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Abstract

The effect of annealing on the superconducting properties of niobium single crystals cut from the same master
boule was studied by local and global magnetic measurements, as well as scanning tunneling microscopy
(STM). The formation of large hydride precipitates was observed in unannealed samples. The variation in
structural and magnetic properties was studied after annealing under high vacuum at 800°C for 3 hours,
1400°C for 3 hours, and near the melting point of niobium (2477°C) for a few seconds. The initial samples
had a high hydrogen content. Low-temperature polarized optics and magneto-optical studies show that the
formation of large niobium hydride precipitates is suppressed already by 800°C+3 h annealing. However,
the overall superconducting properties in the annealed samples did not improve after annealing, and in
fact, worsened. In particular, the superconducting transition temperature decreased, the upper critical field
increased, and the pinning strength increased. Parallel studies were conducted using STM, where the sample
was annealed initially at 400°C, measured, annealed again at 1700°C, and measured again. These studies
revealed a “dirty” superconducting gap with a significant spatial variation of tunneling conductance after
annealing at 400°C. The clean gap was recovered after annealing at 1700 °C. It is likely that these results are
due to oxygen redistribution near the surface, which is always covered by oxide layers in as-grown crystals.

Overall, the results indicate that vacuum annealing at least up to 1400°C, while expected to remove
a large amount of hydrogen, introduces additional nanosized defects, perhaps hydride precipitates, that
act as efficient pair-breaking and pinning centers. The dimensionless scattering rate is estimated to have
increased from I' = 0.2 to about I' = 0.4 after annealing at 1400°C. These results on single crystals differ
drastically from those from polycrystalline bulk niobium (i.e. cut from superconducting radio-frequency
(SRF) cavities), where annealing has significant positive effects that are attributed to the improvement of
crystalline structure masking the more subtle influence of the hydrides.

transition temperature 7, ~ 9.35 K among ele-
mental metals, and the ability to carry microwaves
with minimal losses in its superconducting state
[T, 12, 13, (& (15, 06, 07, 08]. These proper-
ties make niobium a good choice for Josephson
junction-based qubits in thin-film two-dimensional
(2D) architecture [I9] and superconducting radio-
frequency (SRF) cavities traditionally used in par-

ticle accelerators [20] 211 22 23] [24] 25, 26], but

more recently in quantum informatics applications

1. Introduction

Macroscopic quantum coherence makes super-
conductors highly appealing for quantum infor-
mation science (QIS) [I, 2, B, @, B, 6 [7] and
accelerator-related technologies [8, [@, 0. Nio-
bium is a frequently used superconductor due to
its high thermal conductivity at low temperatures
in the normal state, the highest superconducting
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in cavity quantum electrodynamics (cQED) modes
[27, 28, 29]. Since its discovery in the 1930s [30],
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elemental niobium has become one of the most
studied superconductors [12, [BI]. However, there
are still fundamental aspects of niobium proper-
ties that necessitate further investigation, both ex-
perimental and theoretical. Recent examples are
first-principles calculations of its anisotropy in nor-
mal and superconducting states [32], and derived
from this work the suggestion that, intrinsically, the
clean limit niobium is a type-I superconductor [33].

Like all refractory metals, niobium presents some
physical-chemical challenges that can complicate or
even obstruct its use in applications. For example,
one of the most critical issues in Nb SRF cavities is
the so-called “hydrogen ()J—disease” - a significant
reduction in the quality factor (), apparently due to
niobium hydrides [34], [35] [36]. Niobium has a sig-
nificant affinity for hydrogen and can be charged
up to five atomic percent [37, B8, B9, 40, HI].
Hydrogen may come from various hydrogen-rich
sources, for example, during liquid-assisted cutting
and polishing, and even from ambient moisture.
Since all applications related to the superconduct-
ing state of niobium require cooling to low tem-
peratures, it is important to understand the for-
mation of various phases, in particular, niobium
hydrides and their effect on the superconducting
properties [38] 42] [35, B6] [43]. In addition, hydro-
gen is a possible source for two-level systems (TLS),
e.g., quantum systems that can exist with the quan-
tum superposition of two independent states, which
are the main sources of quantum decoherence in
QIS-related devices and structures. The study of
TLS-related losses represents a significant portion
of contemporary research in applied superconduc-
tivity [44) 45, [46].

A traditional approach to the removal of con-
taminants from metallic solids is heat treatment.
Despite a very large body of work, in the case of
niobium, there is still significant uncertainty in un-
derstanding the evolution of properties with anneal-
ing performed at different temperatures and follow-
ing different protocols. Moreover, device-oriented
studies were mostly performed on polycrystalline
samples of bulk niobium cut from SRF cavities or
whole cavities. In these cases, significant varia-
tions in superconducting properties are dominated
by re-crystallization, grain growth, fusion, inter-
diffusion and other major morphological and struc-
tural changes [47] (48] [49, 15 50]. Single crystals are
a good baseline for studying the more subtle effects
of hydrogen and other contaminants. Indeed, this
aspect was already well understood in the 1960s

[47, 48]. The novelty of the present work lies in the
experimental methods used.

In an unannealed sample with a high load of hy-
drogen, niobium hydrides of various shapes form
below 190 K as very large precipitates, up to hun-
dreds of micrometers in size, easily visible in an op-
tical microscope [42, [36] [43]. If the hydrogen load
is not large, round or square precipitates of sub-
micrometer size are formed, leading to local plas-
tic deformations and nucleation of interstitial pris-
matic dislocation loops [3§].

It was reported that after annealing at 800°C
in vacuum for a few hours, a significant amount
of hydrogen was removed and it was assumed
that niobium hydrides no longer pose a problem
[39, 511, B5], 22]. However, in this paper, we show
that other superconducting properties indicate a
reduced performance after annealing at intermedi-
ate temperatures (compared to the melting point),
likely because of a continuing detrimental influence
of residual hydrogen in the system. Diffusion of
oxygen from the surface to the bulk is also possible.
However, it is unlikely that a few nanometer thick
surface oxide layers can provide enough oxygen to
affect the bulk properties of thick crystals. A sim-
ple estimate shows that if all oxygen from, say, 5 nm
thick oxide layers covering a 1x1x 1mm? diffuses in,
it will produce a volume atomic percentage of less
than 1x 10~ at.%, which is negligible. We also note
that many earlier studies used annealing near and
above 2000°C as a starting point to obtain high-
quality samples with a high residual resistivity ra-
tio, R(300K)/R(T.) > 100 [12] 37, 38, 52]. On the
other hand, it is important to look for approaches
that are as simple as possible, but still produce ac-
ceptable results. This is especially important for
potential applications and mass production of de-
vices. For example, annealing at 2300°C requires
quite specialized thermal and vacuum equipment
and is much more difficult to carry out compared
to annealing at 800 °C.

In this paper, we study the effects of annealing at
800°C, 1400°C, 1700°C and near the melting point
of Nb (2477°C) on the superconducting properties
of single crystals of niobium, all cut from the same
single crystal boule. The results suggest that each
potential application should develop its own opti-
mized annealing protocol. For example, contrary
to common sense, large hydrides are not too detri-
mental to the overall superconducting properties of
the surrounding material but certainly impact the
total surface impedance, crucial for SRF cavities.



We find that annealing at intermediate tempera-
tures leads to a reduction in superconducting per-
formance manifested in suppression of the transi-
tion temperature, T,, an inhomogeneous ”dirty” su-
perconducting gap with in-gap states, an increase
in the upper critical field, H., and elevated pin-
ning. Therefore, our findings have important im-
plications for the development of a wide spectrum
of niobium-based superconducting devices, both for
accelerators and for quantum informatics applica-
tions.

2. Material and methods

2.1. Niobium single crystals

Niobium single crystals were cut from a large sin-
gle crystal boule (approximately 12 x 12 x 50 mm?)
grown at the Materials Preparation Center at the
Ames National Laboratory in 1989. This original
single crystal boule was grown from a high purity
polycrystalline Nb using an arc-zone melting tech-
nique with the resultant orientation of the long axis
within 2°of [310] direction [53]. Laue diffraction
study indicated a high degree of crystallinity of the
sample. The sample morphology was further stud-
ied using high-resolution electron microscopy [54].

The master crystal has been stored on a shelf
since then. Multiple smaller samples were cut from
the boule over the years using different methods.
The original cuts used electrical discharge machin-
ing (EDM) with a paraffinic hydrocarbon as the
cooling fluid. The samples for our study were cut
using a diamond wire saw with Rock-Oil as lubri-
cant. The final polishing / etching steps included
vibratory polishing in a suspension of alumina; elec-
tropolishing in a dilute aqueous solution of 5% aqua
regia; acid etching in a solution of hydrochloric acid
mixed with hydrogen peroxide. At least some of
these etchants (i.e. hydrochloric acid) remove nio-
bium oxide, enabling access to the fresh metal sur-
face. Therefore, as a result of handling, storage and
many hydrogen-containing chemicals involved, the
initial, ”as-grown” single crystals had a high level of
hydrogen, which was readily identified when large
formations of niobium hydride were observed at the
first cooling below 190 K.

The samples studied were shaped as flat cuboids
with the two largest dimensions of the order of 3-
5mm and a thickness of 1-2mm. For this work,
the orientation of the crystals was not important,
although we know that we had [100] and [110] di-
rections perpendicular to flat faces.

Figure 1: Large hydride precipitates in niobium single crys-
tals observed in a linearly polarized light microscope. (a)
After cooling to T = 4 K and (b) when the same sample
was warmed up to room temperature showing the scars left
by large hydrides formed upon first cooling. (c,d,e) Images
of different crystals at ' = 4 K. No systematic correlation
between the crystallographic orientation and the shape of
hydrides is found. (a), (b) and (c) are [100] oriented perpen-
dicular to the page; (d) and (e) are [110] oriented.

It is crucial to control and record the first cool-
ing. If a sample was cooled for measurements prior
to annealing, large niobium hydride precipitates
formed below 190 K. Some were up to 100 pm in size
and had different shapes: cubes, four-point stars,
boomerangs, chicken feet, worms, and droplets.
Figure[l] shows polarized light images of the va-
riety of morphologies observed. Panel (a) shows
the 100 — 150 pm long surface formations. Appar-
ently, they are so large that they irreversibly de-
form the crystal lattice. When warmed up, the rem-
nants (which we call “scars”, other papers “skele-
tons” [38]) of this significant plastic deformation are
clearly visible, as shown in Figb). We found that
these scars on the surface cannot be removed by an-
nealing at any temperature and require re-polishing
or re-melting to be removed from the surface. Fig-
urec,d,e) shows polarized light images of different
crystals at 4 K. No systematic direct correlation was
found between the crystallographic orientation and
the shape of the hydrides. Figure[l] (a), (b) and (c)
shows samples that are [100] oriented perpendicu-
lar to the page; (d) and (e) are [110] oriented. The
shape of the hydride precipitates is probably de-
termined by some residual strain from the crystal
growth and depends on where the particular crystal
was located inside the master boule.



2.2. Heat treatment

Different types of annealing protocols were used
for the comparative study using optical and magne-
tization methods. Two protocols involved vacuum
annealing at 800°C and 1400°C, respectively. A
separate protocol was used for STM studies whose
main purpose was to remove the surface oxide layer.
One of the STM samples was partially melted in
an ultra-high vacuum (UHV) chamber, with a base
pressure of 1 x 107! torr, during an attempt to
remove surface oxygen and was then subjected to
optical and magnetic measurements.

One Nb single crystal was first measured at low
temperatures and then annealed at 800°C for three
hours, and measured again. The crystal was spot-
welded onto a tantalum sample plate using tanta-
lum wires and then loaded into an Omicron ultra-
high vacuum (UHV) chamber for cleaning and an-
nealing. The base pressure of the UHV chamber is
2x107!! torr. Before vacuum annealing, the sample
was sputtered with a 1 kV monoatomic Ar™ beam
to remove surface contamination and the native ox-
ide layer. After removal of carbon and oxygen,
confirmed by X-ray photoelectron spectroscopy, the
sample was annealed in UHV at 800°C for 3 h.
Heating to 800°C at a rate of 6°C/min took roughly
2 hours; cooling was faster, at 10°C/min.

Four other crystals were annealed simultaneously
in one run. The crystals were tightly wrapped in
tantalum foil and put together in an alumina cru-
cible. The chamber was evacuated using a diffusion
pump down to 1 x 10~ torr. The heating and cool-
ing ramp rates were 700°C per hour. The furnace
was heated to 1400°C and held there for 3 hours.
The next day, after the furnace completely cooled
overnight, still actively maintaining a high vacuum,
the chamber was back-filled with dry air for passiva-
tion to facilitate the formation of the surface oxide
layer for protection from moisture. For the planned
"global” measurements that obtain the signal from
sample volume, this a few nanometers thick layer
did not contribute. Samples were quickly moved
to the glovebox, unwrapped, and placed in their
containers. FEach sample was exposed to air for
only a few minutes maximum before measurements.
The following four samples were made. Sample A:
5.56 x 2.91 x 0.90mm?®, [110] normal to the flat
face. This sample was not cooled prior to vac-
uum annealing at 1400°C for 3 hours. No hy-
drides were observed in optical microscopy when
the sample was cooled after annealing. Sample B:
5.56 x 3.44 x 0.90 mm?>, [110] normal to the flat

face. (Step 1) Cooled to 4K and measured be-
fore any annealing. Polarized light imaging, as well
as magneto-optical imaging, revealed large hydrides
that appeared during the first cooldown at 190 K.
(Step 2) The sample was annealed at 1400°C. When
cooled again, no large hydrides were observed in
optical microscopy. However, the scars left by
the hydrides formed in Step 1 were clearly visible.
Sample C: 3.12x3.00x1.09mm?, [111] normal to the

flat face. (Step 1) Similar to sample B, cooled first

before any annealing. Low temperature measure-
ments revealed large hydrides; (Step 2) Annealing
at 800°C for 3 hours. After this annealing, visible
hydrides did not appear, but their remnants (scars)
remained. (Step 3) The sample was annealed at
1400°C together with samples A and B. Again, no
hydrides were observed optically. The scars from
the hydrides formed in Step 1 were still visible and
did not change visually from Step 2. Sample D:
4.00 x 2.50 x 1.50 mm?, [100] normal to the flat
face. (Step 1) Cooled to 4 K and measured before
annealing. Low-temperature imaging revealed large
hydrides. (Step 2) [accidental] annealing in UHV at
2477°C for several seconds during the attempt to
remove surface oxygen for tunneling studies. Part
of the sample melted, but part remained solid. We
were able to cut out and measure this part. Visible
hydrides were not observed after cooling. However,
the appearance of scars left by large hydrides from
Step 1 was practically unchanged, indicating that
only a complete re-melting can remove those plastic
deformations of the crystal lattice.

The annealing process for the samples studied
with STM was conducted within a UHV chamber
directly attached to the STM chamber. This setup
facilitated the transfer of samples to the STM with-
out the need to break the vacuum. Using this
method, the sample surface was preserved, effec-
tively preventing contaminations that could affect
STM measurements. The treatment here aimed to
remove any adsorbed material and, in particular,
the surface oxide layer. A Nb (100) single crystal
was mounted on an e-beam sample holder made of
tantalum and cleaned with sputtering and anneal-
ing cycles in an ultra-high vacuum (UHV) system
with a base pressure of low 1x 107! torr. Inside the
UHYV system, the sample was first sputtered for ap-
proximately 2 hours at room temperature at 1.5 keV
under a partial argon pressure of 1 x 107 torr. The
sample was then slowly heated for several hours un-
til the maximum temperature of 400°C was reached
at which the sample was kept for a maximum of 10



minutes. The temperature of the sample was mea-
sured using an optical pyrometer set outside the
UHV chamber. After this treatment, the sample
was transferred to the attached STM chamber for
STM investigation.

After STM measurements, the sample was trans-
ported again to the room temperature UHV cham-
ber, without breaking the vacuum, for another
sputtering cycle and several annealing cycles up to
1700°C. During each flash annealing, the pressure
in the UHV chamber was kept below 8 x 1078 torr.

2.8. Ezperimental Methods
2.8.1. Low-temperature
magneto-optics

Optical studies were performed in a low-
temperature polarized light setup consisting of the
closed-cycle optical cryo-station Model-s50 from
Montana Instruments and the Olympus BX3M op-
tical system with long focal length objectives. The
sample was placed on top of a gold-plated cold fin-
ger inside the vacuum chamber and could be di-
rectly observed through two optical windows. This
completely closed-cycle system allows controlled
measurements from 3.8 K and up to room temper-
ature. Optical characterization was performed in
two modes. (1) Direct study of the sample surface
in a polarized light microscope with nearly crossed
polarizer and analyzer axes, which greatly enhanced
the contrast of surface features. We refer to this
measurement simply as ”polarized optics” (PO). In
particular, large hydride formations are clearly ob-
servable, as is shown in Fig[l] (2) The second mode
is based on the magneto-optical Faraday effect, and
we call it a "magneto-optical” (MO) study. Here,
we use specially fabricated magneto-optical indica-
tors, multilayered structures with the active ferri-
magnetic bismuth-doped iron-garnet layer with in-
plane magnetization. A gold or aluminum mirror
layer is deposited at the bottom to reflect incident
light back to the objective. The indicator is placed
on top of the sample studied. Linearly polarized
light propagates through the transparent magnetic
layer, reflects from the mirror, and returns to the
objective. As a result, it acquires a double (light
travels the thickness twice) Faraday rotation by an
angle proportional to the component of magneti-
zation along the light path. This z—component
of magnetization appears only in response to the
z—component of the magnetic induction on the
sample surface. Therefore, a two-dimensional pic-
ture revealed by this double Faraday effect in the

polarized  optics  and

garnet maps the distribution of the z—component
of the garnet magnetization, which in turn mimics
the distribution of the z—component of the mag-
netic induction on the sample surface. In all images,
brighter corresponds to higher magnetic induction.
Black is a complete screening, B = 0. More details
can be found elsewhere[16].

2.3.2. Magnetic measurements

Magnetization was measured using a Quantum
Design vibrating sample magnetometer (VSM) in
a 9 T Quantum Design Physical Property Mea-
surement System (PPMS). The instrument allows
true sweeping of the external magnetic field at a
controlled rate, which is very useful for studies of
flux dynamics in superconductors. To minimize the
differences in the out-of-plane demagnetizing fac-
tors, all samples were measured with a magnetic
field applied along the extended surface. The total
measured magnetic moment, m, was normalized,
M = ym, to obtain the magnetization M in gauss.
Here, the calibration constant v = 47 (1 — N) /V,
where V is the volume of the sample in cm®. The
demagnetizing factor, N, of a cuboidal sample with
dimensions a X b X ¢, along the c—axis, is given by,
Ne =~ (1+3c(a P +0b71) /4)71[55]. Comparing
the calibration factor « with the slope of the initial
magnetization at low temperatures, —d (47m) /dH,
we found excellent numerical agreement for all sam-
ples.

2.8.8. Scanning tunneling microscopy (STM)
STM measurements were performed in a Unisoku
STM system. Pt-Ir tips were used in all experi-
ments. They were tested on Au (111) films be-
fore imaging the Nb single crystal. Spectroscopic
measurements of differential conductance were per-
formed with a lock-in technique with an ac mod-
ulation of 0.2 mV and a frequency f = 373.1 Hz
superimposed on the sample bias at T'= 1.5 K.

3. Results

3.1. Polarized Optical and Magneto-optical imag-
mg

First, we show the variety of different morpholo-
gies of niobium hydrides in single crystals cooled
before any annealing. Polarized light images of the
sample surface are presented in Figll] The (false)



Figure 2: Magneto-optical images of the trapped (remnant)
magnetic flux in Nb single crystals. (a,b,d) Samples were
cooled in a 400 Oe magnetic field to 4 K, then the field was
turned off and the image recorded. (c) The same proto-
col but cooling in a 320 Oe field to 8 K then the field was
turned off. Panels (a,b) are [100] oriented, (c,d) are [110]
oriented. (We emphasize that sample surface is not visible
in magneto-optical images, since there is a mirror sputtered
at the bottom of the magneto-optical indicator.)

green color is due to the green-light monochro-
matic filter used for all our magneto-optical imag-
ing. The natural appearance of the niobium crys-
tals is metallic-gray.

Figure [2| shows the magneto-optical image of the
remnant (trapped) magnetic flux. These are the
same crystals as those used to compose the image
in Fig[l In the experiment, a few hundred oer-
sted magnetic fields was applied above the super-
conducting transition temperature, the sample was
cooled down, and the magnetic field was turned off.
Due to omnipresent pinning, the superconductor re-
tains a large amount of magnetic flux in the form
of Abrikosov vortices. The images in frames (a),
(b) and (d) show trapped flux when a magnetic
field was turned off at 4 K, whereas in image (c)
the magnetic field was turned off at 8 K. Frames
(a), (b), and (d) show a fairly uniform background
flux distribution, indicative of low pinning. The
large hydrides are clearly visible. They are (likely)
not superconducting, but they appear bright be-
cause they trap magnetic flux, as would any cavity
surrounded by the supercurrents. Frame (c) shows
a greater variation of the flux density, indicating
greater inhomogeneity at temperatures approach-
ing T.. (We emphasize that the sample surface is
not visible in magneto-optical images, since there is
a mirror sputtered at the bottom of the magneto-
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Figure 3: Polarized light imaging of sample B at different
temperatures. Top row: appearance of niobium hydrides at
around 187 K, their quick growth and stabilization already at
150 K. An arrow points to the first hydride we could resolve
visually at 187 K. Bottom row: similar imaging but after
annealing at 1400°C. No visible hydrides are formed, but
the scars are visible at all temperatures.

optical indicator.)

Now we examine the process of nucleation of large
hydrides upon cooling. Figure [3|shows the series of
polarized light images taken at different tempera-
tures in sample B that was cooled before subsequent
annealing at 1400°C. The upper row of Fig[3]shows
that the first detectable hydrides appear around
187 K. Hydrides grow fast in size and stabilize at
150:K, without any changes thereafter. The bottom
row shows the same sample B after it was annealed
at 1400°C. At all temperatures, some scars from
the hydrides can be seen, but no actual formation
of new hydrides is observed.

We now examine sample A, which was first an-
nealed at 1400°C and only then was it cooled for
the first time. The result is shown in Fig[d The
upper row of Fig[d] shows the sequence of polarized
light images recorded at different temperatures that
show no visible change and therefore no signature
of the formation of large hydrides. The bottom row
of Fig[] shows magneto-optical imaging in the su-
perconducting state. The first two images were ob-
tained after cooling the sample in a zero magnetic
field to 4 K and applying the indicated magnetic
field to study flux penetration. This is known as
the zero-field-cooled (ZFC) process. The last two
images were taken in the same magnetic field, but
the sample was first cooled in the indicated mag-



ZFC 320 Oe ZFC 400 Oe

Figure 4: Imaging of sample A annealed at 1400°C before
first cooling. Top row: no hydrides are visible in the polar-
ized light optical images at any temperature upon cooldown.
Bottom row: no hydrides are observed in magneto optical
imaging. Two left frames of the bottom row show magnetic
flux penetration when 320 Oe and 400 Oe were applied af-
ter zero-field cooling to 6 K, respectively. Two right frames
show remanent trapped magnetic flux after the sample was
first cooled to 4 K in the indicated magnetic field, then the
magnetic field was turned off and the image recorded.

netic field to 4 K, and then this field was removed
to reveal the trapped magnetic flux. This is known
as the field-cooled (FC) remanent state. These two
types of magneto-optical imaging are used to esti-
mate the magnetic flux gradient, hence the shield-
ing persistent current density, which allows us to
discuss the pinning strength in the material.

Finally, FigJf| compares flux penetration and flux
trapping before (top row) and after (bottom row)
annealing. The left column shows the penetration
of magnetic flux in a magnetic field of 400 Oe ap-
plied after cooling in a zero field to 8 K. The large
hydride precipitates are clearly visible in a sample
prior to annealing. It appears that these hydride
formations do not hinder flux penetrations, which
is natural considering their large size being irrel-
evant for the pinning of vortices. The flux front
reaches much further into the sample before an-
nealing at 1400°C, top left image of Figll The
flux penetrates to a much smaller depth after an-
nealing, which indicates a stronger pinning. This is
unexpected after annealing, which usually reduces
the pinning strength. The second column of Figlf|
shows trapped magnetic flux after the sample was
cooled in a 400 Oe magnetic field to 4 K and the
field was turned off. Again, the hydrides in the
sample before annealing do not seem to play any
role in determining the flux distribution. The im-
age after annealing shows a large amount of trapped
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Figure 5: Magneto-optical images of a sample before (top
row) and after (bottom row) the annealing at 1400°C. The
first column shows magnetic flux penetration after zero-field
cooling to 8 K whence a 400 Oe magnetic field was applied.
The second column shows the remanent trapped magnetic
flux after cooling to 4 K in a 400 Oe magnetic field and turn-
ing the field off.

flux, again consistent with elevated pinning.

Note that spatially resolved vortex pinning on hy-
drides was studied by Bitter decoration forty years
ago [42]. Interestingly, in that study the researchers
could not determine whether the hydrides were nor-
mal or superconducting. They found that vortices
enter the hydride precipitates in integers of a mag-
netic flux quantum. Of course, even in a nor-
mal cavity embedded in a superconductor bulk, the
magnetic flux is quantized. Bulk niobium hydrides
are not superconducting. However, small hydrogen-
rich precipitates could become superconducting by
the superconducting proximity effect with the nio-
bium matrix. This question deserves further micro-
scopic study, perhaps using STM and other scan-
ning magnetic probes.

In summary, polarized optics and magneto-
optical studies of single crystals before and after
annealing show that already 800°C treatment pre-
vents the formation of large visible niobium hy-
drides. However, this cannot be taken as evidence
that all hydrogen was removed by this treatment.
The magneto-optical images reveal that contrary
to expectations, vortex pinning not only did not
decrease but actually increased following the an-
nealing process. This means that large hydrides
do not interact magnetically with the surrounding
niobium matrix. Annealing surely removes a large
percentage of hydrogen, leading to the disappear-
ance of these large hydride formations. However,
some dilute uniformly distributed background hy-
drogen remains, and its density might even increase



sample A: 1400 C
(annealed first)

sample C: 2477 C
(partially melted)

47xM(1-N) (T)

Figure 6: Magnetization loops measured at a 1 K interval
between 2 and 9 K in samples A, B and C. In all frames,
vertical and horizontal scales are the same, which allows for a
visual comparison of the magnitude of magnetization before
and after annealing. Evidently, only partial melting forced
a substantial change.

after annealing, leading to the formation of efficient
pinning centers with sizes that match the coherence
length. To investigate this hypothesis, we turn to
magnetic measurements.

3.2. Magnetization

Magnetization loops recorded at temperatures
from 2K to 9K with a 1K interval are shown
in Figlfl To enable visual comparison, the loops
are plotted using the same vertical and horizontal
scales. The largest effect is observed in the par-
tially melted sample, where the irreversible part
of magnetization (the difference between the de-
scending and ascending branches) is drastically re-
duced, indicating a significant decrease in the pin-
ning strength. In contrast to this expected behav-
ior, in annealed samples, the pinning did not de-
crease and even increased slightly after annealing,
which defies common sense. Especially since pre-
vious studies of polycrystalline niobium showed a
significant reduction in pinning strength after an-
nealing [41] B9]. Naturally, it was interpreted to be
due to significant morphological changes during an-
nealing leading to a more perfect crystal structure,
unrelated to the pining of vortices on impurities,
which dominates our measurements.

A pronounced pinning-related feature of
Figl6[a,b,c) is the observation of thermomagnetic
instabilities [56] 16]. These sudden magnetic flux
jumps occur when the critical current density

sample A 1400 B4 cooling
2477 C after cooling

—

N

—_~
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-—

~ sample B as-grown

E (b) —— sample B 1400 C after cooling
R
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Figure 7: Comparison of M(H) loops at (a) 2K and (b)
5 K of the studied samples. The flux jump magnitude is the
largest in sample A which was annealed before being cooled
down. Inset in (a): detail of the higher field region showing
that the upper critical field is the largest in the annealed
sample A, followed by the annealed sample B and, finally, by
the as-grown sample B confirming a commensurate sequence
of non-magnetic scattering strength.

is large and heat dissipation from fast-moving
vortices has nowhere to dissipate, resulting in a
catastrophic thermomagnetic runaway. This may
even lead to a total collapse of the critical state, so
large that jumps in sample temperature could be
measured [16]. Unfortunately for superconducting
applications, niobium is prone to thermomagnetic
instabilities more than any other superconduc-
tor. This instability is observed for all sample
geometries and degree of crystallinity, including
polycrystalline bulk, thin and thick foils, and thin

films [56}, 16} 57].

We further look at the magnitude of thermomag-
netic instabilities in Fig[7] comparing magnetization
loops of all samples at 2K in panel (a) and at 5K
in panel (b). The absence of flux jumps at 5:K
confirms that their intrinsic nature is not related
to any issues with sample structure or morphol-
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Figure 8: Comparison of the temperature dependent mag-
netic susceptibility, x(7T), of the studied samples. For each
sample, both ZFC and FC traces are shown. Note that an-
nealing reduces the transition temperature. Only the par-
tially melted sample has recovered the original transition.

ogy. Clearly, sample A (bright green line) shows
the largest avalanches indicative of stronger pin-
ning. Sample B after annealing (red line) shows in-
termediate jump amplitudes compared to the small-
est jumps in sample B before annealing (black line).
The partially melted sample shows the smallest hys-
teresis and no thermomagnetic instabilities consis-
tent with a complete removal of hydrogen, hence
the sources of pinning.

Another feature of Figl[7] is the evolution of the
upper critical field, H.o. The inset in Figa)
zooms in on the higher field region, showing that
the upper critical field is the largest in annealed
sample A, followed by annealed sample B, and fi-
nally by as-grown sample B. Previous studies found
that H.o is insensitive to structural parameters such
as tension and plastic deformation in crystals [47].
In theory, H.o is linearly proportional to the non-
magnetic scattering rate [58] 59| and this observa-
tion means that this rate increase after annealing
points to the proliferation of nanosized defects that
can act as efficient scattering centers.

Another important parameter sensitive to the
scattering rate is the superconducting transition
temperature T.. The anisotropy of the supercon-
ducting state of niobium has recently attracted sig-
nificant attention, because of this anisotropy even
non-magnetic scattering is pair-breaking, which is
detrimental to the performance of QIS hardware
[32). Experimental studies confirm the theory [59].

Figure [8 shows magnetic susceptibility as a func-
tion of the temperature recorded in the studied

samples at 10 Oe. Each sample was first cooled to
2K in zero field and a 10 Oe magnetic field was
applied. Then, the magnetization was measured
on warming. After reaching temperatures above
T., the measurements continued on cooling in the
same magnetic field of 10 Oe. Due to almost per-
fect shielding of a weak 10 Oe magnetic field at 2 K
after ZFC, the magnetic susceptibility was set at -1
at that point, providing a natural calibration to the
whole ZFC-FC curve.

As can be easily seen in Fig[§ annealing re-
duces the transition temperature. Only the par-
tially melted sample has recovered the original tran-
sition. At the same time, the initial curve of sam-
ple B measured before annealing shows the highest
T. = 9.2 K. As we have already concluded, this
indicates that large hydrides are not effective pair-
breakers and do not lead to the reduction of T,
seen. Instead, the evidence from magneto-optical
and magnetization measurements for the enhanced
pinning resulting from the increase of H.p, which
led to an increase of the non-magnetic scattering
rate, together with a suppression of T, points to the
proliferation of nanosized scattering/pinning cen-
ters as a result of annealing. The only candidates
that we can think of are nano-hydrides. Of course,
we cannot exclude some additional influence of oxy-
gen ions that might have diffused into the bulk from
the surface. However, the minuscule total amount
of surface oxygen is not expected to have an impact
on the bulk properties of the large single crystals
studied here.

We also note that magnetic susceptibility values
after field cooling to low temperatures are compara-
ble for all samples, except for the partially melted
sample. This reversible component is determined
by the competition between Meissner expulsion and
flux pinning, and this indicates that substantial
changes could only be obtained after annealing at
a very high temperature.

3.8. Scanning tunneling microscopy (STM)

To examine the effect of annealing on the
intrinsic superconducting properties and their
(in)homogeneity at the atomic level, we conducted
a scanning tunneling microscopy (STM) study. Im-
portantly, the sample for the STM study was cut
from the same master boule as the rest of the sam-
ples in this study. In the case of STM, surface con-
dition plays a crucial role. To address this, STM
samples were treated in separate procedures de-
scribed in the experimental section. In addition
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Figure 9: (a) STM topography image of a Nb (100) single
crystal after annealing at 400°C. The topography has been
acquired with tunneling conditions: I = 30pA, V = 1.0V.
(b) Nb (100) topography after annealing at 1700°C clearly
showing a (3 X 1) oxygen reconstruction. Tunneling condi-
tions were: I = 30pA, V = 1.4V. (c) Typical tunneling
spectra acquired at 7' = 1.5 K on the two surfaces shown in
panels (a) and (b). Tunneling conditions were I = 60pA,
V =10mV, and a lock-in modulation V' = 0.2mV, and fre-
quency f = 373.1 Hz.

to hydrogen, niobium has a high affinity for oxy-
gen. Bulk oxygen impurities reduce the supercon-
ducting transition temperature of Nb at a rate of
1 K per atomic percent [60]. It is important to note
that this study involved annealing in an oxygen-rich
atmosphere, which is different from the present re-
search where oxygen is only available in the surface
oxide layers.

In the case of samples handled under normal lab-
oratory conditions, the surface of Nb exposed to
the atmosphere is always covered by a complex ox-
ide layer of a few nanometers thick [61, [62]. An
atom-probe study showed that oxygen diffuses to
a depth of up to 10 nanometers from the surface,
while hydrogen and niobium hydrides are present
much deeper, essentially over the entire depth of
their study of about 80 nm [6I]. Complete re-
moval of niobium hydrides appears possible by an-
nealing under ultra-high vacuum at temperatures
higher than 2000°C and more (melting point of Nb
is 2477°C) [47,[63]. However, it is unknown whether
surface oxygen can be completely removed without
melting the sample.

In an initial experiment, the Nb (100) crystal was
annealed at 400°C. Figure@(a) shows a topography
image of a scan area of 47 x 47 nm? showing a root
mean square roughness of 1.5 nm. At this stage,
the complex surface oxide is expected to be metal-
lic disordered NbO,,. In the next step, the same Nb
(100) crystal was annealed at 1700°C. Figure[9[b)
shows a 28 x 28 nm? topographic image of the re-
constructed (3 x 1) oxygen structure of the NbO
(100) layer on Nb (100) [63]. In Fig.[9(c), char-
acteristic tunneling spectra acquired on these two
surfaces at T = 1.5 K are shown. In the sample
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Figure 10: (a) Conductance map at the Fermi energy ac-
quired on the surface of a Nb (100) single crystal after an-
nealing at 400°C. (b) Tunneling spectra, dI/dV, as function
of the bias voltage, V', acquired on the regions with the lowest
conductance (blue) and on the regions with higher (but not
the highest) conductance (green) on the same area shown in
panel (a). (c) Tunneling spectra acquired at isolated regions
on the map showing in-gap bound states (peaks at zero bias).
Tunneling conditions for the conductance map and the spec-
tra were I = 60 pA, V = 10 mV, and a lock-in modulation,
V =0.2mV with a lock-in frequency of 373.1 Hz.

annealed at 400°C a significantly broadened tun-
neling spectrum is observed with a reduced gap of
1.35 meV (black curve). Although disordered oxy-
gen ions near the surface occupied by a few nanome-
ter thick NbO,, certainly play a significant role [64],
it is plausible that nanosized hydride precipitates
further smear the tunneling curves. In the case of
the sample annealed at 1700°C the conductance
below the gap drops to zero and the superconduct-
ing gap is 1.55 meV (blue curve). No spatial vari-
ations in tunneling spectra were observed in the
sample annealed at 1700°C, while the gap varied
significantly on the surface of the same sample an-
nealed at 400°C. It is quite possible that after this
relatively low temperature annealing, intermediate-
sized hydrides are formed, leading to a significant
spatial variation when observed in a relatively small
STM scan frame. However, oxygen redistribution
near the surface must also play a significant role. A
conductance map at the Fermi level acquired on
this sample is shown in Fig.[10|(a). Figureb)
shows the select conductance curves ranging from
lower conductance (cleaner gap), shown by the blue
curve, to areas of higher conductance, shown by
the green curve. The map in Fig.[10[a) also shows
nanometer-sized regions with much higher levels of
conductance at Fermi energy, shown by the orange
and red spectra in Fig.[10]c). These in-gap states,
exhibiting conductance levels exceeding that of nor-
mal metals, suggest the presence of localized mag-
netic impurities[65, [66, [67]. These impurities are
likely associated with vacancies in the disordered
NbO,, top layer or in regions where the pentoxide
has not been completely removed.



4. Discussion

We now discuss the results of the presented sys-
tematic study of the effect of annealing niobium
single crystals with a significant initial hydrogen
load. The high hydrogen content, a result of con-
tact with water during normal sample cutting, pol-
ishing, etc. of the single crystal ingot, and storage
under ambient conditions for many years, led to
the formation of large hydride precipitates, of the
order of 1-100 pm and more when the samples were
cooled. Although these hydrides significantly dis-
tort the crystal lattice, causing irreparable damage,
they do not affect the microscopic superconduct-
ing properties of the surrounding niobium, such as
pinning, critical temperature, and critical magnetic
field. Of course, these large hydride formations sig-
nificantly affect surface roughness, including some
precipitates that rise above the surface by 6-8 pym
[36], and surely degrade the performance of super-
conducting cavities [35, [36]. However, even mod-
erate annealing at 800°C, importantly - performed
before any cooling - prevents the formation of these
large hydride precipitates, which seems to solve the
problem. However, our findings point to the emer-
gence of other potentially serious problems as a re-
sult of annealing.

Without microscopic spatially resolved elemental
analysis, we can only suggest plausible scenarios.
Regardless of the microscopic mechanisms, we have
the following facts and conclusions.

(1) Annealing at moderate temperatures, at least
at 800°C, eliminates the formation of large precip-
itates of hydrides (tens and hundreds of microme-
ters). (2) Annealing at least up to 1400°C, leads
to a reduction of the superconducting transition
temperature, T,, from its value in the same sam-
ples prior to annealing. Annealing very close to the
melting point recovers the original T,. (3) Anneal-
ing at 400°C shows inhomogeneous superconduc-
tivity with regions of dirty superconducting gap sig-
nificantly contaminated by the in-gap states. In ad-
dition, there is direct evidence for zero-bias states in
the gap consistent with magnetic impurities. This
finding is consistent with the observation of a non-
monotonic evolution of the quality factor of the Nb
SRF resonators upon annealing [68]. Annealing at
1700°C recovers a clean superconducting gap. (4)
The upper critical field increases after annealing at
intermediate temperatures. The magnitude of the
effect is correlated with the magnitude of suppres-
sion of T,.. (5) Contrary to expectations of decrease,
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the pinning strength increases moderately after an-
nealing. (6) Only partial melting leads to a signif-
icant reduction in pinning, a much larger Meissner
effect, and the recovery of T..

A large portion of the hydrogen absorbed by Nb
from its environment can be removed by relatively
low-temperature annealing. However, we suggest
that some dilute hydrogen subsystem, bound or
not, remains, and upon cooling it leads to the for-
mation of nanosized niobium hydride precipitates.
Together, our results indicate that annealing leads
to the proliferation of defects that affect supercon-
ductivity, so they must be of the order of the coher-
ence length, 10-40 nm. Due to the gap anisotropy,
those nonmagnetic scattering centers suppress 7.
At the same time, the upper critical field and the
pinning strength increase.

Another potential scenario is that during anneal-
ing, oxygen from the surface oxide layers diffuses
into the bulk. However, it was determined that nio-
bium oxides are mainly distributed within the first
10 micrometers of the surface [48]. If the suppres-
sion of the T, we observed was due to such oxygen
ions, the transition curves would not parallel shift,
but would become smeared, which was not the case
here. The same can be said with respect to the up-
per critical field, which is determined by the entire
vortex length of 1-2 mm in our case, and the small
amount of oxygen from a surface layer would not
change its bulk values. Since it has been shown that
high temperature vacuum annealing at 2300°C for
several hours significantly reduces background oxy-
gen [47, 48], it can be minimized by a pre-annealing
step if needed. Finally, as estimated in the Intro-
duction, the total amount of oxygen in the oxide
layers is way too small to cause a noticeable varia-
tion of bulk properties.

We stress that apart from a pronounced effect
of the suppression of macroscopic hydrides, the
changes upon annealing discussed in this paper are
subtle. However, these issues are potentially im-
portant for delicate QIS applications and, perhaps
mitigating them holds the key to a substantial im-
provement of quantum hardware.

5. Conclusions

A systematic study of the effects of annealing on
the superconducting properties of niobium crystals
was carried out using optical, magnetic, and tunnel-
ing spectroscopy measurements. It is shown that



fairly accessible annealing at 800°C, indeed, sup-
presses the formation of very large hydrides, proba-
bly due to the removal of most of the absorbed hy-
drogen. However, such annealing does not eliminate
all hydrogen and introduces new problems associ-
ated with impurities that affect superconductivity.
It appears that high-vacuum annealing at temper-
atures, perhaps exceeding 1700°C, is needed to ob-
tain niobium for applications that require ultra-low
losses suitable for QIS applications. We note that
many studies of the 1960-1980s routinely used UHV
annealing above 2000°C for a few hours to obtain
high-quality samples free of not only mechanical de-
formation, but also impurities such as oxygen and
hydrogen [47, [48].
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