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Abstract

We report scanning tunneling microscopy measurements
on N-doped cavity hot and cold spot cutouts. Analysis of the
electron tunneling spectra using a proximity effect theory
shows that hot spots have a reduced superconducting gap
and a wider distribution of the contact resistance. Alone,
these degraded superconducting properties account for a
much weaker excess dissipation as compared with the vortex
contribution. Based on the correlation between the quasipar-
ticle density of states and temperature mapping, we suggest
that degraded superconducting properties may facilitate vor-
tex nucleation or settling of trapped flux during cooling the
cavity through the critical temperature.

INTRODUCTION

Doping SRF cavities with impurities has been an effective
method of producing Nb resonators with very high quality
factors at moderate accelerating fields [1-8]. Performance
of SRF cavities is inherently multifaceted. Towards gain-
ing a deeper understanding of the mechanisms by which
N-doping affects RF performance, accessing the quasiparti-
cle density of states (DOS) is of great interest [9]. The DOS
of surface of a superconductor can be examined in a straight-
forward manner by measuring the differential conductance
via electron tunneling, dI/dV. In tunneling experiments
that utilize a normal metal counter electrode the differential
conductance reflects the DOS of the sample by Eq. (1) [10]

N(€)d€, (1)

B foo af (6 + eV
where f is the Fermi-Dirac distribution function, ¢ is the
quasiparticle energy, V is the electric potential and N is the
DOS of the sample. In the low temperature limit the differ-
ential conductance probes directly the density of states in the
material of interest. Point contact spectroscopy and low tem-
perature scanning tunneling microscopy and spectroscopy
(STM/STS) have been used recently to investigate Nb cavity
cutouts [11, 12]. These studies have revealed changes in
N (¢) in the first few nm at the surface of Nb cavities after
N-doping [11, 12]. It was shown that N-doping shrinks the
metallic suboxide layer and reduces lateral inhomogeneities
of the superconducting gap A and the contact resistance Rg
between the suboxide and the Nb matrix, making Rp closer
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to an optimum value which minimizes R, [12, 13]. At the
same time, N-doping slightly reduces A at the surface [11,
12]. Here we identify hot and cold spots via temperature
mapping of an SRF cavity and study their DOS via scanning
tunneling microscopy.

EXPERIMENTAL

The cavity measured in this work was fabricated from
ingot Nb from Tokyo Denkai, Japan, with residual resis-
tivity ratio (RRR) of ~ 300 and large grains with size of
a few cm?. The cavity shape is that of the center cell of
TESLA/EXFEL cavities [14]. Prior to N-doping, the cav-
ity underwent standard buffered chemical polishing (BCP)
and high pressure rinsing (HPR) with ultra-pure water. The
cavity was N-doped by heating to 800 °C and exposing the
cavity to a 25 mTorr nitrogen atmosphere for 30 minutes.
After, the nitrogen was pumped-out and the cavity remained
at 800 °C for 30 minutes, after which the furnace cooled nat-
urally back to room temperature. Ultimately, ~ 10 pm were
removed from the cavity’s inner surface by electropolishing,
followed by HPR, assembly in a clean room and evacuation
on a vertical test stand. The temperature mapping system
was attached to the outer cavity surface prior to insertion
into a vertical test cryostat at Jefferson Lab [15].

The cavity performance, shown in Fig. 1, was limited
in both tests by a quench at B, ~ 88 mT, without any field
emission. The first test was performed after cooling with
liquid He with a cool-down rate of ~1.5 K/min when the
temperature at the bottom of the cavity crossed the critical
temperature. The second test was performed after warming
up the cavity to 80 K followed by a cool-down at a faster
rate of ~5 K/min. The higher Q in Test 2 compared to
that of Test 1 is due to a lower residual resistance, decreas-
ing from 3.4 nQ to 2.4 nQ. This reduction of R, resulting
from a faster cooling rate is related to better expulsion of
the residual ambient magnetic field inside the cryostat [16],
B,, which was ~0.2 pT during the experiments. Taking the
difference of 1/Q(B,) curves for these two tests we extract
the additional surface resistance AR caused by the slower
cooling rate. As shown in the inset in Fig. 1, AR, is prac-
tically independent of B, thus extra vortices trapped at a
lower cooling rate do not produce additional nonlinearity
in Ry (B,) in this field range. O (T},) was also measured be-
tween 1.6 —2.1 K and 1 — 15 mT after the second cool-down.
The temperature maps measured just below the quench field
are shown in Fig. 2. The quench location was the same in
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both tests, at sensor No. 10 at the azimuthal angle of 230°
which is ~2 cm away from the equatorial weld, in the high
magnetic field region of the cavity. The samples that were
cut for this study are highlighted in white and labelled C,D
and G on the temperature maps.
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Figure 1: Q(B,,) measured at 1.6 K after ~1.5 K/min (Test
1) and ~5 K/min (Test 2) cool-down rates across 7,.. The
inset shows the R-difference between Test 1 and Test 2 as a
function of B,,.
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Figure 2: Unfolded temperature maps measured at 1.6 K and
Bp ~ 84 mT during Test 1 (a) and Test 2 (b) before quench.
Sensor No. 8 is at the equator, No. 1 is at the bottom iris and
No. 16 at the top beam tube, close to the iris. The location of
the cut-out samples, labelled A-H are highlighted in white.
Faulty sensor locations are shown in black.

Cold and hot spot samples examined in this work were cut
out from the same N-doped 1.3 GHz Nb superconducting
cavity. A Unisoku ultra-high vacuum STM system equipped
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with a 9 T superconducting magnet and with a base pres-
sure of 4x10~!! Torr was used to perform low temperature
scanning tunneling microscopy/spectroscopy (STM/STS)
measurements between 1.0 K to 1.5 K. Pt-Ir tips prepared
on Au were used in all measurements. The samples used for
STM measurements are cold (Sample D) and hot (Sample
C and G) spot cutouts from the same N-doped Nb cavity.
Since the surface of Nb is dominated by a layer of a dielec-
tric oxide Nb,Os5, which is too thick to tunnel through, it is
necessary to remove the dielectric layer by Ar ion sputtering.
These samples were sputter-cleaned in a UHV sample prepa-
ration chamber attached to the STM chamber with a base
pressure of low 107! Torr. Ar ion sputtering was performed
using 99.999% pure Ar at a pressure of 10~ Torr and ac-
celerating voltage of 1 kV for 1 hour with a 4.75 pA beam
current and 10 mm x 10 mm beam size. The removal rate
was 0.27 nm/min as estimated by atomic force microscopy
on a calibration sample. The Ar sputtering process removes
the surface pentoxide and yields a thin metallic oxide sur-
face. This surface can be studied by STM that allows to
study the local superconducting properties of the material.
All (dI/dV) measurements were made with the same tunnel-
ing parameters. The junction was stabilized at V = 10 mV,
I = 60 pA and a standard lock-in technique was used with
Vinoa =200V at 373.1 Hz. Tunneling conductance spectra
were acquired with a spacing of 32.6 nm.

Representative tunneling spectra for sample C (cold spot)
and sample D (hot spot) are shown in Fig. 3(a) and (b) re-
spectively. The proximity effect theory, plotted in red in
Fig. 3(a) and (b) accounts well for the shape of the conduc-
tance spectra which cannot be adequately fit using the Dynes
model.

Calculation of the density of states at the surface of a
normal layer proximity-coupled to a semi-infinite supercon-
ductor follows the work of Gurevich and Kubo [13] where
the 6 —parameterization of the Usadel equations is used

coshfy —ipé

V1 - B2&2 - 2iBé cosh 0

2

NN :anR

Here € = ¢ +iI" and I is the phenomenological Dynes scat-
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Ss
fect of the normal layer and 8, defined by g = 4—22R sN,, Ad,
quantifies the interface transparency. The normal layer thick-
ness is represented by d, N,, is the density of states in the
normal layer, N, is the density of states in the superconduc-
tor, and & is the coherence length in the superconductor. 6
is solved for via the self-consistency equation,
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Figure 3: (a)-(b) Representative spectra for cold spot sample D and hot spot sample C from a N-doped Nb cavity. The
red curves are the fit obtained using the proximity effect theory [13] and described in the text. The fitting parameters in
(a) are: Ag =1.56 meV, I' =0 meV, a = 0.08, g = 0.39, T =1.17 K. The fitting parameters in (b) are: Ay = 1.51 meV,
I' =0.03 meV, a =0.14, B = 0.04, T = 1.45 K. The results of the fitting procedure for all tunneling spectra acquired on
cold and hot spot samples between 1.0 K and 1.5 K are summarized in the histogram comparison for the fit parameters
Ao =, T /Ay, a, and g reported in (c)-(f). In panel (c) the low A values are shown magnified by a factor 10 to better
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visualize the difference between cold and hot spot results.

a(B-1) o (1+ BA)(B + ‘h + B2) a-distribution, shown in Fig. 3(e) reveals that hot spots are
B 52 + 52 - more likely to have larger normal layers which tend to be
(1+p°)> \/(1 +A2)(1+ B2)—A+pB  detrimental and enhance the surface resistance [1, 13]. The

&)
Here A = hQ /A, Q is the Debye frequency and sinh 6, =

A/VE2 — A2 Inthe limitof I « A, A = Ay -T.

Analysis of these spectra shows that the average A is
lower by 1% — 2% in the hot spot samples compared to the
cold spot one. Furthermore, histograms of the extracted fit
parameters clearly show that hot spots have wider distribu-
tions of @, B, I', A than the cold spot. For instance, there is
alow Ay tail in the gap distribution in sample G, as shown
in Fig. 3(c), where the low A values have been magnified to
show the difference between cold and hot spots. The number
of tunneling spectra acquired for sample D was 576, that
for sample C was 720 and that of sample G was 1108. The
Dynes broadening parameter I" is found to be higher, on
average, in the hot spot samples as supported by the wider
distribution for samples C and G, presented in Fig. 3(d). The
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parameter S (Fig. 3(f)) in sample G exhibits a significant
spread away from an optimum value of 0.3-0.4 at which a
minimum in the surface resistance is predicted to occur [13].

CALCULATIONS OF LOW-FIELD R

With the parameters a, g, I' and A obtained from fit-
ting the STM data R (T) is calculated [13]. Additional
parameters in the model are the electrons’ mean free path,
the resistivity of the normal layer, p,,, and the Debye en-
ergy, A = 23.6 meV, the latter taken as a material constant.
[ = 6.2 nm was obtained from a least-squares fit of R (T}))
at 4.8 mT with R (T) = Rpcs(T) + R;, where Rgcg(T)
is the low-field Mattis-Bardeen surface resistance calcu-
lated numerically with Halbritter’s code [17]. 1¢ = 32 nm,
£o = 39 nmand 7, = 9.25 K were considered material
constants for clean Nb and the mean value A, = 1.536 meV
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from cold-spot sample D was used in the numerical calcu-
lation. The overheating of the RF surface at 4.8 mT is very
weak, such that 7y = T;y. Calculation of R, proceeds accord-
ing to the limit of a thin normal layer proximity-coupled to
a semi-infinite superconductor [13].

Ry = 6R + Ry, (6)
where SR quantities the surface resistance contribution from
the normal layer via

SR = d r w(e(hw/kBT) _ 1)#02/12(7"
) f_oo (1 + e=c/ksT) ) (ple+he) [kpT )
x [ay(€)ny(e + hw) + my(e)my(e + hw)]de  (7)
Acoshfy—ipe
ny(e) = % o1 (8)
VA2 = B2E2 — 2iBéA cosh 0 |
A sinh 6
my(e) = R k ©)
VA2 — B222 —2iBéA cosh 6, |

and R, quantities the surface resistance contribution from
the superconductor via

-~ (he [kgT) _ 2,2
R :f xf w(e B )pp=A<ode
s 0 —o0 (1 + e(—e/kBT))(e(€+h¢u)/kBT+ l)

x [ny(€)npy(e + hw) + my(e)my(e + hw)] e>/* (10)
~ 2, 4 2
n(€’x):m[e(l+6t +t)+4t(1+t)A] (an
(1 _ t2)21’§2 _ A2
2, 4 ~ 2
m(e.x) = on| (LHOC DA +der(l + 1 )] a2
(1 _ t2)2‘[52 _ A2
0 _000 —
t(x) = tanh (OT) e kXS, (13)

Here k, = (1-¢&2/A?)1/4, w is the cavity angular frequency
and A is the penetration depth in the superconductor.

The RF penetration depth and bulk coherence length used
in the calculation of R (7T') with the proximity-coupled nor-
mal layer model were 4 = ¢ (1 + 0.88&/1) /2 = 81.8nm
and &, = 0.74, (1 +0.88£,/1)""/* = 11.3 nm, respec-
tively. p, was used as a single fit parameter in the least-
squares fit of the average cavity R (7;) measured 4.8 mT
with R (T) from the model. The average values @ = 0.0723,
B =037, T = 0.0051 meV and A, = 1.536 meV ob-
tained from STM data on cold spot sample D were used in
the numerical calculation of R (T'). The value of p,, from
the fit was 0.5 pQ cm and the calculated R (T) is plotted in
Fig. 4(a), showing a good agreement with the experimental
data down to ~ 1.8 K. The deviation at lower temperature
is indicative of an additional contribution to the residual
resistance, other than that from the normal layer, such as that
due to trapped vortices. The thickness of the normal layer,
assuming N,, = N, isd = @&, = 0.8 nm.
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Figure 4: (a) Average cavity surface resistance as a function
of LHe bath temperature, measured at 4.8 mT during Test 1
and R, (T') calculated with the model of Ref. [13] with the
average parameters from cold spot D,/ = 6.2 nm and p,, =
0.5u02 cm. The size of the error bars are about the same
size of the symbols. (b) Histograms of R (1.6 K) calculated
with the model of Ref. [13] for each set of parameters a, 3,
I', A from the STM data for samples C, D and G. The solid
black line is R (1.6 K) measured during Test 2, the solid
red line is Rgc(1.6 K) and the gray shaded areas represent
+lo.

CONCLUSION

Regions with different RF loss characteristics were located
with thermometry mapping during the RF test of a N-doped
Nb cavity. The cavity performance was limited by a quench
at 86 mT and the quench location was the same after both
slow and fast cooldown. A grain boundary was found at the
quench location.

Cutouts from hot spot regions were characterized
STM/STS measurements. The STM results can be described
by a model which includes a thin proximity-coupled normal
layer on top of the superconductor, resulting in small a degra-
dation of both superconducting gap and degraded interface
resistance in hot spot regions, compared to cold spot ones.
The model parameters obtained from the STM measure-
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ments were used to calculate a distribution of R -values at
1.6 K. The thickness of the normal layer was estimated to be
of the order of 1 nm, contributing by ~ 1.3 nQ to the average
residual resistance extracted from RF measurements.

Our analysis of the experimental data suggests that weakly
degraded superconducting properties at the surface of hot
spot regions are not the main source of RF losses, rather they
are regions where vortices settle during cooldown. Vortex
nucleation may also be preferential in theses locations but
nucleation could also be facilitated by grain boundaries [18],
such as found on samples A and G. While stronger thermal
gradients will enhance flux expulsion as shown in Fig. 2,
poorly superconducting regions remain vulnerable to prefer-
entially trapping vortices.
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