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The performance of superconducting radio-frequency (SRF) cavities is sometimes limited by local
defects. To investigate the rf properties of these local defects, especially those that nucleate rf magnetic
vortices, a near-field magnetic microwave microscope is employed. Local third-harmonic response (Psr)
and its temperature dependence and rf power dependence are measured for one Nb/Cu film grown by
direct current magnetron sputtering (DCMS) and six Nb/Cu films grown by high-power impulse mag-
netron sputtering (HiPIMS) with systematic variation of deposition conditions. Five out of the six HIPIMS
Nb/Cu films show a strong third-harmonic response that is likely coming from rf vortex nucleation due to
a low-T surface defect with a transition temperature between 6.3 and 6.8 K, suggesting that this defect is
a generic feature of air-exposed HiPIMS Nb/Cu films. A phenomenological model of surface-defect grain
boundaries hosting a low-7, impurity phase is introduced and studied with time-dependent Ginzburg-
Landau (TDGL) simulations of probe-sample interaction to better understand the measured third-harmonic
response. The simulation results show that the third-harmonic response of rf vortex nucleation caused by
surface defects exhibits the same general features as the data, including peaks in third-harmonic response
with temperature, and their shift and broadening with higher microwave amplitude. We find that the param-
eters of the phenomenological model (the density of surface defects that nucleate rf vortices and the depth
an rf vortex travels through these surface defects) vary systematically with film deposition conditions.
From the point of view of these two properties, the Nb/Cu film that is most effective at reducing the

nucleation of rf vortices associated with surface defects can be identified.
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I. INTRODUCTION

In high-energy physics, there is continued interest in
building next-generation particle accelerators (for exam-
ple, the International Linear Collider, ILC) using bulk Nb
superconducting radio-frequency (SRF) cavities [1,2]. For
the ILC, around 10 000 SRF cavities will be built.

The quality of an SRF cavity is typically quantified by
its quality factor (Q factor) as a function of the accelerating
gradient for the particle beam. Real-world materials are not
perfect. The Q factors of SRF cavities are usually below
their theoretical predictions. In particular, as the accelerat-
ing gradient, and hence the rf magnetic field on the Nb sur-
faces, becomes strong, the Q factor drops significantly (this
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is called the Q slope) [3—6]. Such a O-slope phenomenon
limits the rf field supported by the SRF cavities, which
then limits the performance of the particle accelerator.
Besides the O-slope phenomenon, quenches are also fre-
quently observed in many SRF cavities [7-9]. One reason
for a quench is that a superconductor is locally heated
up to exceed its critical temperature and loses supercon-
ductivity. Both the Q slope and defect-nucleated quenches
indicate that the performance of SRF cavities is limited
by breakdown events below the theoretically predicted
intrinsic critical field of the superconductor [1,4,5]. These
breakdowns are sometimes caused by uncontrolled local
defects [10—12]. Candidates of defects in SRF cavities
include oxides [13—17], impurities [18,19], grain bound-
aries [20-26], dislocations [25,27,28], surface roughness
[29,30], etc. To make high Q-factor SRF cavities that
operate to high accelerating gradients, it is necessary to
understand these defects, in particular, their influence on
the rf properties of SRF cavities. Therefore, there is a
need to understand in detail the rf properties of these local
defects.

Published by the American Physical Society
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In SRF material science, various kinds of techniques
have been developed to characterize SRF cavities and SRF
materials. For example, researchers routinely measure the
O factor [31] and residual resistance [32] of SRF cavi-
ties. However, it is costly and time consuming to fabricate
and measure an entire cavity. As a result, many measure-
ments are performed on coupon samples of SRF materials,
including measurements of rf quench field [9,33,34] and
surface resistance [33-36].

Another quantity of interest is the vortex penetration
field because SRF cavities are expected to operate best in
the Meissner state (vortex-free) to avoid dissipation due
to vortex motion [9,20,30,37,38]. Superconductors show
strong nonlinearity in the presence of vortices and show
relatively weak nonlinearity in the vortex-free Meissner
state. The nonlinear electrodynamic response arises when
properties of the superconductor (such as the superfluid
density) become time-dependent during the rf cycle. One
manifestation of nonlinearity is that the superconductor
creates response currents to the stimulation at frequencies
other than the driving frequency. Utilizing the connection
between vortices and nonlinearity, the vortex penetration
field can be determined by measuring the third-harmonic
response of a superconductor subjected to a time-harmonic
magnetic field [39]. In particular, the vortex penetration
field of thin films and multilayer structures have been stud-
ied with such ac (kHz regime) third-harmonic response
magnetometry [38,40—46].

The techniques described above (Q factor, residual resis-
tance, rf quench field, surface resistance, vortex penetra-
tion field, etc.) help physicists to characterize the global
properties of SRF materials. However, none of them can
directly study the local rf properties of SRF materials.

Motivated by the need to study rf properties of local
defects, we successfully built and operated a near-field
magnetic microwave microscope using a scanned loop (the
original version) [47-51] as well as a magnetic writer
from a magnetic recording hard-disk drive (the microwave
microscope adopted in this work) [52—57] to measure
locally generated third-harmonic response. The spatial res-
olution of the local probe of the microwave microscope is
in the submicron scale, and the excitation frequency is in
the range of several GHz.

Our microwave microscope offers a complementary
view of the material properties that limit SRF cavity per-
formance. The quantities of interest in a finished SRF
accelerator cavity are the quality factor Q, the surface resis-
tance of the material making up the walls of the cavity, and
the changes in Q as the accelerating gradient of the cav-
ity is increased. It is desirable to maintain a high Q factor
up to the point where the superconductor reaches its criti-
cal surface magnetic field. Our microscope measures local
electrodynamic properties of small samples of materials
that make up SRF cavities. It utilizes nonlinear response
that results from strong and inhomogeneously imposed rf

magnetic fields as a surrogate for the high-gradient condi-
tions experienced by the materials inside an SRF cavity.
The microscope applies surface magnetic fields quite dif-
ferent from those in an SRF cavity, and imposes unique
electromagnetic stresses to the material under study. Note
that the Ohmic losses of superconducting materials in
the microwave range at temperatures substantially below
T, are well below the sensitivity limit of any existing
microwave microscope, hence these properties are not
studied.

Bulk Nb is the standard choice for fabricating SRF
cavities. The main reason is that Nb has the highest crit-
ical temperature (7, = 9.3 K) and the highest first criti-
cal field (B.; = 180 mT) of all the elemental metals at
ambient pressure. Besides bulk Nb, there are some can-
didate alternative materials for SRF applications [58],
including Nb film on Cu [18,30,35,37,59—63], Nb3Sn
on bulk Nb substrate [9,20,26,64—67], multilayer struc-
ture (superconductor-insulator-superconductor structures,
for instance) [6,29,38,40,68—70], etc. The potential bene-
fits of using materials other than bulk Nb would be a higher
T, and a potentially higher critical field B.. Here we focus
on Nb films on Cu.

The development of the deposition of Nb films onto
Cu cavities has a long history [71]. In particular, the
first Nb/Cu cavities were produced at CERN in the early
1980s [72]. Motivations for Nb thin-film technology for
SRF applications include reducing material cost (high-
purity Nb costs around 40 times more than Cu) and bet-
ter thermal stability. In particular, at frequencies around
300 to 400 MHz, Nb/Cu cavities allow operation at 4 K
instead of 2K, due to the superior thermal conductivity
of Cu. The performance of bulk Nb cavities is approach-
ing the intrinsic limit of the material. In contrast, Nb/Cu
cavities typically suffer from serious Q-slope problems
[73,74], which limits their use in high accelerating fields.
Solving the O-slope problem in Nb/Cu cavities is essen-
tial for making them competitive for use in high-field
accelerators.

In this work, we use our near-field magnetic microwave
microscope to study the local third-harmonic response
(on submicron scales, at several GHz) of SRF-quality
Nb/Cu films produced at CERN. Our objective is not
to provide a comprehensive characterization of all types
of surface defects present in these Nb/Cu films. Surface
defects that do not nucleate rf vortices fall outside the
scope of this study. Instead, our focus is on locally mea-
suring the third harmonic response to explore the surface
defects that do nucleate 1f vortices. Specifically, we aim
to extract the properties of rf vortices linked to surface
defects through experiments and simulations investigating
the third-harmonic response and its dependence on tem-
perature and rf field amplitude. Subsequently, we conduct
a qualitative comparison of these Nb/Cu films based on
our findings. This allows us to identify the Nb/Cu film that

054010-2



MICROSCOPIC EXAMINATION OF RF-CAVITY-QUALITY...

PHYS. REV. APPLIED 22, 054010 (2024)

is most effective at reducing the nucleation of rf vortices
associated with surface defects.

The outline of this paper is as follows: In Sec. II, we
describe the experimental setup. In Sec. 111, we show the
experimental results of these Nb/Cu films and focus on sur-
face defect signals. In Sec. IV, we perform time-dependent
Ginzburg-Landau (TDGL) simulations to better under-
stand the experimental results. Through these simulations,
we compare the Nb/Cu films and determine which film
is most effective at reducing the nucleation of rf vortices
associated with surface defects. In Sec. V, we summarize
the results on the Nb/Cu films.

II. EXPERIMENTAL SETUP

The setup of our near-field magnetic microwave micro-
scope (identical to that described in Ref. [57]) is described
in this section. A schematic of the setup is shown in Fig. 1.

The heart of our microwave microscope is the magnetic
writer head (provided by Seagate Technology) that is used
in conventional hard-disk drives. The central part of the
magnetic writer head is basically a solenoid that gener-
ates a localized rf magnetic field. The solenoid is in the
submicron scale, which sets the spatial resolution of our
microscope. In the setup, a Seagate magnetic writer head
is attached to a cryogenic XYZ positioner (submicron spa-
tial resolution) and used in a scanning probe microscope
fashion. The probe is in contact with the sample during
the third-harmonic measurement. However, the surfaces of
the probe and sample are not perfectly flat, resulting in a
finite probe-sample separation /, which influences the spa-
tial resolution of the microscope and the peak microwave
magnetic field experienced by the sample Bp. The height
h is estimated to be less than 1 micron, and the spatial res-
olution is estimated to be in the submicron scale, and B
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FIG. 1. Schematic of experiment setup. The microwave source
(MW source) sends a signal of Pyt sin’(wf) to the magnetic writer
(Probe), which then generates B,¢sin(wf) acting on the sample
surface locally. The sample response is collected by the same
magnetic writer, and the third Fourier component P3¢ sin? QBwt)
is studied. The dashed line box represents the cryostat.

is estimated to fall within the range of tens of mT for a
0-dBm input microwave power [57].

The microwave source signal Py¢ sin®(w?) is sent to the
probe (magnetic writer head) by its built-in and highly
engineered transmission line. The probe then produces a
local (submicron scale) rf magnetic field Bssin(w?) act-
ing on the sample surface. The superconducting sample
then generates a screening current on the surface in an
effort to maintain the Meissner state. This screening cur-
rent generates a response magnetic field that is coupled
back to the same probe, creating a propagating signal
whose third-harmonic component Ps¢ sin’(Bw?) is mea-
sured by a spectrum analyzer at room temperature. The
third-harmonic response Ps¢ is measured because it arises
from both the nonlinear Meissner effect [75,76], and when
a vortex penetrates the sample surface and forms a vor-
tex semiloop [77] (as discussed in Sec. I), either due to
an intrinsic mechanism or local defects (weak spot for a
vortex to penetrate).

Measurements of superconductor nonlinear response
show tremendous dynamic range, often more than 20 dB
[52,53,55-57]. The excellent instrumental nonlinear back-
ground of our measurements (approximately —155 dBm)
allows for very sensitive measurements of superconduc-
tor nonlinearity and its variation with temperature, driving
rf power, location, and probe-sample separation. Note that
measurements are recorded in dBm and later converted to
linear power for further study.

To improve the signal-to-noise ratio, microwave fil-
ters are installed as follows. Low-pass filters are installed
between the microwave source and the probe to block the
unwanted harmonic signals generated by the microwave
source. High-pass filters are installed between the probe
and the spectrum analyzer to block the fundamental input
frequency signal from reaching the spectrum analyzer and
producing unwanted nonlinear signals.

Measurements are performed with a variety of fixed-
input frequencies between 1.1 and 2.2 GHz, while varying
temperature and applied rf field amplitude. No external dc
magnetic field is applied. The measured residual dc field
near the sample at low temperatures is around 35 pT, as
measured by a cryogenic three-axis magnetometer.

The base temperature for a sample in the cryostat is
around 3.5 K. The sample and the thermometer are both
directly mounted on the cold plate of the cryogen-free
refrigerator to ensure good thermalization.

III. EXPERIMENTAL RESULTS

In this work, we study seven Nb films deposited on
one common Cu substrate, as shown in Fig. 2. One of the
samples is prepared by direct current magnetron sputtering
(DCMS) with zero bias, and the sample thickness is around
3.5 wm. The other six samples are prepared by high-power
impulse magnetron sputtering (HiPIMS), with bias from
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DCMS — No bias
3.50 £ 0.08 um

HiPIMS — No bias

1.5+0.1 um HiPIMS —125-V bias
HiPIMS —25-V bias 1.25£0.03 pm
1.20£0.05 um HiPIMS ~100-V bias

HiPIMS —50-V bias 1.17 £0.04 pm

1.24£0.04 pm HiPIMS —75-V bias

1.15 + 0.04 pm

FIG. 2. Photo of the seven Nb films on one common Cu
substrate. The samples are prepared at CERN.

0 to 125 V, and the sample thickness ranges from 1.15
to 1.5 wm. The preparation of the seven Nb/Cu films is
discussed in Appendix A.

Our previous research investigated the third-harmonic
response of both bulk Nb and Nb/Cu films [57]. How-
ever, maintaining a consistent probe-sample separation
proved challenging due to the nonflat surfaces of the sam-
ples, which provided motivation for the samples created
for the present work. In contrast, the Nb/Cu films exam-
ined in this study exhibit remarkable flatness, ensuring
consistent probe-sample separation. Furthermore, HiPIMS
Nb/Cu cavities fabricated at CERN show high repeatabil-
ity [78], and the HiPIMS Nb/Cu films examined in this
study adopt the same fabrication recipe. These two fea-
tures enable us to conduct more meaningful comparisons
between these samples.

In the following, the HiPIMS 25-V bias Nb/Cu sample
is discussed in detail, and the results of all the seven Nb/Cu
samples are summarized and compared in Table II and in
Table III.

Figure 3 shows the representative data for the third-
harmonic response power Psy as a function of temperature
at a fixed location on the HiPIMS 25-V bias Nb/Cu sam-
ple. A representative measurement protocol is as follows.
The sample is warmed up to 10 K (above T¢), and then
the microwave source is turned on with fixed-input fre-
quency (w/2m = 1.86 GHz) and input power (P = +2
dBm), and then P3¢ is measured as the sample is gradually

~115. /A R
\V g -122.0 ¥
T 1171/ "\ & 1223
o LT 6 80 85 90 95100
% —1 1 9 X temperature (K)
o] s
& o s W f
-123 : ‘ : : :
4 5 6 7 8 9 10
temperature (K)
FIG. 3. Representative data for Ps; as a function of temper-

ature for the HiPIMS 25-V bias Nb/Cu sample. The input fre-
quency is 1.86 GHz and the input power is 2 dBm. The blue
dots are the raw data, and the red curve is the P3; averaged over
0.05-K range bins. Inset: enlargement of the figure above 7 K.

cooled down to 3.5 K. In other words, the surface of the
sample experiences a fixed rf field Byssin(w?) in a submi-
cron scale area during the cooldown process from 10 to
3.5K.

The measured Ps¢(7) in Fig. 3 can be decomposed into
three segments: the region above 9.1 K, the region below
6.7 K, and the region in between. The magnetic writer
head (the probe of our microwave microscope) itself has
temperature-independent nonlinearity. The signal above
9.1 K comes from this probe background and is indeed
temperature independent. A transition around 9.1 K can be
seen in the inset of Fig. 3. This transition comes from the
intrinsic nonlinear response of the Nb film. The strongest
Ps¢ signal here shows up below 6.7 K. In the following,
such a P3r onset temperature is called the Ps¢ transition
temperature and is denoted as TE 3. Compared to the sig-
nal around 9.1 K, the onset around 6.7 K is dramatic. Such
a signal suggests that some mechanism shows up at and
below 6.7 K that produces strong nonlinearity. The mech-
anisms leading to strong P3¢ below 6.7 K are extrinsic and
are likely due to surface defects. Note that P3¢ below 6.7 K
is much stronger than the intrinsic Nb signal around 9.1 K,
suggesting that our local P3¢ measurement is sensitive to
surface defects.

Since the main objective of this work is investigating rf
properties of surface defects, the strong P3¢ below 6.7 K is
the main focus in the following.

To further study the nature of P3¢ below 6.7 K, P3¢(T)
for various input powers P+ (and hence various applied
rf field amplitudes B,f) are measured. For each measure-
ment, the sample is warmed up to 10 K and then cooled
down to 3.5 K while experiencing an applied rf field with
fixed-input frequency and input power. Since the measured
Ps¢ is the combination of probe background and sample
contribution, the probe background (probe background is
obtained by averaging the magnitude of P5¢(7) between 9.5
and 10K) is subtracted from the total signal to isolate the
sample signal. The process is repeated 6 times, each time
with a different input power. The results of the six Pz¢(T)
of different input powers (rf field amplitudes) are shown in
the linear format in Fig. 4.

In Fig. 4, all the six Ps¢(7) exhibit a two-peak fea-
ture, and their 723" are consistently around 6.7 K. For both
peaks, as the rf field amplitude increases (purple to red in
Fig. 4), the P3¢(7T) maximum increases; in addition, the
P3¢(T) maximum and the P;3¢(T) low-temperature onset
both show up at a lower temperature. These features of
P3¢(T) are listed in Table I. We will see that the four fea-
tures of P3¢(7) listed in Table I are the key features of all
the nonlinear data in the sense that they show up in all the
Nb/Cu films measurement results (see Figs. 4 and 6) and
also in numerical simulations of superconductor nonlinear
response (see Figs. 9, 13, and 14).

So far the measurements are taken at one single location
on the surface of the sample. How about the situation at
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FIG. 4. Measured linear power scale P3¢(T) from strong (red)
to weak (purple) input power for the HiPIMS 25-V bias Nb/Cu
sample. The input frequency is 1.86 GHz. Compared to the raw
data shown in Fig. 3, here the probe background is subtracted.
Note that input power (in dBm scale) is proportional to B%, and

hence B = 1.78B%"™",

other locations? In particular, does the defect signal (the
strong P3¢ below 6.7 K) show up at other locations as well?
To answer this question, we measure Ps¢(7) with P =
—2 dBm at four distinct locations on the sample surface
and obtain consistent results. The separation between any
two of these locations exceeds 10 pwm. In addition, a one-
dimensional (1D) scan is performed for a 40-pm range
with a step size of 0.2 wm. Temperature and input power
are chosen to be 7= 5.7 K and P = —5 dBm, and our
goal is to determine the homogeneity of the signal from
the lower-temperature peak of the blue curve in Fig. 4.
The 1D scan result is shown in Fig. 5. According to this
scanning result, the Ps¢ signal from the defect is quite con-
sistent and uniform at the wm scale (coefficient of variation
= 0.08). One possible explanation of such uniformity is
that the size of one single defect is at the nm-scale and the
defect spacing is smaller than the resolution of the micro-
scope (submicron scale), and hence the Ps¢ signal of our
submicron scale measurements comes from the contribu-
tions of multiple defects. As an example, the average grain
size is around 390 nm for the HiPIMS Nb/Cu films stud-
ied in Ref. [35] (p. 3 of Ref. [35]). Suppose the HiPIMS
Nb/Cu films studied in this work have a similar struc-
ture to those in Ref. [35], and suppose the surface defects

TABLEI. The four key features of P3¢(7) in our measurements
of Nb/Cu films.
Feature 1 P3¢(T) onsets below T, of Nb and shows a bell-

shaped structure.

Feature 2 P3¢(T) maximum increases for a stronger rf
field amplitude.

Feature 3 P3¢(T) maximum shows up at a lower tempera-
ture for a stronger rf field amplitude.

Feature 4 P3¢(T) low-temperature onset shows up at

a lower temperature for a stronger rf field
amplitude.

2 04
30/ F o3
-— lwo— 02
c [ 0.1
> 20 Q-WO.O' J
8 1345 1355 1365 1375 1385
10 L X (um)
0 5 m mom m n
0.0 0.1 0.2 0.3 0.4

=12
P, (107?mw)

FIG. 5. Statistics of one-dimensional scan for P3p(T =
5.7K,P = —5dBm, f = 1.86 GHz) for the HiPIMS 25-V bias
Nb/Cu sample. The coefficient of variation (the ratio of the stan-
dard deviation to the mean) is 0.08. Inset: spatial distribution of
this one-dimensional scan.

responsible for the P3¢ signal in Fig. 5 are grain boundaries.
In that case, a microwave microscope with a resolution
significantly better than 400 nm is required to resolve Ps¢
signals from two distinct grain boundaries.

So far only the HiPIMS 25-V bias Nb/Cu sample has
been discussed. Temperature dependence and input-power
dependence of Psy are studied for the other six Nb/Cu sam-
ples in the same manner as the HiPIMS 25-V bias Nb/Cu
sample. The HiPIMS 25-V bias Nb/Cu sample Ps¢(7T)
shows the two-peak feature, suggesting that the measured
Ps¢(T) is the superposition of two defect signals. On the
other hand, for some of the Nb/Cu samples (75-V bias,
100-V bias, 125-V bias), the Ps¢(T) defect signal shows a
single-peak structure, suggesting that the measured Ps¢(7)
captures only one defect signal. Figure 6 shows the repre-
sentative Ps¢(7) for the 75-V bias sample [Fig. 6(a)] and
the 125-V bias sample [Fig. 6(b)]. For both Figs. 6(a) and
6(b), P3¢(T) displays Features 1, 2, and 3 (Table I), sug-
gesting that these features are quite universal. Although
we have no access to the temperature regime below 3.5 K,
Feature 4 (Table I) is likely to be present based on Ps¢(T)
above 3.5 K.

The results of the defect signal and the Nb signal of all
seven Nb/Cu samples are summarized in Table II. For the
six HiPIMS Nb/Cu samples, it is quite universal that P3¢
measurements reveal the intrinsic Nb signal around 9 K
and the extrinsic defect signal at low temperatures. Specif-
ically, the defect signal with 7o between 6.3 and 6.8 K is
observed for five out of the six HiPIMS Nb/Cu samples,
suggesting that such a defect is a generic feature for these
HiPIMS Nb/Cu samples. Moreover, the defect signals are
always much stronger than the intrinsic Nb signal around
9 K, like the situation shown in Fig. 3. Scanning measure-
ments are performed for three HiPIMS samples (25-V bias
sample, 50-V bias sample, and 125-V bias sample), and
the results show that the defect signals are quite uniform
at the pm scale for all three samples. Data for the HiP-
IMS 50-V bias sample, the HIPIMS 100-V bias sample and
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FIG. 6. Measured P3¢(T) for two input powers for the HIPIMS
75-V bias Nb/Cu sample with an input frequency of 1.98 GHz
(a) and for the HiPIMS 125-V bias Nb/Cu sample with an input
frequency of 1.66 GHz (b).

the DCMS sample are shown in Appendix B. Data for the
HiPIMS 0-V bias sample is qualitatively different from all
the other six samples and is discussed in Appendix C. It is
worth noting that the third-harmonic response of a Nb/Cu
film in our previous research [57] also revealed surface
defects, with 70> around 6.76 K (see Table I of Ref. [57]).
See Appendix D for further discussion comparing our
previous research [57] and this study.

In all the measurements discussed so far, Pzs(T) is
measured as a function of decreasing temperature starting

TABLE II. Summary of the defect signal (red) and the Nb sig-
nal (blue) of the seven Nb/Cu samples. See Appendix C for the
discussion of the HiPIMS 0-V bias sample.

Sample Fixed-point measurement  Scanning
HiPIMS, 125-V bias 753 = 6.8 K defect is everywhere
HiPIMS, 100-V bias Nb signal around 8.8 K N/A
o3 = 6.5 K defect N/A
HiPIMS, 75-V bias  T.*' = 6.3 K defect N/A
HiPIMS, 50-V bias Nb signal around 8.9 K

T¢" = 6.4 K defect is everywhere

7o' = 6.8 K defect is everywhere
Nb signal around 9.1 K

two of 703" = 6.7 K defects are everywhere

HiPIMS, 25-V bias

HiPIMS, no bias Nb signal around 9 K N/A
defect signal N/A
DCMS, no bias T = 6.5 K defect N/A

above T, (from 10 to 3.5 K). One may wonder whether
this procedure produces trapped vortices when a Nb film
cools down through its 7. To address this issue, we con-
sider the effects of the two magnetic fields involved: the
residual dc field and the applied rf field. The average flux
quanta separation (,/®/B) corresponding to the residual
dc field near the sample (around 35 . T) is around 7.7 pm,
which is much larger than the spatial resolution of the
microscope (submicron scale). Therefore, with high prob-
ability, there is no dc flux beneath the microscope probe,
even if the 35 T residual dc field is completely trapped.
Regarding the rf field, the rf vortices are transient, appear-
ing and disappearing twice per 1f cycle. Compared to the
dynamics of an rf vortex (on the order of nanoseconds),
the temperature change during a typical cool down is in
the extreme adiabatic limit. To the best of our knowledge,
there is no unambiguous evidence suggesting that an rf
vortex can be converted to a dc vortex and trapped as a Nb
film cools down through 7. One way to verify whether
rf vortices are trapped in our setup is to compare Pz¢(7)
taken in a warm-up process to Ps3¢(7) taken in a cool-
down process for a sample showing a defect signal (such
a study is presented in Appendix E). As shown in Fig. 18,
P3¢(T) does not exhibit a clear hysteresis, which justifies
our interpretation about the absence of trapped dc vortices
as the Nb film cools down through 7. in the presence of an
rf field.

IV. DISCUSSION

The objective of this section is to better understand the
third-harmonic response associated with rf vortices nucle-
ating at surface defects through numerical simulations,
and then using these insights to analyze the experimental
results further. In the following, we first introduce our sim-
ulation framework (Sec. IV A). As a warm up, we consider
the case of a defect-free bulk Nb (7, = 9.3 K) (Sec. IV B)
for developing central concepts relevant to rf vortex nucle-
ation and nonlinear response. Next, we propose a phe-
nomenological surface defect toy model (Sec. IV C) whose
P3¢ shares common features with the experimental results
(the four key features in Table I). Specifically, the temper-
ature dependence and the rf field amplitude dependence
of P3; can be qualitatively explained by the two param-
eters (“how deep an rf vortex semiloop penetrates into a
sample through a surface defect” and “the number of sur-
face defects that nucleate rf vortices in each half of the rf
cycle”) of the toy model (Secs. IVD and IV E). Finally,
we conduct a qualitative comparison of these Nb/Cu films
based on these two parameters (Sec. [V F).

A. Introduction to numerical simulations

In our measurements, the applied field is a localized
rf magnetic field instead of a uniform dc magnetic field.
In addition, the configuration of the rf magnetic field
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produced by the probe is nonuniform but is similar to
the field produced by a point dipole. In other words, the
situation is different from the case of “a constant dc mag-
netic field parallel to the sample surface.” The probe also
produces a more aggressive magnetic field than the one
present in an SRF cavity. Instead of being nominally par-
allel to the surface, the rf magnetic field has a substantial
normal component to the surface. As a result, it is required
to study the third-harmonic response more carefully.

The time-dependent Ginzburg-Landau (TDGL) model is
widely used for studying vortex behavior in superconduc-
tors [20,29,79—84]. In particular, vortices (see Sec. IV B)
and the proximity effect (see Sec. IV C) are incorporated
naturally in TDGL simulations and hence TDGL is a good
tool for SRF material science. To better understand our
data, numerical simulations of the TDGL equations are
performed. The full TDGL equations must be solved in
this case because the superconductor is subjected to a time-
dependent and inhomogeneous rf magnetic field. We do
not assume or impose any spatial symmetries in the model,
and solve Maxwell’s equations for the dipole in free space
above the superconductor, as well as inside the supercon-
ductor [79]. The TDGL equations solved are the same as
those discussed in Ref. [79]. The equations, boundary con-
ditions and material parameters of the TDGL simulations
can be found in Appendix F and in Table V.

In the simulations, the smooth and flat superconduct-
ing sample occupies the z < 0 region, and the magnetic
writer probe is approximated to be a pointlike magnetic
dipole with a sinusoidal time-dependent magnetic moment
(Mgp sin(wt), 0,0) (namely an rf magnetic dipole pointing
in the x direction) whose frequency is w/2mw = 1.7 GHz.
The rf dipole is located at (0,0, hgp) With kg, = 400 nm.
That is, the rf magnetic dipole is above the superconduct-
ing sample and parallel to the surface of the sample. Since
the magnetic field produced by the rf dipole is nonuni-
form, the peak rf magnetic field amplitude experienced
by the superconductor is specified and is denoted as Bpy.
Here (x,y,z) = (0,0,0) is the location in the sample that
experiences the strongest field, and hence By is the rf
field amplitude at (x,y,z) = (0,0,0). Because the rf field
is localized, nontrivial dynamics of the sample (vortex
nucleation, for example) would show up only in the region
that is underneath the rf magnetic dipole (namely near
(x,v,z) = (0,0,0)), while the region that is far away from
the rf magnetic dipole would be in the vortex-free Meissner
state.

In the simulations, TDGL is used to calculate the time
evolution of the order parameter and the vector potential
as the superconducting sample is stimulated by the time-
dependent rf field produced by the horizontal point dipole
above it. (There is no dc magnetic field in the simula-
tions.) With the order parameter and the vector potential,
the screening current and hence the magnetic field associ-
ated with that screening current (response of the sample)

can be calculated. The response magnetic field is calcu-
lated at the location of the point dipole and it is assumed
that this time-varying magnetic field induces a voltage
wave that propagates up to the spectrum analyzer at room
temperature. The quantity /P3¢ is proportional to the
third-harmonic Fourier component of the magnetic field
(generated by the screening current) at the dipole location.

Most TDGL treatments assume a two-dimensional sam-
ple and fields that are uniform in the third dimension.
This oversimplifies the problem. It creates “artificial fea-
tures that extend uniformly” in the third dimension and
thus creates infinitely long vortices in the superconductor.
Our approach (multidomain three-dimensional simulation)
does not make such unrealistic assumptions. In addition,
our experiment and model examine the properties of finite-
sized magnetic vortex semiloops, which are thought to be
the generic types of rf vortex excitations created at the
surface of SRF cavities [77].

B. Calculated bulk Nb nonlinear response

Unlike a dc vortex whose behavior shows no time
dependence, an rf vortex shows nontrivial dynamics, and
should be examined in a time-domain manner. Here we
demonstrate the time-domain analysis (focusing on the
dynamics of rf vortices) for a specific rf field ampli-
tude (Bpx = 61.6 mT) and a specific temperature (8.23 K).
(Material parameters of Nb are used in the defect-free bulk
Nb simulations. See Appendix F and Table V.)

The dynamics of rf vortex semiloops for bulk Nb dur-
ing the first half of an rf cycle (frequency = 1.7 GHz,
period = 5.88 x 107!" s) is shown in Fig. 7, for a fixed
rf field amplitude (Bpx = 61.6 mT) and a fixed tempera-
ture (8.23 K). Figures 7(a)-7(g) show the space and time
dependence of the square of the normalized order param-
eter (|%//¥oo|?) (here 1 means full superconductivity and
0 means no superconductivity); the black region is where
|V /¥sol® < 0.03. Since the order parameter is suppressed
significantly at the center of a vortex core, a vortex can
be visualized by tracking the black region. Here v =
Yoo (T) is the value of the order parameter deep inside bulk
Nb at temperature 7.

In the early stage of the rf cycle, there is no rf vortex
[Figs. 7(a) and 7(b)], and then an rf vortex semiloop that
is parallel to the direction of the rf dipole (which points in
the x direction) shows up [Figs. 7(c)}-7(e) and 7(g)]. The rf
vortex semiloop disappears later in the rf cycle [Fig. 7(f)].
Video 1 shows the nucleation, movement, and exit of the rf
vortex semi-loop in bulk Nb in one rf cycle. The parameter
setting can be found in the Supplemental Material [85].

Besides examining the spatial distribution of the order
parameter, another signature of vortices is the phase of
the order parameter. Because Ginzburg-Landau theory is
based on the existence of a single-valued complex super-
conducting order parameter (v = ||e?), the phase 6 must
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FIG. 7. Time-domain analysis for the dynamics of rf vortex
semiloops in bulk Nb. A time-dependent magnetic moment (rf
dipole) is 400 nm above the superconductor surface, pointing
in the x direction, and producing By = 61.6 mT at 7 = 8.23
K. (a)Af) show the square of the normalized order parameter
(I¥/¥oo|?) on the X -Z plane cross section at different times dur-
ing the first half of the rf period. The black region is where
[¥/Wsol? < 0.03. (g) shows |/ |?> on the Y-Z plane cross
section at the same moment as (d). (h) rf field at (x,y,z) =
(0,0,0) versus time during the first half of the rf period. (i)
Phase change for a closed contour (on the Y-Z plane) that is large
enough to enclose the entire nontrivial region. Red crosses in (h)
and (i) correspond to snapshots (a)~g).

change by integral multiples of 27 in making a closed
contour (see Eq. (4.45) in Ref. [86]), namely

%ds-V@:ZnN, (1)

VIDEO 1. An animation showing the nucleation, movement,
and exit of the rf vortex semiloop in bulk Nb in one rf cycle.

where N is a positive or negative integer, or zero. The inte-
gral 1/27 § ds - VO is quantized, and corresponds to the
number of vortices enclosed by the closed contour.

Figure 7(i) shows the value of the integral 1/27 § ds -
V6 (namely A6/2m) as a function of time. The contour
is on the Y-Z plane and is large enough to enclose the
entire nontrivial region. Note that Figs. 7(h) and 7(i) share
a common horizontal axis. Based on Fig. 7(i), there are no
vortices at the moments of (a), (b), and (f), and there is one
vortex at the moments of (c), (d), and (e), which agrees
with the order parameter analysis [Figs. 7(a)-7(g)].

The time-domain analysis described here [space and
time dependence of the order parameter [Figs. 7(a)-7(g)]
and A6/2x [Fig. 7(1)] is applied to all TDGL simula-
tions whenever we check whether or not there are rf vortex
semiloops.

Equipped with the picture of rf vortex nucleation, now
let us move on to the resulting P3¢r. The simulation result
of P3¢(T) for a fixed rf field amplitude (Bpx = 61.6 mT) for
bulk Nb is shown in Fig. 8(a). The bell-shaped structure
P3¢(T) in Fig. 8(a) can be decomposed into three segments
(separated by the two dashed vertical black lines) and can
be understood with the vortex penetration field BRE  (7)
(see Fig. 9) and the strength of superconductivity. An rf
vortex semiloop shows up when By > BT (7). Below
8.1 K, BT . (T) > By and hence the entire bulk Nb is in
the vortex-free Meissner state [see Fig. 8(b) and the pur-
ple curve in Fig. 8(f)], whose nonlinear response is weak.
As temperature increases, BT . (T) decreases and hence
By would be greater than B (7) at a certain tempera-
ture depending on the strength of the rf stimulus. In this
simulation (Bpx = 61.6 mT), from the full time-domain
simulation (see the discussion for Fig. 7) one finds that
there is one rf vortex semiloop (underneath the rf magnetic
dipole) that penetrates the surface of the bulk Nb when
the temperature is around 8.14 K [see Fig. 8(c) and the
blue curve in Fig. 8(f)]. Roughly speaking, this implies that

B (T =8.14K) ~ 61.6 mT. As temperature increases,
B . .(T) drops and vortex nucleation is favorable, and

indeed the second rf vortex semiloop shows up around
8.6 K [see Fig. 8(e) and the red curve in Fig. 8(f)] and thus
P3¢ increases with temperature between 8.1 K and 8.8 K.
Besides examining the order parameter [Figs. 8(b)-8(e)],
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FIG. 8. (a) TDGL simulation result of P3¢(T) for a fixed rf field
amplitude (Bpx = 61.6 mT) imposed by a point dipole source
for bulk Nb. From left to right, Psr is weak at low tempera-
tures (below 8.1 K), then increases with temperature (between
8.1 and 8.8 K), and drops with the temperature at high temper-
atures (above 8.8 K). (b)—(e) show |y//¥s|* on the Y-Z plane
cross section at 8.04, 8.14, 8.42, and 8.60 K, respectively. The
black region is where |1//¥oo|> < 0.03. These snapshots are
taken at wt = 0.67. (f) shows A6/2m versus time for the four
temperatures.

Fig. 8(f) also shows how the vortex number and duration
change with temperature.

The nonlinear response of the superconductor is deter-
mined not only by the number of vortices (as described
above in the language of B . (7)) but also by the strength
of superconductivity. As the temperature approaches the
transition temperature of a superconductor, its supercon-
ductivity and hence nonlinear response becomes weak.
Such a temperature dependence leads to the decreasing tail
of P3¢(T) above 8.8 K in Fig. 8(a).

Figure 9(a) summarizes the simulation results of Ps¢(7)
for three different rf field amplitudes for bulk Nb. For all
three rf field amplitudes, Psf is weak at low temperatures

RF : :
(Bpk < Biorex (1), vortex-free Meissner state), arises at

(a)
@ 207

B, =61.6 mT

1.5}
1.0

10~ %arb. un

— 057
[5p)

% 00 s i
77 79 81 83 85 87 89 9.1 9.3

temperature (K)

(b) rf field

amplitude

Bl rtex(T)

1T (K)
7.6 K 8.14 K 8.84K 93K
FIG. 9. (a) TDGL simulation result of Ps¢(7) for three differ-

ent rf field amplitudes for bulk Nb. (b) Schematic of the vortex
penetration field BRE _ (7) (the black curve) and the temperature
range of P3¢(7T) bell-shaped structure for the three rf field ampli-
tudes (the three colorful horizontal lines). The y axis is the rf
field amplitude. Note that (a),(b) share the same horizontal axis

and the same color-coded rf field amplitudes.

high temperatures (By > BYE  (T), rf vortex semiloops),

and then drops with temperature as the temperature is
near the critical temperature. For the red curve, the first
vortex semiloop shows up around 8.14 K, which implies
BT (T = 8.14K) ~ 61.6 mT; for the blue curve, the first
vortex semiloop shows up around 8.84 K, which implies

BT (T =884 K)~39.2 mT. Figure 9(b) illustrates
B .. (T) and the rf field amplitude dependence of the tem-

perature range of Ps¢(7) bell-shaped structure. In this rf
field amplitude-temperature phase diagram, the vortex-free
Meissner state occupies the region below BT (7) and rf
vortex semiloops show up in the region above BT (7).
It is clear that the P;¢(7T) bell-shaped structure extends
to lower temperatures as the rf field amplitude becomes
stronger [from the blue to the green to the red in Figs.
9(a) and 9(b)] because of the temperature dependence of
BT ..(]), and this explains Feature 4 in Table 1. Note
that the four key features of Ps¢(7) (Table I) are clearly
observed in Fig. 9(a) (except that the onset temperature of
P3¢(T) is equal to but not below 9.3 K since this simula-
tion is for a defect-free bulk Nb), suggesting that these key
features are signatures of rf vortex nucleation.

Equipped with the intuition of P;r and rf vortex

semiloops and their temperature dependence and rf field
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amplitude dependence for the defect-free bulk Nb, now let
us move on to the case with surface defects, which is the
main focus of this paper.

C. Simulation of vortex nucleation in grain boundaries

Quantitatively comparing the details of the measured
P3¢ among different Nb/Cu films is challenging for two
main reasons. Firstly, the specifics of Psy depend on the
probe-sample separation, which is difficult to reproduce.
Secondly, different Nb/Cu films studied in this work might
possess different types of surface defects that nucleate rf
vortices. For example, grain boundaries may be the pri-
mary sources of P3¢ for one Nb/Cu film, while dislocations
could be the main sources of P3¢ for another Nb/Cu film.

Although the details of rf vortex nucleation (and the
resulting Ps¢) by various surface defects are complicated
and depend on details, we can analyze the dynamics of rf
vortex nucleation in a phenomenological way and extract
qualitative information. On the phenomenological level,
the dynamics of rf vortices penetrating a sample surface
through surface defects can be quantified by means of two
key aspects: how many surface defects that nucleate rf
vortices (pdfet) exist, and how deep do rf vortices travel

into a sample through surface defects in half an rf cycle
defect )r)
penetration”/ *
Here we illustrate the concept of hggg‘;ﬁ;ation by consider-

ing rf vortex nucleation at grain boundaries in Nb films.
For a given grain boundary that nucleates an rf vortex,
the depth of the rf vortex travels into the Nb film through
the grain boundary in half an rf cycle (hggrfliﬁaﬁon) is deter-
mined by multiple factors, including the width of the grain
boundary, the angle between the grain boundary and the
Nb film surface, the material properties of the impurity
phases in the grain boundary, etc. Instead of considering
the details of all possible microstructures, we adopt a phe-
nomenological approach, where hggffect;ation serves as the
phenomenological characterization of the depth the rf vor-
tex travels into the Nb film through the grain boundary in
half an rf cycle.

Nb is known to contain low-7, impurity phases, such
as the oxides of Nb [13—17,87]. In such phases, oxygen
forms a solid solution in Nb and produces materials with
critical temperatures below the bulk 7, of pure Nb (9.3 K)
[12,88,89]. Nb samples with higher oxygen content tend
to have a lower critical temperature. For instance, T, drops
to around 7.33 K for 2% oxygen content, and drops to
around 6.13 K for 3.5% oxygen content [89]. Another class
of low-T; impurity phases in Nb are the niobium hydrides
[25,90], and some of these phases exhibit superconducting
transitions around 1.3 K [91].

Motivated by the existence of these low-7. impurity
phases, here we consider a phenomenological surface-
defect toy model in which the grain boundaries of Nb
host the low-7, material (impurity phases). Such grain

boundaries might serve as weak spots for vortex nucle-
ation. As shown later in this section, the proximity effect
is active in this model of the grain boundaries. Here we
consider one possible toy model realization of “Nb grain
boundaries filled with low-7, material.” Of course, the
phenomenological toy model (a grain-boundary model)
considered here is just one possible scenario of surface
defects that might be able to qualitatively explain the
experimental results. rf vortices are more prone to nucleate
at wide grain boundaries compared to narrow ones. Conse-
quently, instead of characterizing a typical grain boundary
in Nb/Cu films, the toy model is designed to characterize
specifically those that are wide.

Figure 10 shows the side view of the grain-boundary

4 defect ;
model. By the very definition of /¢ . ., we constrain the
defect

rf vortices to only probe the region of 0 > z > —h 0 .o,

and hence the details in the region of z < —hggf;cémon play

a minor role. As a result, this region can be treated as bulk
Nb as an approximation. (In summary, z = 0, sample sur-
face; 0 > z > —pdefect defect whose XY cross section

penetration?
is shown in Fig. 11(b); z < —hggg‘?&aﬁon, bulk Nb.) Here

hggieeﬁaﬁon is set to be 200 nm.

The rf dipole is located at (0,0, 4,) and hence vortex
semiloops first show up near (x,y,z) = (0,0,0). There-
fore, the physics around the origin plays a dominant role.
As an approximation, surface defects (Nb grain bound-
aries filled with low-T, material) are introduced near the
origin (illustrated in Fig. 10), while the region far away
from the origin is set to be defect-free bulk Nb to reduce
computational time. As a result, only the region around

rf magnetic

) dipolc

z
vacuum hay
| Fom———— poooooqooogmeee -
X =

defect
region

hd.efect
penetration

bulk Nb region

FIG. 10. Sketch of the side view (X-Z plane) of the grain-
boundary model. The origin is marked by a blue dot. The rf
dipole is represented by the blue arrow. The schematic is not to
scale (hg, = 400 nm and hngfeﬁaﬁon = 200 nm). Since the physics
around the origin plays a dominant role, the region far away from
the origin is set to be defect-free bulk Nb to reduce computational
time. In addition, the region below z = —hggffeﬁaﬁon is also set to
be bulk Nb for simplicity. Note that the model is not cylindri-
cally symmetric. The top view of the region indicated by the red
dashed line is shown in Fig. 11(b), and the top view of the region

indicated by the green-dashed line is shown in Fig. 19.
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240 nm

FIG. 11. A top view schematic of the grain-boundary model.
(a) Ilustration of Nb grains and grain boundaries, with red being
Nb grains and blue being grain boundaries filled with impurity
phases. The realization of this illustration used in the TDGL
simulations is shown in (b). (b) The distribution of critical tem-
perature on the X-Y plane around the origin (corresponds to
the region indicated by the red dashed line in Fig. 10), with
red being Nb and blue being the low-7. impurity phase with
ﬂmpumy =3 K. Here (x,y,z) = (0,0,0) is at the center. The rf
dipole is located at (x,y,z) = (0,0,400 nm) and points in the
x direction. The white dashed curve indicates the grain boundary
that is roughly parallel to the x direction. The model defect region
is indicated by the white-dashed rectangle. (c) A snapshot of the
distribution of normalized order parameter |1/, | obtained by a
TDGL simulation with the temperature being 5.2 K (higher than
78™") and By, = 50.9 mT. This snapshot is taken at the end
of an rf cycle, namely when the rf field drops to zero (wt = 27
and hence B;sin(wt) = 0). The normalized order parameter of
the dark blue region is around 0.18.

the origin characterizes the grain-boundary scenario accu-
rately (the model defect region), and thus the screening
current is collected only from this region when calculating
Py,

The side view of the grain-boundary model is shown in
Fig. 10, and the top view [(x, y,z = 0)] is shown in Fig. 11.
Figure 11(a) is an illustration of an Nb surface contain-
ing Nb grains (red) and grain boundaries filled with low-T,
impurity phases (blue). The realization used in the TDGL
simulations is shown in Fig. 11(b). Figure 11(b) is a top
view of the sample critical temperature distribution around
the origin of the grain-boundary model: the red region
means Nb with 7. = 9.3 K, and the blue region means
the low-7, impurity phase with 78" = 3 K. (Parame-
ters of the grain-boundary model are given in Appendix F
and in Table V.) The origin is at the center of Fig. 11(b).
The geometry is intentionally asymmetric in both the x
direction and the y direction to prevent symmetry-induced
artifacts. A top view of the sample-critical temperature dis-
tribution with a broader scope (containing the defect region
together with the bulk Nb region) is shown in Appendix G.

An rf vortex semiloop that nucleates in the sample tends
to be parallel to the direction of the rf dipole, which points
in the x direction. Therefore, as By, > BT (T), rf vor-
tex semiloops show up in the grain boundaries that are
roughly parallel to the x direction. Note that there is one
grain boundary in Fig. 11(b) that is roughly parallel to the
x direction and it is marked by a white dashed curve.

It is worth mentioning that the proximity effect shows
up naturally in TDGL simulations. Figure 11(c) shows a
snapshot of the distribution of normalized order parameter
|/ V¥ao| (here 1 means full superconductivity and 0 means
no superconductivity) obtained by a TDGL simulation
with the temperature being 5.2 K and B, = 50.9 mT. This
snapshot is taken at the end of an rf cycle, namely when the
rf field drops to zero (wt = 27 and hence B¢ sin(wf) = 0).
Due to the proximity effect, the normalized order param-
eter of the dark blue region is around 0.18 but not zero,
even though the temperature (5.2 K) is higher than Tp ™"
(3 K). As a result, a grain boundary filled with a low-7
impurity phase can host rf vortices even for 7 > 75"

Figure 12 shows the simulation result of P3¢(7) for the
grain-boundary model shown in Fig. 10 (side view of the
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FIG. 12. TDGL simulation result of Ps;¢(7) for the grain-
boundary model shown in Figs. 10 and 11. Here hg;ffectimion =200
nm and Bpi = 50.9 mT. Inset: enlargement of the figure above

8.1K.
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FIG. 13. TDGL simulation result of P3¢(T) for two different rf
field amplitudes for the grain-boundary model shown in Figs. 10
and 11. Here A%fct . =200 nm.

penetration

model) and Fig. 11 (top view of the model). Compared to
the P3¢ around 8.9 K, the P5r between 4.5 and 6 K is much
stronger. In other words, in the presence of surface defects,
Ps¢ generated by surface defects is much stronger than the
intrinsic Ps¢ of Nb. In the following, we focus on the P3¢
generated by surface defects.

Figure 13 shows the simulation result of Ps¢(7T) for
two different rf field amplitudes for the grain boundary
model. At low temperatures, the sample is in the Meiss-
ner state and Pjr is weak. As temperature increases, rf
vortex semiloops nucleate in the grain boundary marked
by the white dashed curve in Fig. 11(b) and result in
strong Ps3r. (The existence of rf vortex semiloops is veri-
fied by examining the order parameter in a time-domain
manner as described in Fig. 7.) This can be interpreted
as By > BT . (T), where B™. (T is the vortex penetra-
tion field of the region around that specific grain boundary.
Note that rf vortex semiloops show up in the grain bound-
ary, indicating that the grain boundary serves as the weak
spot for rf vortex nucleation. Video 2 shows the nucleation,
movement, and exit of the rf vortex semiloop in the grain-
boundary model in one rf cycle. The parameter setting can
be found within the Supplemental Material [85].

Here the upper onset temperature of Ps¢ is around 6 K.
The grain-boundary model is a mixture of the 7Y° = 9.3 K

VIDEO 2. An animation showing the nucleation, movement,
and exit of the rf vortex semiloop in the grain-boundary model in
one rf cycle.

Nb and the 7" = 3 K impurity phase, and hence T
is between 3 and 9.3 K. Of course, the numerical value of
T¢¥ depends on how the Nb and the impurity phase are
distributed. Our objective with this model is not to propose
a specific microstructure of the sample, but to illustrate
the generic nonlinear properties of a proximity-coupled
defective region of the sample.

Similar to the case of bulk Nb [Fig. 9(a)], Ps¢(7) in
Fig. 13 also exhibits the four key features (Table I). There-
fore, the ideas illustrated in Fig. 9(b) could describe the
physics of the grain-boundary model, with 7t being 6 K
but not 9.3 K and BT (7) being the vortex penetration
field of the region around the specific grain boundary, but
not a bulk property. The fact that experimental data (Figs. 4
and 6) and TDGL simulation of the grain-boundary model
(Fig. 13) both exhibit the four key features (Table 1) and a
Te¥ below 9.3 K suggests that “rf vortex semiloops nucle-
ate in grain boundaries hosting low-T7, impurity phases” is
indeed one of the possible mechanisms of the observed Ps¢
signals for the HiPIMS Nb/Cu samples.

D. Effect of hiehst i, on Pa(T)
In Sec. IV C, pdefect

penctration 18 S€t to be 200 nm. Here we

consider the effect of varying hggfﬁ}mon, with everything
else being the same as described in Sec. IV C.

Figure 14(a) shows the result for hgglﬂzﬁaﬁon = 160 nm.
Figure 14(a) is similar to the data in Fig. 6(a), in the sense
that a stronger rf field amplitude leads to a stronger Ps¢ for
all temperatures; Fig. 13 (Aot i, = 200 nm) is similar
to the data in Fig. 6 (b), in the sense that P3¢(T) shows
a “crossing” effect: a stronger rf field amplitude leads to
a weaker Ps¢ (the red curve is below the blue curve) for
temperatures close to 7o The temperature where the red
curve (P3¢(7) with a strong rf field amplitude) and the
blue curve (P3¢(7) with a weak rf field amplitude) cross
is denoted as T*. The numerical value of 7" depends on
the choice of the two 1f field amplitudes (Here By = 56.6
and 50.9 mT.) For Fig. 14(a), there is no crossing and
hence T = To¥ = 6 K. For Fig. 13, T* =52 K < T3 =
6 K. Figure 14(b) shows how the crossing temperature 7*

: defect defect :
changes with A, o, For a small Agcc o, there is no

crossing and hence 7* = T¢*'. The crossing shows up when
hggiﬁatiom is beyond a critical depth. As hggiﬁaﬁon becomes
larger, the crossing effect becomes more significant (7
becomes smaller, which means that the temperature win-
dow that a stronger rf field amplitude leads to a weaker P3¢
becomes larger) and eventually tends to saturate.

The crossing effect can be understood as follows. In
experiments and simulations, P3¢ is collected by the mag-
netic writer, and in the simulations at the rf dipole location,
which is at z = hg, (above the sample surface). For a
weak rf field amplitude, the rf vortex semiloop in the grain
boundary stays close to the sample surface (z = 0). As
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FIG. 14. (a) TDGL simulation result of P3¢(T) for two different

rf field amplitudes for the grain-boundary model shown in Figs.
10 and 11 for Adefect . — 160 nm. (b) Crossing temperature T*
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H defect
as a function of AC 0 o

the rf field amplitude increases, the rf vortex semiloop in
the grain boundary is pushed toward the bottom of the
grain boundary that it can penetrate (z = —hggi‘“’eﬁaﬁon) (see
Appendix H for a visualization of this effect), which means
that the rf vortex semiloop is farther away from the mag-
netic writer and the rf dipole location (z = /4,), and hence
the measured P3¢ becomes weaker. Such a phenomenon
shows up only when the rf vortex semiloop in the grain
boundary can be pushed far away from the sample surface.
For a small hggf“;ﬁaﬁon, the rf vortex semiloop always stays
just below the sample surface instead of penetrating deep
into the sample, and hence Psz¢ does not decrease as the rf
field amplitude increases (no crossing effect).

Note that the results presented in Fig. 14 are obtained
using the grain-boundary model, which is meant to be
a phenomenological toy model. Therefore, the numerical
values of hggﬁiﬁaﬁon should not be interpreted literally. The
key insight here is that there is no crossing effect for a small

hggﬁ‘;ﬁaﬁon (shallow penetration), and the crossing effect
defect

becomes apparent for a large 2.0 i, (deep penetration).
E. Simulation of a defect model with two grain
boundaries

In the grain-boundary model discussed in Secs. IV C
and IV D, there is only one single grain boundary under-
neath and roughly parallel to the rf dipole, and thus rf
vortex semiloops nucleate in one single grain boundary
and P3¢(T) shows a single-peak feature. Such a scenario

(b)
0.4

6 ;
P3f (10™"arb. units)
o
(V)

.
o

45 50 55 60 65
temperature (K)

ol
o

FIG. 15. A grain-boundary model containing two grain bound-
aries that are roughly parallel to the x direction. (a) The distribu-
tion of critical temperature on the X -Y plane around the origin,
with red being Nb and blue being the low-T7, impurity phase
with 78" = 3 K. Here (x, y,2) = (0,0, 0) is at the center. The
rf dipole is located at (x,y,z) = (0,0,400 nm), which is above
the center of the image, and points in the x direction. The two
white dashed curves indicate the grain boundaries (the top grain
boundary and the bottom grain boundary) that are roughly paral-
lel to the x direction. The model defect region is indicated by the
white dashed circle. (b) TDGL simulation result of P3¢(7) for the
grain-boundary model shown in (a). Here hggg‘iﬁaﬁon = 280 nm,
and By, = 50.9 mT.

corresponds to the case where the density of the sample
grain boundaries that nucleates rf vortices (p%) is low.
For a sample with a high density of grain boundaries that
nucleates rf vortices, it can be modeled as a grain-boundary
model that contains two grain boundaries underneath and
roughly parallel to the rf dipole.

Here we consider a grain-boundary model that contains
two grain boundaries that are near the origin and roughly
parallel to the x direction. The basic setting of the model
is the same as described in Sec. [V C. The only difference
is how the Nb and the impurity phase are distributed hori-
zontally, as shown in Fig. 15(a). Figure 15(a) shows the top
view of the critical temperature distribution and Fig. 15(b)
shows the TDGL simulation result of P5¢(T) for this model.

The two-peak feature of Ps¢(7) in Fig. 15(b) can be
understood as follows. At low temperatures, the sample
is in the Meissner state and Psr is weak. As temperature
increases, around 4.50 K an rf vortex semiloop nucleates in
the top grain boundary and results in the lower temperature
peak, and then around 5.77 K another rf vortex semiloop
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nucleates in the bottom grain boundary and results in
the higher-temperature peak. That is, rf vortex semiloops
nucleate in both grain boundaries and thus result in the
two-peak feature of Ps¢(7). The nucleation of the two rf
vortex semiloops is verified by monitoring A6/2m (the
same analysis as shown in Fig. 8). Note that the two-
peak feature of the P3¢(7) in Fig. 15(b) (simulation) is also
observed in Fig. 4 (measurement).

F. Nb/Cu samples comparison

Larger values of Ps¢ are closely related to the presence
of rf vortex semiloops. By studying Ps¢, we investigate sur-
face defects that nucleate rf vortex semiloops, which are
the kinds of surface defects that are closely related to the
rf performance of SRF cavities. In the following, surface
defects refer to the kind of surface defects that nucleate rf
vortex semiloops.

Equipped with the simulation results, the measured P3¢
can be analyzed further. First, the number of Ps¢(7T) peaks
can be related to the density of surface defects (pdefect),
Single-peak Ps¢(T) corresponds to a low density of surface
defects, and two-peak Ps¢(T) corresponds to a high density
of surface defects. Second, the crossing effect of P3¢(T)
can be related to how deep an rf vortex semiloop pene-
trates into a sample through a surface defect (hggrfl‘;ﬁaﬁon).
The absence of the crossing effect corresponds to a small

hggﬂiﬁaﬁon (shallow), and the presence of the crossing effect
hdefect

corresponds to a large Ayctt .o, (deep).

The assignment of qualitative surface defect properties
of all seven Nb/Cu samples is summarized in Table I1I. The
second column shows an estimate for the density of surface
defects that nucleate rf vortex semi-loops (p%°°!) and the
third column shows how deep an rf vortex semiloop pen-
etrates into a sample through a surface defect (hggf;‘ﬁaﬁon).
rf vortex penetration through surface defects is one of the
main enemies of SRF applications. To achieve good SRF
performance, the surface defect density should be low and
the defect should be shallow. From the perspective of these

TABLE III. Comparison of the seven Nb/Cu samples. The sec-
ond column shows qualitative assignments of the density of
surface defects that nucleate rf vortex semiloops (p%!) and the
third column shows qualitative assignments of how deep an rf
vortex semiloop penetrates into a sample through a surface defect

(hgzrf;eei;ation)'

Sample o defect hgztflizct;ation
HiPIMS, 125-V bias low deep
HiPIMS, 100-V bias low deep
HiPIMS, 75-V bias low shallow
HiPIMS, 50-V bias high shallow
HiPIMS, 25-V bias high shallow
HiPIMS, no bias N/A

DCMS, no bias N/A

two properties, among the five HiPIMS Nb/Cu samples
with nonzero voltage bias, the HiPIMS 75-V bias Nb/Cu
sample is the most effective in reducing the nucleation of
rf vortices associated with surface defects.

In the numerical simulations of this work, surface
defects that nucleate rf vortex semiloops are modeled as
grain boundaries. Since Pjy is associated with the behav-
ior of rf vortex semiloops, it is likely that the ideas of
p%™et and Ageie o could apply to surface defects other
than grain boundaries (dislocations, for example).

For the DCMS sample, the actual P3¢ value of the sam-
ple response remains unknown due to interference with the
background signal and the lack of relative phase informa-
tion [see Fig. 16(d) and related discussion in Appendix
B]. Consequently, the TDGL simulation results cannot be
directly applied to the experimental data of the DCMS
sample.

V. CONCLUSION

In this work, we study seven Nb/Cu films that are candi-
dates for SRF applications. Local P3; measurements reveal
surface defects with P3¢ onset temperatures between 6.3
and 6.8 K for five out of the six HIPIMS Nb/Cu sam-
ples, indicating that such defects are a generic feature of
these air-exposed HiPIMS Nb/Cu films. The signal from
the low-T7, surface defect is much stronger than the intrin-
sic Nb response around 9 K, suggesting that our local Ps¢
measurement is sensitive to surface defects. With the capa-
bility of pwm-scale scanning, it is found that such a defect
is quite uniform in space on the pm scale.

TDGL simulations are performed to analyze the experi-
mental results further. In particular, the simulations suggest
that the density of surface defects that nucleate rf vor-
tices and how deep rf vortices travel through these surface
defects can be extracted qualitatively from our local Pjs¢
measurements. From the point of view of these two prop-
erties, the HiPIMS 75-V bias Nb/Cu sample stands out as
the most effective in reducing the nucleation of rf vortices
associated with surface defects.
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APPENDIX A: SAMPLE PREPARATION

Here we discuss how the seven Nb/Cu films studied in
this paper are prepared.

054010-14



MICROSCOPIC EXAMINATION OF RF-CAVITY-QUALITY...

PHYS. REV. APPLIED 22, 054010 (2024)

The substrate used for the Nb coatings is a 2-mm-
thick, oxygen-free electronic (OFE) copper disk measuring
75 mm in diameter. Prior to coating, the substrate disk
is degreased using commercial detergent. The sample is
then chemically polished using a mixture of sulfamic acid
(H3NSOs, 5 g/l), hydrogen peroxide (H,0;, 5% vol.), n-
butanol (5% vol.) and ammonium citrate (1 g/l) heated up
at 72 °C for 20 min. After polishing, the disk is rinsed with
sulfamic acid to remove the buildup of native oxide and
cleaned with deionized water and ultrapure ethanol.

The Cu substrate is mounted on an ultrahigh vacuum
(UHV) stainless-steel chamber equipped with a rotatable
shutter to expose in turn the areas to be coated, and the
chamber is then connected to a sputtering system. Both
assemblies are performed inside an ISO5 cleanroom, and
the sputtering apparatus is described in detail in Ref. [62].
The entire system is transported to the coating bench where
it is coupled to the pumping group and gas-injection lines,
and pumped down to about 1 x 10~7 mbar. The pumping
group and the sputtering system undergo a 48-h bakeout at
200 °C, during which a 4-hour activation of the nonevap-
orable getter (NEG) pump is performed. The temperature
of the UHV chamber is maintained at 150 °C until the start
of the coating. After cooling down, the system reaches a
base pressure around 9.3 x 107'% mbar. Ultrapure krypton
(99.998%) is injected into the system until a process pres-
sure of 2.3 x 1073 mbar is reached. The seven coatings
are then performed according to the deposition parameters
outlined in Table IV. One of the samples is prepared by
direct current magnetron sputtering with zero bias, and the
coating thickness is around 3.5 wm. The other six samples
are prepared by high-power impulse magnetron sputtering,
with bias voltages ranging from 0 to —125 V, with coating
thicknesses ranging from 1.15 to 1.5 pm.

During the coating process, the sample temperature
was monitored with an infrared thermal sensor (OMEGA
0OS100-SOFT) and kept constant at 150 °C. The HiPIMS
plasma discharge was maintained using a pulsed power
supply (Huettinger TruPlasma HighPulse 4006) and the
negative bias voltage was applied to the samples using a
dc power supply (TruPlasma Bias 3018). The DCMS dis-
charge was maintained using a Huettinger Truplasma 3005

TABLEIV. Sample preparation parameters of the seven Nb/Cu
films studied in this paper.

Parameter HiPIMS DCMS
Average power (kW) 1.3 1.3
Discharge voltage (V) —600 —377
Current (A) 160 (peak current) 34
Working gas Kr Kr
Pressure (mbar) 2.3 x 1073 2.3 x 1073
Temperature (°C) 150 150
Coating duration (min) 60 60

power supply. The discharge and bias voltages and cur-
rents were monitored throughout the entire coating process
using voltage (Tektronix P6015A) and current (Pearson
current monitor 301 x) probes whose signals are recorded
by a digital oscilloscope (Picoscope 2000). After the coat-
ing, the samples were cooled down to room temperature,
after which the chamber was vented with dry air. The Nb
layer thickness is measured by x-ray fluorescence via the
attenuation method.

APPENDIX B: DATA FOR TWO HIPIMS SAMPLES
AND THE DCMS SAMPLE

Here we show the representative data for Ps¢(7) gener-
ated by surface defects for the HIPIMS 50-V bias sample,
the HiPIMS 100-V bias sample, and the DCMS sam-
ple. For the HiPIMS 50-V bias sample, Ps¢(T) with Tg“
around 6.4 K is observed in a strong input-power regime
[Fig. 16(a)], and Ps¢(T) with T¢*' around 6.8 K is observed
in a weak input power regime [Fig. 16(b)]. For the HiP-
IMS 100-V bias sample, P3¢(T) with 753 around 6.5 K is
observed [Fig. 16(¢c)].

For the DCMS sample, P3¢(T) with 753 around 6.5 K
is observed [Fig. 16(d)]. The measured Py is the superpo-
sition of the probe background and the sample response.
Consequently, the total signal may be weaker than the
probe background if these two components are out of
phase. In the absence of phase information, we simply
subtract the probe background from the total signal in
a scalar manner. This naive background subtraction can
lead to negative P3¢ values, as observed in Fig. 16(d) for
T<6.5K.

The phase information can be obtained by conduct-
ing measurements with a vector network analyzer [51,53],
which provides both amplitude and phase data, instead of a
spectrum analyzer that measures only amplitude. However,
due to its superior noise floor (approximately —155 dBm),
we chose to use a spectrum analyzer for this work, rather
than a vector network analyzer, which has a noise floor of
around —130 dBm.

APPENDIX C: DATA FOR THE HIPIMS
NO BIAS SAMPLE

Here we discuss the data of the HIPIMS 0-V bias Nb/Cu
sample, as shown in Fig. 17. For this sample, P3¢(T) shows
a clear transition around 9 K. In addition to the intrinsic
Nb response, P3¢(T) demonstrates a nontrivial temperature
dependence around 7.6 and 6.5 K, indicating the presence
of surface defects.

The surface-defect signal of the HiPIMS 0-V bias
Nb/Cu sample is qualitatively different from all the other
samples examined in this work in two aspects. First, P3¢(7)
shows a bell-shaped structure in all the other samples (see
Figs. 4, 6 and 16). Second, in all other samples that display
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FIG. 16. (a),(b) show Ps¢(T) for the HIPIMS 50-V bias Nb/Cu
sample with an input frequency of 2.16 GHz in a strong input-
power regime and in a weak input-power regime, respectively.
(c) shows P3¢(T) for the HIPIMS 100-V bias Nb/Cu sample with
an input frequency of 1.18 GHz. (d) shows P3¢(7) for the DCMS
Nb/Cu sample with an input frequency of 1.22 GHz. The nega-
tive value for 7' < 6.5 K is discussed in the second paragraph of
Appendix B.

both responses, the surface-defect signal is much stronger
than the intrinsic Nb response (see Fig. 3). Consequently,
the HiPIMS 0-V bias Nb/Cu sample likely exhibits a
unique mechanism generating nonlinearity, distinct from
the mechanisms observed in all the other six samples.
Notably, when deposited on complex-shaped substrates,

6.0 65 7.0 7.5 8.0 85 9.0 9.5 10.0
temperature (K)

FIG. 17. Measured Ps¢(T) for the HiPIMS 0-V bias Nb/Cu
sample. The input frequency is 1.98 GHz and the input power
is 3 dBm.

the HiPIMS 0-V samples show significant porosity inside
the film, which is quite different from all other HiPIMS
films at nonzero bias [62]. This porosity may give rise to a
qualitatively different type of nonlinear response, which is
beyond the scope of the present work.

APPENDIX D: COMPARISON WITH OUR
PREVIOUS RESEARCH

In our previous research [57], we explored the third-
harmonic response of several bulk Nb samples and Nb/Cu
films with the same experimental setup described in
this work. Here we briefly compare the main difference
between our previous research [57] and this study.

For the simulation part, Ref. [57] adopts a hybrid
approach: the third-harmonic response from surface
defects is analyzed with the Josephson-junction model,
which is a circuit model, while the third-harmonic response
from rf vortex semiloop nucleation in (defect-free) Nb
is analyzed with TDGL simulations. In contrast, surface
defects and Nb are both analyzed with the TDGL frame-
work in this work (see Sec. IV C).

For the experiment part, the periodic feature observed
in Ref. [57] (explained by the Josephson-junction model)
is absent in the Nb/Cu films studied in this work. This
suggests that the old-generation samples and the new-
generation samples might have different kinds of surface
defects. Consequently, instead of using the Josephson-
junction model, we explore a different surface-defect
model in this work, namely the grain-boundary model (see
Sec. IV C).

APPENDIX E: CHECK FOR HYSTERESIS IN P3¢
MEASUREMENTS

Here we check whether or not Pz¢(7) measurements
exhibit hysteresis. The HiPIMS 125-V bias Nb/Cu sam-
ple first undergoes a cool down from 10 to 3.6 K with
zero rf field. The microwave signal is turned on after the
temperature stabilizes at 3.6 K. The sample then gradu-
ally warms up from 3.6 to 10 K [warm-up P3¢(7)], and
then cools down from 10 to 3.6 K [cool-down P3¢(7)],
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FIG. 18. Check for hysteresis in P3;(7) measurement for the

HiPIMS 125-V bias Nb/Cu sample. The input frequency is
1.88 GHz and the input power is —25 dBm.

with the microwave signal being turned on in this process.
As shown in Fig. 18, such P3¢(7) measurement does not
exhibit a clear hysteresis.

The measurement of Fig. 18 is performed one year and
a half after the measurement of Fig. 6(b). It is quite likely
that different regions of the sample surface are studied in
these two measurements. This might explain why Fig. 18
(Te¥ = 4.8 K) and Fig. 6(b) (T3*" = 6.8 K) show different
P3¢ signals.

APPENDIX F: EQUATIONS AND PARAMETERS
FOR TDGL SIMULATIONS

In TDGL, the relaxation dynamics of the order parame-
ter ¢ is assumed to be described as follows [86,92]:

d [ (SFGL
= +iZp = F1
r(5rise)u=52 @
with the Ginzburg-Landau free energy Fgp given by
Frp = —1 : 2 B 4
GL = |(=ihV —e ) Y|" +a |y 1”+ S Y|
2m, 2
1
+ 5|V x4 = Bexl®. (F2)
2o

Here e, = 2e is the charge of the Cooper pair, m, = 2m,
is the mass of the Cooper pair, @ is the electric poten-
tial, y = wh|a|/8kg(T, — T) plays the role of a friction
coefficient, ¥ is the order parameter, 4 is the total vec-
tor potential (arising from both external and self-generated
sources), Bex 1S the external magnetic field, and both
o and B are material-specific phenomenological param-
eters. The dynamics of ¢ and the electromagnetic field
are described by Maxwell’s equations and the following
TDGL equations:

d ey -1 2
0 e _ iV —e,
y(at-l-th?)w 2m*( ih e A"

—ay — Byl y (F3)

and

<Vq>+a‘4)—_ihe*( Vi — YV *)—ei| >4
o )= VIVY — VY m—*llf

1
— —V X (VXA—-Bi). (F4)
Mo

Here o is the electric conductivity of the normal state.
The Ginzburg-Landau order parameter relaxation time
TaL 1S given by

B wh B 12 K
oL = AR (3x107"%5) (Tc — T) . (F5)

The dynamics of a superconductor when driven by an rf
field of a few GHz is in the adiabatic limit unless T is
extremely close to 7, (7. — T < 1072 K).

There is no external current inside the superconductor
in our setup, and hence V X Bey = oJext = 0 inside the
superconductor. In addition, we choose the gauge such that
the scalar potential is zero, namely @ = 0. The two TDGL
equations inside the superconductor become

9 —1
ya_‘fzzm (—ihV — e, A) y —ay — By P (F6)
and
0 _ Zthes (ogy —yvy) — S ypa
5 = o VIVY — YV m*l/f
—iVXVXA. (F7)

Note that o and S, namely the two material-specific phe-
nomenological parameters of the Ginzburg-Landau free
energy, can be related to the penetration depth A and the
thermodynamic critical field B, by

= m’;ﬂ (F8)
woes e

Vo o]
VB

In the two surface-defect models (Secs. IV C-IV E), the
superconducting samples contain Nb and the low-T, impu-
rity phase, and thus are inhomogeneous. Equations (F6)
and (F7) are applied to both the Nb region and the low-T;
impurity phase region, and the inhomogeneity is incorpo-
rated via the spatial variation of the five material-specific
parameters T, «, B, ¥, and o. In practice, the values of «
and § are obtained for a given choice of A and B, through
Egs. (F8) and (F9).

and

B. = . (F9)
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TABLE V. Values of parameters used in TDGL simulations
for bulk Nb (Sec. IV B) and for the two surface-defect impurity
models (Secs. IVC-IVE).

Parameter name Symbol Value
Dipole height hap 400 nm
Period of applied rf field 1/f 5.88 x 107105
Nb Critical temperature b 93K
Penetration depth ANb 40 nm
Critical field BY® 200 mT
impurity  Critical temperature Ty 30K
Penetration depth A mpurity 90 nm
Critical field B 120 mT

Material parameters (penetration depth A, Ginzburg-
Landau parameter «, etc.) of Nb films vary from one
sample to another. For the Nb part in the TDGL simu-
lations, we adopt the material parameters of bulk Nb as
shown in the first row of Table 1 of Ref. [58] for simplicity.

We now discuss the choice of the material parameters of
the low-T, impurity phase in the two surface-defect mod-
els. For simplicity, the normal-state conductivity of the
low-T7¢ impurity phase is set to be the same as that of Nb.
The transition temperature of the low-T7,. impurity phase is
set to be 3 K. The penetration depth of the low-7; impurity
phase is expected to be larger than that of Nb (40 nm) and
is set to be 90 nm; the thermodynamic critical field of the
low-T, impurity phase is expected to be smaller than that
of Nb (200 mT) and is set to be 120 mT. Values of parame-
ters used in TDGL simulations are summarized in Table V.
The “impurity” sector specifies the material parameters of
the low-T, impurity phase region in the two surface-defect
models (Secs. I[VC-IVE).

To numerically simulate the superconducting domain,
boundary conditions need to be specified. Any current
passing through the boundary between a superconductor
and a vacuum is unphysical, and hence on the boundary
0%2 of a superconducting domain we expect [79]

J-n=0 onadQ. (F10)
Here 7 is the unit vector normal to the boundary. The
supercurrent J; is given by

—ihe,
2m,

2
Jo= S S (VY = V) = P A (FLD

The boundary condition, Eq. (F10), should hold even when
A = 0, and thus the boundary condition (F10) becomes

Vi -n=0 onadS. (F12)
Combine Egs. (F10)«(F12) and we obtain
A-n=0 ondQ. (F13)
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FIG. 19. A spatially extended view of the distribution of crit-
ical temperature on the X -Y plane for the grain-boundary model
discussed in Sec. IV C. The region shown here corresponds to the
region indicated by the green dashed line in Fig. 10.

Equations (F12) and (F13) are applied as the boundary
conditions of the superconductor-vacuum interface.

APPENDIX G: A TOP VIEW FOR THE
GRAIN-BOUNDARY MODEL IN SEC.IVC

Figure 11(b) shows the region around the origin (which
plays the dominant role in rf vortex nucleation and Pj3¢) for
the grain-boundary model discussed in Sec. IV C. Com-
pared to Figs. 11(b) and 19 shows the setup over a broader
spatial extent as indicated by the green dashed line in
Fig. 10. Figure 19 contains the entire defect region (the
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FIG. 20. A snapshot of the vortex core obtained by the TDGL
simulation for the grain-boundary model in Sec. IV C for By =
50.9 mT (a) and for By = 56.6 mT (b), with the temperature
being 5.5 K and hggffeﬁaﬁon =200 nm. This snapshot is taken
when the rf field reaches its maximum in an rf cycle [wt = /2
and hence Bissin(wf) = Byf]. The snapshot shows the distribu-
tion of the square of the normalized order parameter on the Y-Z
plane immediately below the dipole around the grain boundary
that nucleates an rf vortex semiloop. The black region is where

[V /¥sol?® < 0.001.
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five Nb grains and the blue region) and part of the bulk Nb
region as shown in Fig. 10.

APPENDIX H: SNAPSHOTS OF A VORTEX IN A
GRAIN BOUNDARY FOR THE
GRAIN-BOUNDARY MODEL IN SEC.IVC

An rf vortex semiloop is roughly parallel to the direc-

tion of the rf dipole, which points in the x direction, and

hence the cross section of the rf vortex semiloop is on the

Y-Z plane. Figure 20 visualizes an rf vortex semiloop in

the grain boundary marked by the white dashed curve in

Fig. 11(b), with the vortex core corresponding to the black

region, where |[//¥|*> < 0.001. The rf vortex semiloop

penetrates the sample surface and the vortex core is around

100.3-nm deep for By = 50.9 mT [Fig. 20(a)] and is
around 110.9-nm deep for By = 56.6 mT [Fig. 20(b)].
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