreases
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