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Preparation and electronic properties of clean superconducting Nb(110) surfaces
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We have studied cleaning procedures of Nb(110) by verifying the surface quality with low-energy electron
diffraction, Auger electron spectroscopy, and scanning tunneling microscopy and spectroscopy. Our results show
that the formation of a surface-near impurity depletion zone is inhibited by the very high diffusivity of oxygen
in the Nb host crystal which kicks in at annealing temperatures as low as a few hundred degree Celsius. Oxygen
can be removed from the surface by heating the crystal up to 7 = 2400 °C. Tunneling spectra measured on the
clean Nb(110) surface exhibit a sharp conductance peak in the occupied states at an energy of about —450 meV.
Density functional theory calculations show that this peak is caused by a d_» surface resonance band at the T’
point of the Brillouin zone which provides a large density of states above the sample surface. The clean Nb(110)
surface is superconducting with a gap width and a critical magnetic field strength in good agreement to the bulk
value. In an external magnetic field we observe the Abrikosov lattice of flux quanta (vortices). Spatially resolved

spectra show a zero-bias anomaly in the vortex core.
DOI: 10.1103/PhysRevB.99.115437

I. INTRODUCTION

Recent proposals in topological quantum computation rely
on the storage and manipulation of exotic quasiparticles, such
as anyons [1,2]. For example, under special conditions zero-
energy Majorana fermions were predicted to exist in topo-
logical superconductors, i.e., at the ends of one-dimensional
nanowires or in vortices of two-dimensional films [3-5]. How-
ever, the existence of bulk materials which exhibit topological
superconductivity is still elusive. An alternative approach fo-
cused on hybrid materials, e.g., by combining a strongly spin-
orbit-coupled s-wave superconductor with permanently or-
dered magnetic moments in its direct proximity [6-9]. Indeed,
zero-bias conductance peaks consistent with expectations for
Majorana fermions were experimentally observed at the ends
of a self-assembled Fe chains on Pb(110) [7] and also at edges
of two-dimensional Co islands in the Pb/Co/Si(111) system
[8]. A more recent approach used atomic manipulation with
an STM tip to create single-atom Fe chains on Re(0001) [9].

The experimental results of these studies illustrate that the
choice of the substrate will play a decisive role towards an
unambiguous demonstration of topological quantum compu-
tation. Namely, Pb has the advantage of a relatively high
superconducting critical temperature 7, = 7.2 K, but its rel-
atively large lattice constant and low cohesion energy make
it unsuitable for single-atom manipulation, severely limiting
their potential for the creation of nanoengineered structures.
Conversely, the much harder Re(0001) surface is a good
platform for the creation of atomic-scale nanostructures, but
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Re exhibits a much lower 7, ~ 1.7 K such that spectroscopic
features are easily smeared out by thermal broadening at
experimentally accessible temperatures. With these consider-
ations in mind, Nb appears to be a promising material since
it combines a high cohesive energy with a sizable spin-orbit
coupling and a wide superconducting gap (2A = 3.05 meV
and T; =~ 9.2 K). Furthermore, it is a type-II superconductor
which opens up the possibility of searching for Majorana
states inside of vortices in an external magnetic field.

The main drawback of Nb, however, is its affinity to
oxygen (O) which leads to a surface that is notoriously
difficult to prepare. The standard cleaning procedure re-
ported in literature [10-14] begins with cycles of ion sput-
tering and annealing at moderate temperatures up to about
1900 °C. It has clearly been stated, however, that these ini-
tial sputter-annealing cycles—although they are suitable to
remove carbon (C) and nitrogen (N) from the surface and
reduce the surface-near concentration of O—are not suitable
to clean the Nb(110) surface since a significant amount of
O remains. These O-reconstructed surfaces have been exten-
sively investigated by low-energy electron diffraction (LEED)
[10-12,15,16], Auger electron spectroscopy (AES) [11,12],
electron-energy loss spectroscopy (EELS) [12], and scanning
tunneling microscopy and spectroscopy (STM/STS) [13,14].

There seems to be agreement that clean Nb(110) can only
be obtained when heating the sample up to 7 > 2200°C
[10-12,14]. In this case LEED experiments showed only
diffraction maxima expected for clean Nb(110). However,
LEED averages over a large area and is therefore not suitable
to obtain a microscopic understanding of the details of the
cleaning process. In this work we describe step-by-step the
cleaning procedure of Nb(110). While the focus is clearly
on STM, we also applied LEED and AES depth profiling to
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better understand the limitations of the various procedures.
Furthermore, the electronic properties of the clean Nb(110)
surface were investigated by scanning tunneling spectroscopy
(STS) and density functional theory (DFT) calculations. Our
results confirm the existence of a surface resonance of d
orbital character in the local density of states (LDOS) which
is energetically located about 450 meV below the Fermi level
Er. We image the Abrikosov lattice produced by an external
magnetic field by mapping the differential conductance in
and around the superconducting gap. We observe a strong
conductance peak at the Fermi level in the vortex core, which
we interpret as Caroli-de Gennes—Matricon (CdGM) states.

II. METHODS
A. Experimental setup and measurement procedures

Investigations were performed with rectangular-shaped
Nb(110) single crystals (7 x 7 x 1mm?) which were polished
on one side with a nominal miscut of 0.1°. They were fixed
onto flag style tungsten sample plates by means of two tung-
sten wires. To prevent alloy formation at the crystal-sample
holder interface they were separated by stacks consisting of a
Nb and a W foil. Any sample prepared throughout the study
presented here was heated by an electron-beam heating stage
where a high voltage of up to 2 keV was used to accelerate
electrons emitted from a W filament. The electron kinetic
energy is converted into heat upon impact on the sample.

After introduction into the UHV system, the crystal used
for the STM investigations in Sec. III C was ion sputtered for
2 h at room temperature. This sample was initially heated sev-
eral dozen times at 7 = 1800 °C. The main contamination of
Nb is oxygen which is dissolved in the bulk and segregates to
the surface after each flash heating cycle. Indeed, our attempts
to create an oxygen depletion layer at the surface through
multiple cycles of ion sputtering and subsequent annealing at
T =~ 1800 °C did not result in sufficiently clean surfaces.

As we will point out in more detail in Sec. III C below the
only way to get rid of oxygen is to flash heat the Nb crystal
close to its melting point (Tye;r = 2477 °C). We use an e-beam
heating stage to directly bombard the polished side of the
Nb(110) surface with electrons. We measured the temperature
with an optical pyrometer (Ircon UX-70P) through Kodial
glass windows. Since the viewport is located under an angle of
~54° with respect to the crystal’s surface normal we corrected
the measured temperature for the deviation from Lambert’s
cosine law [17]. We gradually increased the heating tempera-
ture of the Nb(110) crystal. Each flash lasted for 30 s, whereby
the maximum surface temperature was typically reached after
about 15 s. Depending on the maximum pressure in the UHV
chamber during the high temperature flash, it was repeated
2—4 times with the aim to ensure that the pressure stays below
p <5 x 1078 mbar.

After each step we analyzed the evolution of the Nb(110)
surface by STM measurements performed with a home-built
cryogenic scanning tunneling microscope which is equipped
with a superconducting magnet with a maximum magnetic
field of 12 T perpendicular to the sample surface. The
minimal achievable tip and sample temperature inside the
STM amounts to 7 = 1.2 K. All measurements were

performed with electrochemically etched W tips, which were
preliminary tested on a Ag(111) surface. For spectroscopic
measurements of the differential conductance a small mod-
ulation voltage Upoq With a frequency f = 890 Hz was super-
imposed onto the sample bias U such that the frequency- and
phase-selective dI/dU signal can be detected at low noise by
means of a lock-in amplifier. The resulting dI/dU spectrum
was verified by comparison with the numerically calculated
dI/dU signal from averaged I(U) curves. Auger electron
spectroscopy and low energy electron diffraction experiments
were performed at room temperature with a retarding field
four-grid electron optics.

B. Computational methods

We used the plane-wave-based VASP [18,19] code within
the projector augmented-wave method (PAW) [20,21] for our
ab initio density functional theory (DFT) calculations. The
generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE) [22,23] was used for the exchange correla-
tion. We used the PBE functional as the PBE calculated lattice
constant is 3.31 A, in good agreement with the experimental
bulk Nb lattice constant of 3.296 A [24]. The energy cutoff for
the plane-wave basis set was set at 350 eV.

The clean Nb(110) surface system was modeled using
a symmetric slab consisting of 19 atomic layers of Nb. A
16-A-thick vacuum layer was included in the direction normal
to the surface to remove any spurious interactions between the
repeating slabs. Structural relaxations via force optimization
have been performed to obtain the surface interlayer distance
for the three surface layers only. The positions of the other
layers were kept constant. We found an average interlayer
distance for the surface layers ~2.28 A which is in a good
agreement with the experiments. For structural relaxations, we
have used 1072 eV/A force tolerance and a I'-centered 5 x
5 x 1 k-point mesh. 2025 k| points in the full two-dimensional
Brillouin zone were used for the calculations of the band
structure and other electronic properties.

III. SURFACE STRUCTURE

A. Closed NbO films on Nb(110)

In a first step, the Nb(110) sample was heated to a
maximum temperature 7 = 1800 °C. Figure 1(a) displays an
overview image (scan area: 100 x 100nm?) of the resulting
sample surface. One can recognize two terraces, which are
separated by a step edge of monatomic height. The upper part
and lower part of the step edge are oriented under an angle
of about 120°, a value which significantly exceeds the angle
expected between two equivalent (111) directions within a
bee(110) surface plane, [111] and [111], of 109.5°. More
careful inspection shows that both terraces are not smooth
but instead exhibit a sawtooth pattern with short segments
oriented along (111) directions.

A line profile drawn along the green line is plotted in
Fig. 1(b). It shows a step height of (2.3 +0.1) A, in a
good agreement with the corresponding bulk value agyy| ;o) =

2.36 A. Closer inspection reveals that the surface is not
perfectly flat but exhibits periodically arranged stripes with
a periodicity of (1.15 4+ 0.05) nm and a corrugation of about

115437-2



PREPARATION AND ELECTRONIC PROPERTIES OF ...

PHYSICAL REVIEW B 99, 115437 (2019)

30 40

0 10 20

X [nm]

FIG. 1. (a) Overview of a Nb(110) surface after heating at T =
1800 °C. The surface exhibits periodically arranged stripes which
are oriented in two different spatial directions, fully covered with
an oxygen-induced reconstruction. (b) Line profile measured along
the green line in (a). (¢) Detailed view of the area marked by a box
in (a). Stabilization parameters: U = —100 mV, I = 100 pA.

20 pm at U = —100 mV. Figure 1(c) shows a higher resolu-
tion closeup of the area marked by a white box in Fig. 1(a).
Now we clearly recognize stripes that are oriented along (111)
directions and about (3.3 = 0.3) nm long. Since the overall
appearance observed by us is in good agreement with pub-
lished STM data obtained on oxygen-reconstructed Nb(110)
surfaces [13,14], we can safely assume that the origin of the
reconstruction is surface-segregated oxygen. For more details
on the atomic arrangement and crystallography of NbO films
on Nb(110), the interested reader should refer to Refs. [13,14].

B. Attempts of cleaning Nb(110) by sputter-anneal cycles

In an attempt to apply cleaning procedures similar to those
of other 4d and 5d transition metal elements, such as Mo or
W [25-27], we prepared the Nb(110) surfaces with numerous
sputter and annealing cycles. Figure 2 shows a schematic
representation of the mechanism. The native surface which is
usually created by cutting and polishing a bulk crystal exhibits
a homogeneous density of impurities. In the case of Nb the
main contaminants will be O and C [Fig. 2(a)]. As the Nb
crystal is heated the O impurities segregate at the surface
[Fig. 2(b)]. The thickness of the accumulation zone, where
the density of impurities is enhanced as compared to the native
crystal, is denoted by dyc.. Since the total number of impurities
has to be conserved the O surface segregation inevitably leads
to a subsurface depletion zone underneath the accumulation
zone. The thickness of the depletion zone dye, will depend
on the O impurity concentration of the particular Nb crystal,
on the surface and bulk diffusion constants of O in Nb,
and on the actual annealing temperature. The surface-
segregated O is removed by sputtering at room tempera-
ture which inevitably roughens the surface [Fig. 2(c)]. This
sputter-induced surface roughness can be removed by a fi-
nal annealing step, as schematically presented in Fig. 2(d).
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FIG. 2. Schematic representation of the Nb cleaning process.
(a) Homogeneously distributed impurities (black dots) in the bulk-
terminated Nb crystal (gray). (b) Annealing of Nb leads to surface
segregation of O impurities, i.e., an enhanced/reduced concentration
in the accumulation/depletion zone (thickness dyc./dgep). (¢) Sput-
tering removes the accumulation zone but also roughens the surface.
(d) Annealing flattens the surface but may again result in a surface
segregation.

We have to keep in mind however, that this final annealing step
may again lead to the unwanted segregation of bulk impurities
to the surface, symbolized by curved arrows () in Fig. 2(d).

In order to investigate whether the removal of surface-
segregated O by sputtering and subsequent surface annealing
represents a valid procedure to obtain clean Nb(110) surfaces
we started with a newly received single crystal. This sample
was heated by electron-beam bombardment at increasing tem-
peratures for 1 min up to maximum 7" = 1900 °C. After each
step we took an Auger spectrum and inspected the LEED pat-
tern. The data sets obtained after heating at 7 = 1600 °C are
shown in Figs. 3(a) and 3(b), respectively. The LEED pattern
is in very good accordance with data presented by Ref. [15]
[cf. Figs. 8(e) and 8(f) therein], including the split (1,1)
beam and faint streaks consisting of spots oriented roughly
along (111) directions. Figure 3(c) shows the annealing
temperature-dependent intensity of the C- and O-related peaks
after normalization to the Nb signal. Whereas the O-related
signal monotonously decreases with increasing heating tem-
perature, the C peak increases at the initially heating step
(T =200°C) but then rapidly decreases. Upon heating to
T = 1200°C the C- and the O-related signal have decreased
to about 10% of their starting values. However, within the
error of our analysis no further improvement can be achieved
when heating to 1200 < 7' < 1900°C.

This heating leads to the formation of an O depletion layer
directly underneath or in close proximity to the surface. To
show this we successively removed material from the surface
by Ar™ sputtering at an ion energy E = 1 keV and a sample
current fi,, = 2 A resulting in sputter rate of (0.30 = 0.02)
atomic layers (AL)/min. After each sputter step we analyzed
the height of the O-related Auger peak. The resulting depth
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FIG. 3. (a) Auger spectrum and (b) LEED pattern (E = 70 eV)
of Nb(110) after heating at 7 = 1600 °C. (c) Annealing temperature-
dependent Auger intensities of C- and O-related peaks. (d) Depth
profile of the O-related Auger intensity obtained after sputter re-
moval. (e) Intensity of the O peak after sputtering and subsequent
annealing.

profile is plotted in Fig. 3(d). The data reveal that the O
concentration is enhanced directly at the surface by about 50%
as compared to the bulk value represented by the data points
at an average probing depth d,, > 20 AL. A minimum with
an O concentration as low as half the bulk value is observed
atd,, = 15 AL, representative for the depletion zone we were
looking for.

Unfortunately, this depletion zone is not stable against
further annealing, as shown in Fig. 3(e). These data have
been achieved on a sample where the depletion zone has been
exposed to the surface by sputtering, analogous to the data
point at d,, = 15 AL in Fig. 3(d). Subsequently, this sample
was annealed at successively increasing temperature for 4 min
at each heating step. Our data reveals that even a tempera-
ture T,n, = 200°C, which is much lower than what would
realistically be needed for a proper annealing of the sputter-
roughened Nb surface, results in a significant segregation of
O at the surface. Possibly, similar diffusion processes also
occur at the interface between the bulk and the depletion layer.
Therefore, we conclude that sputter and annealing cycles do
not represent a suitable cleaning method for Nb(110) surfaces.

C. Cleaning Nb(110) by heating

In the following we attempted to clean the Nb(110) surface
only by heating the surface by electron-beam bombardment
at higher temperatures. As we will point out below this

resulted in a very high surface quality with an impurity
concentration well below 5% and electronic properties char-
acteristic for clean Nb(110). Upon heating at a temperature
Tyt = 2160 °C, the surface still remains largely covered with
oxygen. While the overview image of Fig. 4(a) only indicates
the presence of some dark spots, we can clearly recognize
that the surface is reconstructed in the higher resolution scan
displayed in Fig. 4(b). Also on this surface domains with two
stripe orientations exist, which are separated by trenchlike
depressions. We would like to note, however, that the type
of reconstruction differs from what has been discussed in
Sec. IIT A and Refs. [13,14], as can be seen by close inspec-
tion of Fig. 4(b). A detailed analysis of this oxygen-induced
reconstruction will be given below. With further heating
(Tsurr = 2280 °C), the oxygen-reconstructed domains become
smaller, thereby opening up space for narrow strips which
appear significantly higher in constant-current STM images
[Figs. 4(c) and 4(d)]. While the precise height difference be-
tween reconstructed and higher surface areas depends on the
particular scan parameters (bias voltage), the latter are gener-
ally characterized by their smooth surface. The high density
of states and the unreconstructed surface indicate that these
surface areas are clean Nb(110). When the maximum tem-
perature is raised even closer to the melting point of Nb, the
oxygen-reconstructed regions become progressively smaller.
For example, at T, = 2310 °C unreconstructed Nb(110) cov-
ers already about 60% of the total surface area [Figs. 4(e)
and 4(f)]. Eventually, at Ty, = 2410 °C the surface consists of
~95% of pure Nb(110) and only small dark areas indicate that
some oxygen still remains on the surface [Figs. 4(g) and 4(h)].
We would like to admit, however, that during the final heating
cycle some parts of our crystal were melted, presumably
because of a small temperature gradient along the sample
which accounts for a few tens of degrees. We also observed
various amounts of hydrogen contamination on Nb(110) at
T = 4.2 K, strongly dependent on the level of hydrogen in the
UHV chamber and—even more important—in the cryostat.
Hydrogen can be seen only at low bias voltages |U| < 0.2 V
and can be removed from the scan area by the STM tip,
probably due to electron-stimulated desorption [17].

D. Properties of the dilute NbO phase

Also at oxygen concentrations which are lower than what
has been discussed above for closed NbO films in Sec. IIT A,
we observe two domains with rowlike structures that are
rotated by (110 &£ 2)° relative to each other. However, the
specific parameters of this reconstruction significantly differ
from the values determined for NbO films. For example, the
inter-row distance amounts to (5.7 = 0.1) A only. Further-
more, close inspection, e.g., of the reconstructed regions in
Fig. 4(d) which is shown at higher magnification in the inset,
reveals that these lines consist of short protrusions with a
periodicity of (8.3 & 0.6) A.

Whereas we could not obtain atomic resolution images
to determine the exact crystalline structure of this second
reconstruction on samples with extended oxygen-induced do-
mains, the data measured on a Nb(110) sample prepared at
Tyt = 2410°C which are shown in Fig. 5(a) allow for the
identification of the oxygen adsorption site. It shows rows
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FIG. 4. Topography of Nb(110) after flash heating at different temperatures. In each case an overview image (scan area: 100 x 100nm?)
and a higher resolution scan (25 x 25nm?) on an atomically flat terrace are shown. (a) and (b) Nb(110) after heating cycles at Ty,; = 2160 °C,
showing an oxygen reconstruction and trenchlike depressions. (c) and (d) Heating cycles at Ty, = 2275°C result in a surface with
unreconstructed Nb(110) covering about 25% of the total area. The inset shows a zoom-in of the oxygen reconstruction also observed in
(b). (e) and (f) The surface fraction of unreconstructed Nb(110) increases to 60% after heating cycles at Ty, = 2310°C. (g) and (h) Best
surface quality obtained for Nb(110) after heating cycles at Ty, = 2410 °C. This surface is about 95% clean. Stabilization parameters: (a)—(h)

U=—1V,I=100pA.

of depressions (dark contrast) oriented along the [112] and
the [112] directions, i.e., under an angle of 110°. Details of
our data analysis with an interpolation of the Nb atomic-
scale corrugation maxima indicated by gray dot-dashed lines
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FIG. 5. (a) STM image of oxygen atoms (dark) with atomic reso-
lution on clean Nb(110). (b) Zoomed-in image of the upper right part
of (a) superimposed with gray dot-dashed lines that interpolate the
atomic corrugation maxima of Nb(110). Oxygen sits in a threefold-
coordinated hollow site of the Nb lattice. Stabilization parameters:
U =—-0.1 V,I =1 nA. (c) Hard ball model showing the possible
atomic structure of this oxygen reconstruction.

are shown in Fig. 5(b). It reveals that the depressions are
preferentially located at threefold-coordinated hollow sites.
This adsorption site with an average Nb-O bond length of
2.09 A was indeed predicted by first-principles calculations
[28]. The observed inter-row distance as well as the periodic-
ity along the stripes can consistently be explained with the toy
model presented in Fig. 5(c).

IV. ELECTRONIC PROPERTIES

A. Band structure

Figure 6(a) shows tunneling spectroscopy data taken over
the clean Nb(110) surface and over an oxygen-reconstructed
area. The exact locations where these STS data were measured
are marked in Fig. 4(h) with a blue dot for the clean surface
and a red dot over the dark oxygen area. A sharp peak at U ~
—0.45 V can be recognized for clean Nb which is strongly
suppressed above oxygen-reconstructed areas. The local den-
sity of states (DOS) of the clean Nb(110) as calculated in the
vacuum at z = 4 A above the surface is shown in Fig. 6(b).
It is in excellent agreement with the experimental data not
only with respect to the peak position but also regarding the
peak shape. In addition, the experimental and the theoretical
spectrum exhibit a relatively flat signal in the range —0.3 <
E < 40.5 eV, which slightly rises as we proceed further into
the unoccupied states, i.e., E > 40.5 eV. The only qualitative
difference between experiment and theory can be found at
E < —0.6 eV, where the experimental data show a rising
dl/dU signal, whereas the calculated DOS decreases. This
difference could arise due to the change of the tunneling
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FIG. 6. (a) Tunneling spectroscopy data of the clean (blue) and
oxygen-reconstructed (red) Nb(110) surface. Stabilization parame-
ters: U =—1V,1=0.1 nA, T =1.6 K. (b) Calculated vacuum
density of states of the clean Nb(110) surface at a distance of z = 4 A
above the surface.

barrier at large bias voltages, which leads to an increase in
dl/dU signal and it is not taken into account by use of
the Tersoff-Hamann model, or it could come from tip states
which often dominate tunneling spectra at large negative bias
voltages [29].

In order to obtain the band dispersion of Nb(110) and
understand the origin of the sharp feature observed in theoret-
ical and experimental tunneling spectra, we have investigated
the band structure and the site-projected local density of
states of the surface atoms. Figure 7 shows the calculated
band structure of clean Nb(110) along the TN direction of
the Brillouin zone. One can clearly observe a nearly flat
surface resonance band at about £ — Fg = —0.45 eV. The
downward dispersion of this band leads to the characteristic
shape of the peak in the vacuum LDOS that drops sharply
towards higher energies. The orbital-decomposed local DOS
of the surface atom and energy-resolved local charge density
analysis clearly identifies a 4d.. state as the origin of the sharp
STS peak as well as the peak observed in vacuum LDOS. This
band disperses from I to N. Our band structure matches quite
well with previously published results [30]. A comparison of
the total density of states in the bulk and above the surface can
be found in Ref. [17].

B. Superconductivity

Figure 8(a) shows an STS measurement of a superconduct-
ing gap as observed on the clean Nb(110) at a temperature
T = 1.3 K. A pronounced U-shaped superconducting energy
gap can be seen, where the d//dU signal within the energy
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FIG. 7. Calculated band structure of clean Nb(110) along the TN
direction of the Brillouin zone. States marked with colored circles are
the different d orbitals localized at the surface atoms. Corresponding
local density of states (LDOS) of d orbitals for the surface atom are
shown in the right panel. The inset shows a side view of the atomic
lattice (green) and the charge density of the d state at E — Ex =
—0.45 eV (purple).

gap drops to zero. In order to fit the superconducting gap we
employed the Dynes approach [31] with A = 1.53 meV and a
quasiparticle lifetime broadening I' = 4 ueV.

The magnetic field dependence of the superconducting gap
on clean Nb(110) is shown in Fig. 8(b). Measurements were
performed at different external magnetic fields, whereby it
was ensured that the measurement took place as far away as
possible from the surrounding vortices [red dot in Fig. 9(b)
and similar position for other magnetic fields]. With increas-
ing magnetic field, the energy gap becomes weaker until it
completely disappears at about 400 mT. Accordingly, the

-
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-
=4
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&)
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A =153 meV |¢
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FIG. 8. (a) Normalized spectroscopy of superconducting energy
gap as measured on clean Nb(110) at a temperature 7 = 1.3 K. The
dI/dU signal was fitted (red) by BCS theory; best fit parameters
are specified. (b) Normalized spectroscopy at different external
magnetic fields. As the field increases, the superconducting band gap
weakens until it complete disappears at about 400 mT. Stabilization
parameters: U = —10 mV, I = 400 pA, Upoq = 0.1 mV.
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d//dU (norm.)
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FIG. 9. (a) Topography of a clean Nb(110) surface and (b) the
simultaneously obtained differential conductivity measured at a mag-
netic field 100 mT. Imaging parameterare U = —1.8 mV, I = 30 pA,
Unmoa = 0.1 mV. The formation of a Abrikosov lattice can clearly be
recognized. (c) Tunneling spectra measured at various distances from
the vortex core. Whereas a well expressed superconducting energy
gap is observed at large distances (=100 nm, black curve), a zero bias
conductance peak develops inside the vortex core (green). (d) Nor-
malized differential conductivity as measured along the 200 nm long
blue line in (b) as a function of vortex core distance. Stabilization
parameter: Uy, = —10 mV, Ly = 200 pA, Vipoa = 0.1 mV. All data
were measured at 7 = 1.3 K.

upper critical field B. of the Nb(110) surface in our mea-
surements is between 350 and 400 mT at a nominal sample
temperature 7 = 1.3 K. This result is in good agreement with
values for Nb reported in literature [32,33].

In a next step we examined the superconductivity of
clean Nb(110) in an external magnetic field with high spatial
resolution. When a magnetic field is applied to a type-1I
superconductor, the Abrikosov vortex lattice with a quantized
flux of ®y = h/2e = 2.07 x 10715 Wb per vortex is formed.
Figure 9(a) shows an overview image (400 x 400nm?) of
a surface area which exhibits five atomically flat terraces
separated by single-atomic step edges. Figure 9(b) displays
the differential conductivity map obtained simultaneously
with the topography data in Fig. 9(a) at a bias voltage U =
—1.8 mV in an external magnetic field B = 100 mT. At this
bias voltage we tunnel from occupied sample states which
are energetically located approximately at the maxima of the
tunneling differential conductance at the edge of the supercon-
ducting energy gap. The contrast between superconducting
areas (bright; high dI/dU signal) and vortices (dark; low
dI/dU signal) originates from the different density of states
at the edge of the superconducting gap [also see Fig. 9(c)].
We observed several round-shaped vortices with a diameter of
45 £ 5 nm, in good agreement with the Nb coherence length
&. The vortices are arranged in a triangular lattice with a near-
est neighbor distance 185 &+ 10 nm, exceeding the expected

unit cell parameter for the triangular Abrikosov lattice a ~
~/®o/B ~ 140 nm for a magnetic field B = 100 mT. A similar
discrepancy between the theoretically expected and experi-
mentally observed vortex lattice parameter was also found at a
higher magnetic field. It may be caused by the pinning of vor-
tices in defect-rich regions of the Nb(110) crystal, possible at
the crystal edges where heating-induced damages and melted
spots first occur. Figure 9(c) shows differential conductance
dl/dU spectra taken at four points located at different dis-
tances from the center of the vortex core, i.e., 100, 40, 20 nm,
and directly in the vortex center. Directly in the vortex core
we observe a zero-bias conductance peak (green curve) which
splits into two symmetrical maxima at 20 nm (blue). At a dis-
tance of 40 nm to the vortex core (red curve) the peaks at the
edge of the gap are still weaker and the gap width is reduced
as compared to the spectrum recorded without any field [cf.
Fig. 8(a)]. Only at distances much larger than § (100 nm, black
curve), the spectrum closely resembles zero field data.

In order to better understand the spatial variations of these
features, we took d1/dU spectra taken across a superconduct-
ing vortex along the 200 nm long line with a 4 nm increment.
The resulting data are plotted as waterfall plot in Fig. 9(d). The
dIl/dU signal appears at the vertical scale and is additionally
color coded. At large distance from the vortex core a deep
gap with pronounced side peaks can clearly be recognized.
Both characteristics of superconductivity weaken towards
the center until they essentially disappear at approximately
420 nm. There two weaker maxima split off from the edges
of the former energy gap and converge into an X-shaped
feature visible in yellow color in Fig. 9(d). The crossing point
is dominated by a strong maximum (red) marking the vortex
core. This peak in the dI/dU spectra taken in vortices has also
been observed in some conventional superconductors [34,35].
It was predicted by Caroli-de Gennes—Matricon [36] that the
confinement of quasiparticles in vortex cores leads to confined
low-energy bound states, so-called CdGM states, with energy
levels E = +uA?/Er (u=1/2, 3/2, ...). Since A/E is a
very small value, thermal broadening can smear out these
discrete energy levels even at temperatures of a few Kelvin.
Indeed, it has been shown that the X-shaped feature and
the zero bias conductance peak in the vortex core represent
the DOS that arises from many symmetric CdGM states
when the quantum limit 7 /7T, << A /EF is not satisfied [37-39].

V. CONCLUSION

We presented the preparation procedure of clean Nb(110)
surface and studied its properties by means of STM and STS.
We showed that in order to clean the surface from oxygen con-
tamination, it is necessary to heat it above 7' = 2400 °C. We
observed a characteristic surface state resonance at —450 mV
in agreement with DFT calculation, which is strongly sup-
pressed over oxygen-reconstructed areas. A toy model for the
oxygen reconstruction on Nb(110) which is formed when the
Nb(110) surface is heated over T > 2160 °C was presented. In
spatially resolved spectroscopic measurements we observed
the Abrikosov flux lattice in external magnetic fields and
find evidence for Caroli-de Gennes—Matricon states as an
enhanced peak at zero bias voltage inside a vortex core.
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