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Reversible depression in theTc of thin Nb films due to enhanced hydrogen adsorption
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Department of Physics, SUNY at Stony Brook, Stony Brook, New York 11794-3800

~Received 29 August 1997!

The effect of large hydrogen concentrations~'30% atomic!, on the superconducting transition temperature
Tc of Nb films is discussed. The hydrogen is incorporated in solutionlike phases which occur at these concen-
trations because the~a to b! hydride transition in these films is suppressed. X-ray-diffraction data show an
asymmetric expansion of the@110# Nb interplanar spacing. This can be as high as a 6–8 % expansion perpen-
dicular to the plane of the film for the addition of;70% hydrogen, with only a 1–2 % change in the plane of
the film.Tc 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 affectTc .
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I. INTRODUCTION

The depression of the superconducting transition temp
ture (Tc) in A15 and transition-metal superconductors h
been a subject of active interest for decades.1–4 In these ex-
perimentsTc was depressed by introducing disorder into t
superconductor through radiation damage3 or by cryogenic
deposition1,2 andTc was studied as a function of the residu
sample resistivityr0 . Alternatively, the sample sheet resi
tance could be increased gradually by decreasing the
thickness and the effect of weak localization w
investigated.5 However, in general, the great sensitivity ofTc
to disorder has never been totally understood, both for tr
sition metals and nontransition metals.

In the present work, we depress the superconducting t
sition temperature of Nb films with interstitial hydrogen.
this case,Tc is reversibly changed as a function of the h
drogen concentration: it is lowered as hydrogen enters
film and increased as the hydrogen leaves the film. T
method constitutes a departure from the irreversible natur
radiation-induced disorder. It will be shown that to unde
stand superconductivity in this system we must underst
both the effect of disorder, as well as the change in the e
tronic states.

Previous investigations of the effect of hydrogen on
superconducting properties of Nb, were hindered by the
ability to dissolve more than 1 at. % hydrogen without t
precipitation of a nonsuperconducting hydride phase. Th
fore, little or no effect onTc was observed.6 On the other
hand, some work has been done on H in Nb/Ta multilaye7

and large depressions inTc were found. In these experimen
the individual layer thickness was 20 or 85 Å and proxim
effects are a complication in understandingTc changes. In
the present experiments on films about 600 Å thick, we
timate there is up to 30% hydrogen in solution, and this c
be increased to 70%. In this case there can be as much
6–8 % increase in the interplanar spacing in the directio'

to the plane of the film. For more than 30% hydrogen,Tc is
PRB 580163-1829/98/58~10!/6585~6!/$15.00
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below our lowest attainable temperature of;4.2 K.
By making the Nb films on the order of 600 to 800 Å, an

covering them with a thin layer of Pd, it is found that larg
amounts of hydrogen can be dissolved in Nb at pressure
the 1 Torr range.8,9 The Pd keeps the Nb from oxidizing an
also has a large effect on the rate at which hydrogen
enter the Nb.8 Furthermore, it is found that in thin layers th
hydride phase is suppressed,9,10probably due to the clamping
of the film to the substrate, and this accounts for the la
amounts of hydrogen that can be absorbed in the layer w
out hydride formation and ultimately film disintegration.

After a description of some of the relevant experimen
conditions, we discuss measurements of the resistivity wh
is used to estimate the degree of disorder. X-ray meas
ments are used to establish the two-phase nature of hydr
in these films and is also used to measure the amoun
hydrogen from previous calibrations. A discussion of t
proximity effect is used to discuss the nature of superc
ductivity in this two-phase system and finally a calculation
the density of states is given to show that besides increa
the resistivity through disorder, the hydrogen also redu
N(0). A discussion section then addresses how the reduc
in Tc can be understood in terms of both disorder and
decrease inN(0).

II. EXPERIMENTAL

Samples for this experiment were made by dc magne
sputtering in an argon atmosphere at a pressure of abo
mTorr. The argon purity was about 1 part in 105 and the
ambient pressure was about 231027 Torr at a pumping
speed of about 30 liters/s~the pumping speed during sputte
ing!. The highest measuredTc for films prepared this way
was about 8.8 K for an 800-Å film. This transition temper
ture, which is about 0.5 K below theTc of bulk Nb, indicates
an impurity concentration possibly on the order of abo
0.5%.6 Thinner films show a somewhat depressedTc due to
the proximity effect of the Pd layer.
6585 © 1998 The American Physical Society
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6586 PRB 58N. M. JISRAWI et al.
The films studied here were usually 600–800 Å of Nb
a glass substrate. Even though the 800 Å film is not
optimum thickness for hydrogen uptake without hydride f
mation, it was necessary to make the film thick enough
reduce the proximity effect from the Pd layer. Several film
were 600 Å thick and had aTc without hydrogen of about 8
K. Since the thickness of the Pd layer is usually small co
pared to the Nb thickness, its effect on the resistivity is re
tively small. Considering the smaller value of th
temperature-dependent part of the resistivity,'10 mV cm
compared to 14mV cm for Nb, the expected Pd resistance
about five times higher than the Nb resistance. In fact, c
ful analysis of the effect of the Pd layer thickness on
measured resistance ratios for fully charged and comple
uncharged films shows that for 100 Å Pd on 800 Å Nb o
needs a correction factor of 0.8 and 0.9, respectively, to
tain the resistance ratios for niobium from those of the m
sured values for the composite film. Hence, the cover laye
a relatively small contribution to the film resistivity that ca
be accounted for.

The film’s Tc was determined by a dc four-probe me
surement with the temperature determined by a calibra
carbon resistor with sensitivity of60.1 K in the temperature
range 4–20 K. The films were charged with hydrogenex situ
in an atmosphere of 15 Torr or higher.

The structure of the films before, during, and after hyd
gen charging was determined by x-ray diffraction and m
detailed x-ray scattering studies of the anisotropic expan
due to hydrogen uptake were made at the National Sync
tron Light Source~NSLS!. The films usually grow with the
@110# plane parallel to the substrate, and are most likely co
posed of grains of the order of 100 Å in size as determin
from x-ray line broadening. The lattice expansion with h
drogen was almost entirely in the@110# direction, normal to
the film surface. Little expansion was observed in the
plane direction. In fact, it is the ‘‘clamping’’ of the film to
the substrate that plays a role in the anomalous hydro
sorption properties and unusual phase equilibria.

III. RESULTS

In Fig. 1~a! we show the resistive transitions for a typic
600-Å film at various hydrogen concentrations. TheTc de-
creases slowly from about 8.0 K for the uncharged film
less than 4 K for a hydrogen concentration of about 60 at.
The residual resistance at 10 K,r0 , without hydrogen is
comparable to the change in resistance from 300 to abou
K. If we assume the temperature-dependent part of the re
tance is approximately the same as the room-tempera
‘‘handbook’’ value of 14mV cm, this allows an estimate o
r0 . Note we are basically assuming an approximation t
far from saturation, Matthiesen’s rule holds. A further d
cussion of the temperature dependence asr0 increases is
given below. Note, that for an increase ofr0 of 50% due to
hydrogen,Tc drops to less than 5 K. The single transition f
this type of sample is contrasted with the double transit
behavior for thicker films shown in Fig. 1~b!. Both types of
behavior are understood in the framework of a proxim
effect model11 which takes into consideration the partic
size in a mixture of two coexisting phases, one with a lowTc
and the other with a higherTc . It should be mentioned tha
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nthe change in residual resistance is not nearly proportiona
the concentration of hydrogen. Initially, at low concentr
tions, the resistivity changes at a rate of about
mV cm/at. % hydrogen.12 However, at higher concentration
the volumetric measurements that we have made10 show a
leveling off of the resistivity with the concentration of hy

FIG. 1. Resistive superconducting transitions for Nb film
charged with various hydrogen concentrations.~a! R(T) for a 600 Å
Nb/100 Å Pd showing relatively sharp transitions.~b! R(T) for an
800 Å Nb/100 Å Pd film. The difference in behavior is explained
terms of the properties of a mixture of two phases, a high-Tc phase
and a low-Tc phase. In curve~a! the residual resistivity (r0) at 9 K
for the sample without hydrogen is about 14mV cm which corre-
sponds to a change in resistance of a factor of 2 when the film
cooled. The addition of about 30% hydrogen changesR about 50%,
to a r0 of about 21mV cm atTc 10 K.
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PRB 58 6587REVERSIBLE DEPRESSION IN THETc OF THIN Nb . . .
drogen. In general for 600-Å films withr at room tempera-
ture, of about 28mV cm, the change in resistivity due t
hydrogen charging of@H#/@Nb#;0.6, is about 14mV cm.
These measurements, described elsewhere,10 also show a
complete change of the phase diagram in thin layers as c
pared to the bulk, and there is no evidence of a struct
transition into the hydride phase. However, there is evide
for the coexistence of a dilute hydrogen phase~a! with a
more dense hydrogen phase (a8) similar to thea and a8
phases in the bulk phase diagram. For a film 200-Å th
where the phase diagram was measured,10 we found that the
pure a phase exists up until about 10% hydrogen and
boundary for the purea8 phase is about 40% H.

The absence of a transition to a hydride phase, wh
might be expected at low temperatures, is confirmed by m
surements of the temperature dependence of the normal-
resistance over the temperature range from about 300 to
The data indicate no breaks which would be evidence o
phase change. The slope of ther(T) curve, orr3002r9 K ,
for three different concentrations of hydrogen shows t
there is basically no change with increasing hydrogen c
tent. This is somewhat surprising since the slope is prop
tional to the strength of the electron-phonon interact
which is related tol tr as given by the relationship13

r~T!2r05S m

n D
eff

S 2pkB

e2\ Dl trT,

and the largeTc changes in Fig. 1 imply thatl tr changes,
sincel tr is related tol. However, we note thatl tr is propor-
tional to the density of states at the Fermi levelN(0), but
(m/n)eff5@N(0)̂ vF

2&/3#21 and, hence, the expression f
r(T) is independent ofN(0). Thus, if Tc changes due to
changes inN(0), the slope ofr(T) vs T will not change,
even thoughl tr does. Of course, there is still an electron
factor throughvF that will provide some changes, but appa
ently these are small. Furthermore, the two-phase natur
the sample itself may bias the resistivity measurements
way that makes changes ofr with T more insensitive to
different concentrations of hydrogen.

In Fig. 2 we show x-ray-diffraction results on the sam
sample whose resistivity data are presented in Fig. 1~a!. In
this figure, we plot the normalized powder diffraction inte
sity against the momentum transfer vectorq given by

q5
4p sin u

l
.

The x-ray data show that thed spacing,d52p/q, of the
Nb~110! planes, oriented perpendicular to the plane of
films, increases from 2.32 to 2.45 Å when the sample
charged with hydrogen, which corresponds to an increas
5.5%. Under ‘‘full’’ charging the change goes as high
6–8 % of the pure Nb value. Exposing the hydrogen-char
sample to air caused the discharge of the dissolved hydro
and a reversible change in thed spacing of the Nb~110!
planes. Other work we have done14 shows that O2 and H
react on the Pd surface and the hydrogen is depleted from
bulk as this reaction progresses. The solid line markeda
phase’’ is provided as a guide to the eye and indicates
lattice spacing of the unchargeda phase sample. As expecte
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the Pd@111# peak, which is also visible in the scan, shows
change from its ambient position. Under these conditions
air, we have found that hydrogen comes out of the Pd m
more rapidly than Nb because of the much smaller hea
the solution.

An issue we have only mentioned briefly in the abo
discussion is the nature of the hydrogen in these thin film
We have made x-ray studies which basically show a lat
gas phase at concentrations below about 10% hydrogen a
correlateda8 phase at high concentrations, above ab
50%. In between these concentrations the x-ray-scatte
results show the coexistence of the two phases. The su
conductivity results in Fig. 3 go across this coexistence
gion and thus the uniform dependence ofTc with concentra-
tion of hydrogen must be a result of the coherence len
which is larger than the particle size. This point will be di
cussed below. Furthermore, the uniformity of the transit
and the steady decrease with hydrogen composition also
ply that this solution phase persists, probably metastably
low temperatures with no structural changes due to hyd
phase formation. The approximate concentration of ab
H/Nb;0.3 is estimated from the x-ray results.

A macroscopic picture where it is assumed that the fil
are composed of a mixture of a high-Tc phase~the low hy-
drogen densitya phase! and a lowTc phase~the high hydro-
gen densitya8 phase! can be invoked here to help one u
derstand why some samples show one sharp resis
superconducting transition, while others become superc
ducting via a double transition like that of Fig. 1~b!. In

FIG. 2. X-ray powder-diffraction data for a 600 Å Nb/100 Å P
film that was charged to 10 Torr of hydrogen and allowed to d
charge in air. The normalized intensity is plotted against transfe
momentumq. The data shows that the Nb@100# peak exhibits large
movement from its uncharged position while the Pd@111# peak re-
mains unchanged.
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samples of the latter type the film is usually thicker, w
larger particle size. In this case the coherence lengthjs
5A(jol) in the dirty limit is of the order of 90 Å wherel
'20 Å is the mean free path~mfp!. Hencejs is smaller than
the particle size which for this particular film is of the ord
of 200 Å. In this case the particles are independently sup
conducting and although there is some averaging of the o
parameter in thea and a8 grains, two transitions can b
observed. On the other hand, when the particle size
smaller, as in the 600-Å film of Fig. 1~a! (js> particle size
which is here of the order of 100 Å!, the Tc of the separate
grains is averaged out. For example, in the Cooper limit11 the
proximity effect on the strength of the interaction for th
mixture is simply the volume average for the two phases

@N~o!V#eff5
f a@N~o!V#a1 f a8@N~o!V#a8

f a1 f a8
,

wheref a and f a8 are the volume fractions of the high-Tc and
the low-Tc phases as determined by x-ray diffraction. Usi
the measured value ofTc for the uncharged film which is'8
K, one calculates an interaction strength@N(o)V#a of about
0.28. In Fig. 3 we show a plot of the superconducting tra
sition temperature measured for the 600-Å film versus
drogen concentration as obtained from the lattice expans
determined by x-ray diffraction. On the same graph, we p

FIG. 3. A fit ~solid line! of the measuredTc values ~solid
circles! versus concentration for the 600 Å Nb/100 Å Pd film. T
fit is obtained assuming a two-phase mixture as discussed in
text. Note that for concentrations above 30% hydrogenTc is de-
pressed below 4 K and we have no measurements ofTc in this
regime.
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the values forTc calculated using the values of the effectiv
interaction averaged for the two phases in BCS formula
Tc :

Tc5QDexpF 21

@N~o!V#eff
G .

It is found that a value of the effective interaction for th
low-Tc phase of about 0.22 produces a reasonable fit for
data. This corresponds to a superconducting transition t
perature of about 3 K for this phase at H/Nb;0.3. Note that
the expression for@N(0)V#eff above, is the simple Coope
formulation; the de Gennes version has somewhat diffe
weighting factors.

IV. THE DEPRESSION OF Tc DUE TO DISORDER

The general depression of theTc of ultrathin metal films
has been investigated in some detail previously
nontransition-metal films such as Pb and Bi. It is genera
found that at high enough amounts of disorder, theTc of the
metal is depressed.15–18 This effect is thought to be due t
the localization of electrons and the breakdown of screen
in the two-dimensional metal. Ultimately this leads to
activated conduction process and the rapid destruction of
perconductivity. In this regime, the mfp is on the order of
interatomic spacing and for a film about one monolay
thick, Rh is on the order of about 6000V; this is of the order
of the value given by the scaling theory of Anders
localization19 of \/e2. In three dimensions there is a critica
resistivity on the orderL\/e2, whereL is on the order of the
interatomic spacing. It should be emphasized here that n
of the results presented in this present work are influenced
this limit. The resistivities in these films near 10 K are on t
order of 25mV cm, whereas the above limit;150 mV cm.

We mention that mfp’s of the order of an interatom
spacing do not necessarily destroy superconductivity
thicker films. In fact, there are amorphous phases of Bi t
have aTc near 6 K,14 whereas crystalline Bi is a semimet
that is nonsuperconducting. Furthermore, quench conde
films of transition metals such as Mo and W haveTc’s that
are far above the bulk value.1 This fact, together with the
depression inTc of disordered Nb, led to the original con
jecture that the variation ofTc in disordered transition metal
had something to do with smearing of thed-band density of
states.1 It was later argued that this could be characterized
the residual resistivityr0 .3 This argument was especiall
appealing for theA15 superconductors,20,21 where the struc-
ture in the density of states is sharp. However, if one ma
a simple estimate fromDEDt5\,1,3 one might expect a
smearing on the order of 0.5 eV for a mfp of about 5 Å or
about an interatomic spacing and a Fermi velocity of
3107 cm/s.22 Smearing on this order in cryogenically depo
ited transition metals can possibly account for at least so
of the observed changes inTc ~Ref. 1! mentioned above, and
this is discussed below.

V. ELECTRONIC CHANGES FOR H IN Nb

To investigate the problem of H in Nb in more detail,
Fig. 4, the density of states~DOS! calculated using the full-
potential linearized augmented Slater-type orbital metho23

he
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are shown for bulk Nb expanded perpendicular to the pl
of the film, and corresponding to the x-ray diffraction dete
mined lattice parameter data at 50% H, and for simila
distorted Nb with an ordered array of H on the usually t
rahedral sites. Other calculations similar to those above s
that a homogeneous lattice expansion of up to 10% has
most no effect onN(0): while overall the DOS narrows an
increases in magnitude with a lattice expansion, the posi
of the Fermi level on the downward slope of the DOS is su
that N(0) remains almost constant. On the other hand,
effect of an expansion perpendicular to the plane of the fi
with the appropriate lattice parameter changes, changes
DOS in such a way thatN(0) increases~cf. inset to Fig. 4!,
which naively would imply an increasedTc in Nb which is
contrary to experiment.

The inclusion of H into the Nb lattice expanded perpe
dicular to the plane of the film causes significant change
the DOS~cf. Fig. 4!, including the formation of a split-off
peak below the Nbd band. Even though the DOS near th
bottom of thed bands are severely distorted, the density
states near the Fermi level is well described by a rigid-b
picture, as can be seen by comparing the DOS shown in
inset of Fig. 4; a shift of;0.4 eV aligns the density of state
near the Fermi level. Increasing the Fermi energy (EF) de-
creasesN(0) as it movesEF down the peak. Because of th
rigid-band-like behavior around the Fermi level, we exp
this conclusion to hold independent of~reasonable! changes
in the concentration of H atoms themselves. Hence, this
vides a mechanism for the reduction ofTc . In a similar way,
if H were absorbed in Mo or W,Tc might be increased
However, the solubility is too small to try this experiment.
is, of course, clear that this is meant to be a plausibi
argument for H concentrations that are similar to those in
experiment. No attempt is made to include the proxim
effect in this estimate, or the two-phase nature of the sam

VI. DISCUSSION

It seems clear that hydrogen changes the density of s
by increasing the electron occupancy of the Nbd band, and

FIG. 4. Calculated density of states for distorted Nb, and Nb2H,
with energies given relative to the Fermi level. The inset gives
expanded view of the density of states near the Fermi level and
DOS for bulk Nb are also shown.
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thus provides a mechanism for the decrease of the super
ducting transition temperature. As already mentioned, i
also true that disorder is a component in the depressio
Tc . For example, in the case of radiation-damaged films3 an
increase of residual resistance at 10 K near 17mV cm, which
is comparable to the residualr0 of the ‘‘as-sputtered film,’’
causes a reduction ofTc on the order of a 4 K. This is a rate
of depression of about 0.22 K/mV cm. In a similar manner,
adding oxygen to bulk Nb depressesTc at a rate of about 0.2
K/mV cm.24 This depression ofTc with disorder has already
been discussed3,4,21 and Testardi and Matthiess21 give a cal-
culated value of about 0.2 K/mV cm for Nb due to smearing
of the electronic properties. In contrast we emphasize tha
these present results theTc is depressed to about 5 K from
7.8 K for a change inr0 due to the addition of hydrogen o
about 7mV cm, or a rate of 0.4 K/mV cm. Hence, the hy-
drogen depressesTc at twice the rate of disorder alone an
we attribute this increase to the lowering of the density
states due to the hydrogen itself in addition to the smea
due to disorder. Of course, the situation is somewhat m
complex because of the two-phase nature of the mate
when hydrogen is added. However, the intuitive volume
eraging of the interaction makes physical sense.

It is interesting that in the multilayer system7 Tc decreases
about 4.5 K with a change inr of about 70mV cm or less
than 0.1 K/mV cm. In this case the effect of disorder as h
drogen is added is much more severe and can amount
mV cm/at. % H, which is higher than in our films where th
change is about 0.6mV cm/at. % H ~similar to the bulk
value!. Some of this large change in the multilayers might
some interfacial effect which is very sensitive to the defe
caused by the addition of hydrogen. If this is true, the int
facial component of the disorder might not directly affe
Tc .

VII. SUMMARY

The depression ofTc in Nb layers has been studied for
concentration up to about 30 at. %. In these thin films
hydride is apparently not formed, although at concentrati
above a few percent there is a mixture of a dilute and m
concentrated hydrogen phases. The depression ofTc is sig-
nificantly greater than that due to disorder alone, and thi
attributed to changes in the density of states nearEf due to
changes in the Nbd band caused by the addition of hydro
gen. A simple proximity effect model is used to account f
the two-phase nature of the material when hydrogen
added.
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