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Abstract

By absorbing various amounts of hydrogen in the same niobium sample we are able to change the local super-
conducting properties thus introducing quenched disorder in a controlled manner. Its effect on the magnetic flux
penetration in NbH, thin films on 4-plane (1120) and R-plane (1102) sapphire substrates is systematically investi-
gated using a magneto-optical technique. With increasing hydrogen content, flux penetration patterns are observed to
become more irregular. At high hydrogen concentrations non-superconducting inclusions are formed. The substrate
orientation also has a strong influence on the observed behavior, revealing line-shaped avalanches at 4.2 K for 4-plane

substrates and a more continuous but spatially irregular behavior for R-plane substrates.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Recently it has become clear that the flux pen-
etration in type-II superconductors may deviate in
detail from the Bean critical state [1]. This may
lead to roughening of the flux front [2] or even to
pronounced dendritic flux penetration patterns [3].
Surprisingly, for niobium different authors have
reported quite different flux penetration behavior.
In classic magneto-optical (MO) studies by Hu-
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ebener et al. [4] rather smooth and regular Bean-
like flux penetration is observed in thin foils, while
they found filamentary, seaweed-like patterns in
sputtered thin films [4]. Finger-like patterns are
reported by Aoki and Habermeier [5] and Rowe
et al. [6] whereas dendritic patterns are observed
by Duran et al. [7], who used sputtered niobium
films on various kinds of substrates. Finally, rather
irregular, ‘rough’ Bean-like flux patterns are re-
ported by James et al. [§] on sputtered samples. We
suspect that these differences arise due to the dif-
ferent defect structure of the investigated samples.
To verify this assumption experimentally, we ex-
ploit the fact that niobium easily absorbs hydro-
gen, which locally destroys the superconductivity,
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by changing the amount of (interstitially) absorbed
hydrogen in the same sample thus introducing
static pinning sites. Thus we can vary the amount
of defects in a controlled manner. In our experi-
ment we study the flux penetration patterns in
niobium by magneto-optics [9] for different
hydrogen concentrations. Since sapphire is widely
used as substrate, we focus our efforts on niobium
films grown on A4- and R-plane sapphire sub-
strates.

The paper is organized as follows. In the next
section the sample, the hydrogenation and the
magnetic field sweep procedure as well as the MO
set-up are presented. In Section 3, we show the
influence of the substrate orientation on the mag-
netic field distribution. In Section 4, we show the
change of behavior induced by increasing hydro-
gen doping. In Section 5, we discuss morphological
changes of the surface due to the increasing
hydrogen content. We end with a summary of the
main results and a discussion.

2. Experimental

Niobium thin films of 500 nm thickness are
epitaxially grown on A-plane (1120) and R-plane
(1102) sapphire substrates. The substrates are
cleaned with demi-water, acetone, and an ultra-
sonic ethanol bath. Subsequently, they are baked
out at 973 K. Evaporation of the niobium with a
growth rate of 0.5 A/s is done at 973 K under
ultrahigh vacuum (UHV) conditions (base pres-
sure 2x 1077 Pa) using molecular-beam epitaxy
(MBE). The well known epitaxial relationship
between niobium and sapphire [10] is confirmed by
X-ray measurements on the as-grown films on A-
and R-plane substrates. For A-plane sapphire we
find that the (110) plane of Nb grows epitaxially
on the (1120) plane of the sapphire substrate with
[111]3,[1[0001],, 0, For R-plane sapphire we find
that the (001) plane of Nb grows epitaxially on
the (1102) plane of the sapphire substrate with
[110]5,[I[1120],0,- We use a shadow mask to
obtain a strip geometry of 9.0x 1.8 mm?, avoiding
possible contamination of niobium by hydrogen
during post-deposition wet-etching patterning.
Niobium forms an oxide layer when exposed to

air, which is hardly permeable to hydrogen. To be
able to introduce hydrogen into the films in a
controlled manner, we evaporate a 10 nm thick Pd
cap layer on top of the niobium film at room
temperature but still under UHV conditions. Pal-
ladium protects the film from oxidation and cat-
alytically dissociates the H, molecules into H
atoms that diffuse easily into the niobium film.
From the measured hydrogen partial pressure in
the UHV system we estimate the hydrogen con-
centration in the as-grown films to be less than
0.1%. Before increasing the hydrogen concentra-
tion, we determined the critical temperature
T. =9.22(5) and the tangent —pu,dH.,(7)/dT =
0.123(1) T/K at T = T, to obtain an estimate [11]
for the upper critical field at zero temperature of
UoHe, = 0.6 T for the sample on the A-plane sub-
strate. For the sample on the R-plane substrate we
determined T, = 9.00(5) and —u,dH.,(T)/dT =
0.074(1) T/K at T = T; leading to an estimate [11]
for the upper critical field at zero temperature of
HoHe, =03 T.

In the experiments presented here, the local
magnetic flux density (B,) immediately above the
superconducting sample is measured using our
magneto-optical image lock-in amplifier (MO-
ILIA [9]). This is achieved by detecting the polar-
ization change in a Bi-substituted ferrite-garnet
film [12] with in-plane magnetization vector and
large Faraday effect (typically 0.06 deg/mT). This
‘indicator’ is mounted on top of the sample. The
assembly consisting of sample and indicator is
mounted in a specially built cryogenic polarization
microscope, which fits into the variable tempera-
ture insert of an Oxford Instruments 1-T magnet
system. In addition to the hydrogen gas inserted
into the sample space, a small amount of helium
gas (partial pressure 6 x 10 Pa) is used as a contact
gas. Before cooling down, we wait 1 h (at room
temperature) to equilibrate the hydrogen concen-
tration throughout the sample. The externally
applied magnetic field is perpendicular to the
sample and indicator surface. Experiments are
performed at 4.2 and 6.7 K after zero field cooling
(ZFC). The externally applied magnetic field is
increased from 0 to 20 mT in steps of 50 uT, using
a constant sweep rate of 50 pT/s between steps.
After every field step, the flux distribution in the
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sample is relaxed for 3 s after which a MO image is
acquired. We investigate only the middle part of
the sample, to avoid geometrical effects due to the
corners. The pictures are taken with a charge-
coupled device camera (with 782x582 pixels)
using an exposure time of 300 ms. The spatial
resolution is such that one side of a square pixel
corresponds to 3.4 um. After the final acquired
MO image, the field is removed and the sample is
heated up above T; and cooled down again, after
which the experiment is repeated to investigate the
reproducibility. Next, the sample is heated up to
room temperature. Subsequently the sample space
is flushed and the hydrogen content in the sample
increased further by applying about twice the
previously applied hydrogen pressure.

3. Effect of substrate orientation

We now discuss the qualitatively different
magnetic field patterns in niobium thin films on A4-
plane and R-plane sapphire substrates. The mag-
netic flux distribution in a niobium thin film on an
A-plane substrate after ZFC to 4.2 K at an applied
field of 6.8 mT is shown in Fig. 1(a). The Meissner
phase appears black and the Shubnikov phase

Fig. 1. Magnetic flux distribution in a 500 nm Nb thin film on
an A-plane substrate after zero field cooling to 4.2 K and
subsequently applying a field of 6.8 mT. (a) The as-grown film,
(b) the same film after exposure to hydrogen gas at a pressure of
60 Pa. The black area corresponds to the Meissner phase, and
bright regions to the Shubnikov phase. The magnetic flux dis-
tribution in (a) shows finger-like flux protrusions, which enter
the sample in an abrupt manner and (b) shows easy flow
channels (see text).

bright. With increasing magnetic field, the flux
enters in instantaneous bursts (on our experimen-
tal time scale), forming finger-like protrusions with
initially little branching. At higher magnetic field
we observe an increase in branching. With
increasing density of the flux fingers, we observe an
apparent repulsive interaction between neighbor-
ing fingers, which leads to the development of a
more complex flux distribution pattern, where
more meandering, branching, and twisting of
magnetic flux fingers is observed. Above a certain
threshold temperature (6.2 K), flux penetrates in
a smoother manner. This behavior is consistent
with the occurrence of thermo-magnetic ava-
lanches proposed by Aranson et al. [13], where
branching of the penetrating flux occurs when it
encounters a defect. A more detailed experimental
investigation of the behavior in the A-plane case
will be presented elsewhere [14].

In Fig. 2(a), the magnetic flux distribution in a
niobium thin film on a R-plane substrate after ZFC
to 4.2 K at an applied field of 6 mT is shown. With
increasing magnetic field, flux enters in a gradual
manner, and large avalanches are absent. The slow
driving of the magnetic flux, due to the slow
ramping up of the magnetic field causes flux to
penetrate in the form of small plumes, which form
a ‘rough’ flux front (borderline between Meissner
and Shubnikov phase). Below we investigate the
influence of hydrogen impurities.

4. Effect of hydrogen impurities

To investigate the effect of impurities on the flux
penetration patterns we use the fact that niobium
easily absorbs hydrogen. This property is well
known, however the effects of hydrogen on the
superconducting properties [15] of niobium films
have not been investigated in great detail. It is well
known that hydrogen doping causes significant
modifications of the electronic, magnetic, and
structural properties due to the interaction of
hydrogen with the host film. The lattice expansion
due to hydrogen uptake [16] induces structural
changes such as crystal lattice distortions, dislo-
cations [17] and morphological changes. We now
discuss the various different phases that can be
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Fig. 2. (a)-(j) Magnetic flux distribution in a 500 nm thick Nb thin film on an R-plane substrate after zero field cooling to 4.2 K and
subsequently applying a field of 6 mT; (k)—(t) the behavior after zero field cooling to 6.7 K and subsequently applying a field of 1.5 mT.
(a,k) The as-grown film, (b)—(j) and (1)-(t) show the same region after exposure to hydrogen gas pressures of 80, 260, 1130, 1280, 1810,
3440, 6750, 12,800, and 40,000 Pa. Note that the hydrogen content of the sample is increased by applying hydrogen gas pressure at
room temperature. After zero field cooling, the complete evolution of the magnetic flux penetration with increasing magnetic field is
obtained. The black area corresponds to the Meissner phase, and bright regions to the Shubnikov phase. The arrows in (b) and (c)
indicate the growth of a branching magnetic flux protrusion with increasing hydrogen content at 4.2 K, which is absent in (1) and (m) at
6.7 K (see text). The zigzag pattern, visible in the 6.7 K images, is an artifact of the MO-indicator.

expected to be formed based on the bulk phase
diagram [18]. For low hydrogen concentrations
and temperature around room temperature (where
we change the hydrogen concentration), the o
phase is formed, which is a disordered solution of
hydrogen in bcc niobium. At somewhat higher
hydrogen concentrations, the o + B phases coexist.
The B phase is an ordered interstitial solid solution
of hydrogen. It is important to note that the B
phase is not superconducting above 1.2 K [18,19],
while the lowest temperature investigated here is

4.2 K. Upon cooling down to 4.2 K the € phase
forms. Randomly distributed precipitates of €
phase with typical sub-micrometer size are formed.
Thus at low temperature we expect the o+ e
phases with possibly (at high hydrogen concen-
trations) B phase regions. We present now the re-
sults for the niobium films on A-plane substrates.
The results of the films on R-plane substrates are
given at the end of this section.

In Fig. 1(b), we show the magnetic flux distri-
bution in a niobium film on an A-plane substrate
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after loading with hydrogen at a hydrogen gas
pressure of 60 Pa at room temperature. The sam-
ple is ZFC to 4.2 K and subsequently a magnetic
field of 6.8 mT is applied. Black areas correspond
to the Meissner phase and bright regions to the
Shubnikov phase. The magnetic flux penetrates
still in a burst-like manner through channels, but
these are much narrower and more closely spaced
than in a sample without hydrogen. Note also the
change of direction of entering flux with increased
hydrogen content.

Fig. 2(a)-(j) show the magnetic flux distribution
in a niobium thin film on a R-plane substrate after
ZFC to 4.2 K and subsequently applying a mag-
netic field of 6 mT. The hydrogen content of the
sample is increased in Fig. 2(b)—(j) by applying a
hydrogen gas pressure of 80, 260, 1130, 1280, 1810,
3440, 6750, 12,800, and 40,000 Pa at room tem-
perature. Thus with every experiment the sample is
increasingly loaded with hydrogen. Subsequently
(after ZFC), the complete evolution of the mag-
netic flux penetration, due to increasing the exter-
nally applied magnetic field, is recorded. The
magnetic field entering the as-grown film is shown
in Fig. 2(a), together with a gray-scale bar indi-
cating the local magnetic flux density B, that holds
for Fig. 2(a)—(j). The flux penetrates in the form of
(white) small plumes, which form a ‘rough’ flux
front. With growing hydrogen content, the flux
penetration becomes more irregular and changes
radically, see Fig. 2(b)-(g). For example, the ar-
rows in Fig. 2(b) and (c¢) point at one magnetic flux
protrusion which splits more and more with
increasing hydrogen concentration. Note that flux
penetrates further into the superconductor with
increasing hydrogen content. This corresponds to
an overall decrease of the critical current. The
complete loss of superconducting properties over
macroscopic regions is clearly visible in Fig. 2(h).
This change is probably due to the formation of -
phase, thus creating macroscopic non-supercon-
ducting inclusions, which grow with increasing
hydrogen content. In Fig. 2(j), we observe flux
penetration in disconnected superconducting re-
gions, which appear as black regions with bright
surrounding: the connection between neighboring
superconducting regions is completely lost. The
observed bright area in between the black areas

indicates that the local magnetic field in these re-
gions is equal to the externally applied magnetic
field (and hence that these regions are non-super-
conducting). Fig. 2(k)—(s) show experiments per-
formed at 6.7 K at the same hydrogen gas pressures
as above, where we applied a (lower) magnetic field
of 1.5 mT in order to be able to compare the
evolved flux front with the 4.2 K case due to the
decrease in critical current with temperature. In
Fig. 2(k) we added a scale bar indicating the local
magnetic flux density B, that holds for Fig. 2(k)—(s).
Again, a bumpy flux front is present in the as-
grown film shown in Fig. 2(k). It is remarkable that
the flux front remains much smoother for increas-
ing hydrogen content. The arrows in Fig. 2(1) and
(m) indicate the same position as in Fig. 2(b) and
(c), but now the growth of a branching magnetic
flux protrusion with increasing hydrogen content is
completely absent. Apparently, the onset of the
increase in irregularity of the penetrating flux front
for increasing hydrogen concentration is shifted to
higher hydrogen concentration with increased
temperature.

5. Surface morphology

We now discuss the influence of hydrogen up-
take on the surface morphology for both substrate
orientations. In the A-plane case hydrogen uptake
at 60 Pa gas pressure results in the formation of a
wavy pattern at the surface. Our polarized light
photographs of this morphology are made at room
temperature, and are shown in Fig. 3(a). The MO
experiment in Fig. 3(b) (see also Fig. 1(b)), clearly
shows that the magnetic flux follows easy flow
channels that are parallel to the structural pattern
of Fig. 3(a). This shows that vortex pinning is
governed by the waviness of the observed surface
pattern, resulting in flux guidance through chan-
nels with identical orientation as the morphologi-
cal wave pattern. In Fig. 3(d), we show a polarized
light photograph of the R-plane sample at room
temperature after exposure to 40,000 Pa hydrogen
gas pressure together with a MO picture (Fig. 3(e))
of the same area. A careful comparison of
the surface morphology Fig. 3(d) with the MO
image Fig. 3(e) leads to the conclusion that there is
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Fig. 3. Comparison between superconducting properties and
surface morphology. The surface morphology in (a) and (d) is
measured at room temperature using polarized light microscopy
while (b) and (e) are MO images. (a) Surface morphology of a
500 nm thick Nb film on an A-plane substrate after exposure to
60 Pa hydrogen gas pressure revealing the presence of a wavy
surface pattern. (b) Corresponding magnetic flux distribution
observed by MO. (c) Height profile scan of the Nb film on an R-
plane substrate, revealing islands with a 10% (50 nm) out-of-
plane expansion due to the formation of the B-phase at a
hydrogen gas pressure of 40,000 Pa. The profile was measured
along the dotted white line indicated in (d) and (e). (d) Surface
morphology of R-plane sample in the same area as the MO
picture shown in (e). Note the nice correlation between the loss
of superconductivity (in the bright area in figure (e)), and the
height increase in (d).

a one-to-one correlation between the out-of-plane
expansion and the local disappearance of super-
conducting properties (as expected for the forma-
tion of the B phase).

To obtain absolute height information of the
sample surface, height profile scans along the dot-
ted white line in Fig. 3(d) and (e) were made before
and after hydrogenation using a DEKTAK height
profile scanner. The hydrogen uptake results in an
out-of-plane expansion of 10% (corresponding to
50 nm) as shown in Fig. 3(c). From several height
profiles we find that on average 67(6)% of the
investigated area expanded in the out-of-plane
direction. This implies [16] an overall hydrogen
concentration (atomic ratio H/Nb) between around
0.5 and 1.0 for the 40,000 Pa exposure showing that
we have covered a large range of hydrogen con-
centrations in NbH, by the present experiments.

6. Summary

We investigate flux penetration in NbH, thin
films on sapphire substrates with different orien-

tation and for various hydrogen content and find
large qualitative changes in the magnetic flux
penetration pattern. We demonstrate that for our
as-prepared “hydrogen-free” samples the substrate
orientation has a strong influence on the flux
penetration behavior, revealing finger-like ava-
lanches for the A-plane orientation and a more
continuous flux penetration for the R-plane. We
find hardly any branching of the avalanches in the
A-plane case at 4.2 K. Hydrogen absorption at
room temperature modifies the observed behavior
significantly for hydrogen pressures above ~60 Pa.
In the A-plane case at low concentrations, hydro-
gen induces surface morphological changes
inducing flux flow along easy flow channels. In the
R-plane case at low concentrations, hydrogen
leads to irregular flux penetration. At high con-
centrations non-superconducting inclusions are
created due to the formation of the B phase, finally
leading to the fragmentation of the superconduc-
tor into separated superconducting islands. We
find a one-to-one correlation between the super-
conducting properties and the local out-of-plane
expansion. Furthermore, comparing the 4.2 K
with the 6.7 K experimental series, we conclude
that with increasing temperature the evolving flux
pattern is smoother. The fact that we observe the
significant change in behavior only at hydrogen
pressures above 60 Pa implies that the already
present quenched disorder in the as-grown films
dominates for lower hydrogen gas pressures. Thus
differences in behavior reported in the literature
must be mainly due to differences in quenched
disorder caused by some other cause such as
growth conditions, substrate quality, and substrate
orientation etc.

Finally, NbH, thin films on R-plane substrates
offer interesting possibilities for the study of
roughening phenomena such as are e.g. observed in
the study of the movement of an interface in a
disordered medium (such as the edge of ink in
blotting paper). There the velocity of the interface
is affected by spatially distributed but time inde-
pendent inhomogeneities in the medium. The pos-
sibility to change this quenched disorder in the
same medium (by changing the hydrogen content)
and study the robustness of the roughening be-
havior is of great interest. Thus the possibility to
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add a well-controlled amount of disorder in nio-
bium thin films on R-plane substrates makes NbH,
an ideal system to study the influence of quenched
disorder on roughening phenomena [2,20].
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