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Niobium-based Superconducting Radio Frequency (SRF) particle accelerator
cavity performance is sensitive to localized defects that give rise to quenches at high
accelerating gradients. In order to identify these material defects on bulk Nb surfaces
at their operating frequency and temperature, it is important to develop a new kind of
wide bandwidth microwave microscopy with localized and strong RF magnetic fields.
A novel near-field magnetic field microwave microscope that enables mapping of the
local electrodynamic response in the multi-GHz frequency regime at liquid helium
cryogenic temperatures was successfully built via the combination of a magnetic writer
and a near field-microwave microscope * 2. This magnetic writer can create a localized
and strong RF magnetic field and should achieve a condition with By, face ~ 150 mT
and sub-micron resolution (Chapter 3). Our objective is to study the extreme and
local electrodynamic properties of Niobium (Nb), and to relate these properties to

specific defects that limit the ultimate RF performance of superconducting radio
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frequency cavities made from Nb.

Therefore, in this dissertation, many superconducting materials, especially the
candidate materials for superconducting RF cavities, were tested at a fixed location
to analyze the local electrodynamic response through linear and nonlinear microwave
measurements. For the linear measurement (Chapter 4), many fundamental proper-
ties of RF superconductivity such as the critical temperature (7.) and penetration
depth (A) can be identified. For the nonlinear response measurement (Chapter 5),
both the intrinsic and extrinsic nonlinearities from the superconductors are excited by
our magnetic write head probe. Many models are introduced to identify the measured
nonlinearity, including the intrinsic nonlinearity from the modulation of the super-
conducting order parameter near 7., and the extrinsic nonlinearity from the moving
vortex model, weak-link Josephson effect, and the possible nonlinear mechanism from
switching events between the Meissner state and the mixed state. These models of
extrinsic nonlinearity are studied in Chapter 6.

The high transition temperature and low surface resistance of MgB, attracts
interest in its potential application in superconducting radio frequency accelerating
cavities. However, compared to traditional Nb cavities, the viability of MgB, at high
RF fields is still open to question. Hence, in Chapter 7, two-gap high quality MgBs
films with thickness 50 nm, fabricated by a hybrid physical-chemical vapor deposition
technique on dielectric substrates, are measured at a fixed location to investigate its
RF properties. The third harmonic measurement on MgBs films shows different

nonlinear mechanisms compared to the bulk Nb measurement 3. We conclude that

3T. Tai et al., Phys. Rev. ST Accel. Beams 15, 122002, (2012).



the nonlinear response for the high quality MgB, films at temperature less than
T, shows the nonlinearity from the moving vortices and from the following possible
mechanisms: First, an intrinsic nonlinearity from the proximity-induced second T..
Second, the intrinsic nonlinearity arising from Josephson coupling between the ¢ and
7 bands of the two-gap nature of MgB,. Third: The potential nonlinearity from the
reported superconducting nodal gap properties.

Finally the future plan to raster scan on the SRF candidate materials is pro-
posed to relate the nonlinear electromagnetic images to the physical defects on the
superconductor surface. These efforts can finally feed back to the cavity processing
techniques and suggest new thoughts for alternate surface processing treatment in

the future.
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(a) Current niobium superconducting radio frequency (SRF) cavities
for particle accelerators. This figure comes from reference [1]. (b) Cal-
culated electrical field distribution in one cell cavity. Note maximum
electrical field is pointed along the z-axis which is the propagation
direction of the accelerated beam. (c) Associated magnetic field dis-
tribution inside the cavity. The maximum magnetic field is on the
equator pointing in and out of the paper plane. A electron beam weld
is located at the point of maximum magnetic field. . . . . ... ...
(a) Optical images of the Nb surface from the inner side of an SRF
cavity near an electron beam weld. Many defects can be found on the
rough surface of bulk Nb. (b) Schematic picture of different types of
defects on the Nb surface. Those defects include a few monolayers of
native oxide, Tantalum (Ta) inclusions, chemical residues, Niobium-
hydride, grain boundaries etc. The A here illustrates the length scale
in the vertical direction, which is the London penetration depth. The
screening current and magnetic field at the surface exponentially decay
to zero with this characteristic length scale. For bulk Nb, the \; at
zero temperature is 40 nm. Figures come from reference [5]. . . . . .
High-Field, High-Resolution AC/Transient Magnetic Microscopy Gen-
erating Highly-Confined Magnetic Fields with Frequency > 1 GHz : A
summary of methods to generate a highly concentrated RF magnetic
field. Each technique lists a typical RF magnetic field scale, degree
of spatial resolution, and an associated time/frequency scale demon-
strated. All of the candidate technologies are numbered and referenced
as follows (1) S. C. Lee = loop probe. [10] [11] [12]. (2) G. Lamura
= pancake coil [25] (3) M. Bonfim = Micro-coil [26] (4) T. Takamasu
= Micro-coil [27] (5)N. Kikuchi = Micro-coil [28] (6) G. Woltersdorf
= Microwave assisted recording [29]. (7) T. Tai = Write Head [33].
(8) X. Zhu = spin-torque-driven oscillator [31]. (9) K. Yoshida =
spin-torque-driven oscillator [32]. Note the large circle (@) and star
sign (%) size indicates the operation frequency /speed :larger symbols
correspond to higher frequencies. The star also indicates the method
used in this dissertation. . . . . . ... .00
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(a)Fermi surface and superconducting energy gap of s-wave supercon-
ductor showing a s symmetry of the pairing wave function. (b) Fermi
surface and energy gap of d-wave superconductor showing a d,2_,»
symmetry of the energy gap. . . . . . . . ... ...
Temperature dependence of the nonlinear coefficient bg for 24 /(kT,) =
6. The dashed line shows the theoretical result of an isotropic s-wave
superconductor. The solid and dotted line are the results for d-wave su-
perconductors with different directions of superfluid flow on the Fermi
surface. Note that b, means superfluid flows in a direction parallel to
k. and by, is at 459 with respect to k, on the Fermi surface. This figure
comes from reference [40]. . . . . ... ..o
(a)Two vortices with the same direction of field will repel each other.
(b)Two vortices with the opposite direction of field will attract each
other. . . . . .
Schematically expected values of Jy for different types of defects on
Nb cavities. Here a 9 cell cavity is shown and a representative Tantalum
defect [59] from the fabrication process on the inner surfaces of the
cavities are imaged by SEM. . . . . . .. ..o

(a) A ring shape magnetic write head on the longitudinal magnetic
recording medium. (b) A monopole-like shape magnetic write head
on the perpendicular magnetic recording medium. The flux comes out
from the monopole terminal, then penetrates into the medium and is
channeled by a soft underlayer before it returns to the other terminal
of the head. This figure comes from the reference [67].. . . . . . . ..
General probe assembly inside the hard drive. The position of read
head and write head are pointed out. The transmission lines carry the
high-speed signals to and from the writer/reader. . . . . . .. .. ..
A probe assembly is soldered on the coax cable. The probe assembly
in the picture is a GT5 probe from Seagate company. . . . . . . . ..
SEM image of the PINNACLE probe slider assembly showing the
media-facing surface. The center inset is a zoomed-in picture of the
merged read/write head. The read element (read head) and write el-
ement (write head) are separated by magnetic shields. The reader is
between the first magnetic shield, and the writer pole can be seen below
the second shield. . . . . . . . ... oo
Measured input impedance of the GT5 magnetic write head as a func-
tion of frequency. The thick line indicates the resistance, and the thin
blue line indicates the reactance values. The measurement is done with
a PNA-X N5242A network analyzer and calibrated Picoprobe at room
temperature. The dashed lines show the characteristic impedance of
the microwave generator Zo =50 €. . . .. ... ... L.
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(a) A schematic magnetic writer and the gap (not to scale) with a
height (h) away from the sample surface. In our design, we assume
l,=100 nm, {,=200 nm, and dy.k.=1 prm based on the dimension of the
Seagate GT5 magnetic writer. (b) Configuration of HFSS simulation
of a magnetic writer above a perfectly conducting sample. (c) Dis-
tribution of the surface current density (Js,,r) on the sample surface.
The Jgus scale bar and arrows indicate the magnitude and direction
of the screening current, respectively, in the first half of the RF cycle.
In this simulation, we assume the yoke is made of ferrite. The yoke
is excited by a 50 mA RF current and the separation (h) between the
probe and the sample is 200 nm. Note that a Jg,; of 8 x 10° A/m
corresponds to a surface magnetic field B=460 mT. . . . . ... ...
Microwave magnetic field (B field) magnitude on the sample surface
calculated by HE'SS along the dashed center line on the sample in Fig.
3.6. The origin of the sample lies exactly below the center of the gap
and shows the maximum magnetic field. The calculation is repeated
at various heights (h) of the probe above the surface. The inset shows
the Full Width Half Maximum (FWHM) of the field distribution as
a function of height, showing that field concentration is stronger at
smaller probe/sample distances. . . . . . . . ... ...
Exterior pictures of the Desert Cryogenics probe station which houses
the near field magnetic field microwave microscope. Inset (a) shows
the spectrum analyzer, microwave synthesizer and the temperature
controller. Inset (b) shows that the liquid Helium transfer line is in-
serted into the liquid Helium entry point. The Helium exhaust line is
also labeled. . . . . . . ...
Interior pictures of the Desert Cryogenics probe station. The probe
assembly is held by a probe arm. Inset shows the magnetic write head
probe assembly on top of a superconducting thin film. The thermal
anchoring links to the probe assembly to enhance the thermal contact
of the magnetic probe and insure that it achieves a temperature close
to that of the sample. . . . . . . . .. ... oo

Schematic diagram of the linear response measurement, S, performed
as a function of temperature with the (VNA). The reflected signal and
incident signal are at the same frequency. . . . . . . . ... ... ...
Schematic illustration of the linear response measurement setup. The
VNA at room temperature is connected to the sample at low temper-
ature through a coaxial cable and magnetic write head. Note the Ecal
calibration plane location, which is at the end of the flexible coaxial
cable. Ecal is done at ambient temperature and pressure. . . . . ..
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Frequency dependence of |Si;| in dB measured at two different tem-
peratures by the PINNACLE probe (a) and the GT5 probe (b), re-
spectively. The sample under test is a Nb thin film with thickness 50
nm and 7,=8.3 K. The excitation power in both measurements is -15
dBm. Note |Sy1] is plotted on a log scale. . . . . . .. ... ... ...
(a) The temperature dependent S1; of a 50 nm Nb thin film measured
with the near-field microwave microscope via the Pinnacle probe at
1.98 GHz (b) The temperature dependent Si; of a 50 nm Nb thin
film measured with the near-field microwave microscope via the GT5
probe at 4.82 GHz. From (a) and (b), both amplitude and phase show a
transition at 8.3 K, the same temperature as a global AC susceptibility
measurement on this sample. Note |S1;| is plotted on a linear scale.

(a) A schematic of the experiment where a magnetic probe locally
excites the surface of a superconductor with a time-varying magnetic
field. The total scene can be modeled as a total load impedance, Z;.
This figure uses the ring shape magnetic yoke to represent the writer.
l, indicates the length of the gap under the bottom of the magnetic
yoke. dyoke is the thickness of the magnetic yoke and [, is the size of the
yoke in the transverse dimensions. V,, is the impressed voltage created
by the N turn solenoid with input current I. V, is the induced electric
voltage on the input winding. (b) The equivalent magnetic circuit
of the experiment with a superconducting sample and the magnetic
probe. @, is the magnetic flux going through the gap reluctance R,
and @, is the magnetic flux going through the superconducting sample
with the reluctance R, in the Meissner state. @ is the total flux. V,,
and V, have their the same description as Fig. 4.5 (a). . . .. .. ..
Model the impedance looking into a magnetic write head probe at the
end of a short segment of transmission line. Z; indicates the char-
acteristic impedance of the calibrated transmission line (50 2). Z;
is characteristic impedance of probe transmission line (usually NOT
50 ) with length [. Z represents the load impedance including the

impedance of the magnetic probe head and a superconducting sample.

(a) Theoretical amplitude of S1; based on the model is plotted by the
solid line and experimental amplitude of Si; is plotted in dot circle
symbols. (b) Theoretical phase of S;; based on the model is plotted
by the solid line and experimental phase of Sy, is plotted in dot circle
symbols. Note that experiment data for both amplitude and phase is
from Fig. 4.4 (a) measured with the PINNACLE probe at 1.98 GHz,
-15 dBm excitation. Theoretical curve is plotted with al=0.245 (unit-
less), Z1=30.23 Q, Rpra=320.48 Q, Xpp=-105.13 Q, N/R,=6.59 *
107? Henry and po/pg= -0.46 under constant values nl=0.065 m and
Ayoke=500 nm. . . . . Lo
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(a) Theoretical amplitude of Sj; based on the model is plotted by
the solid line and experiment amplitude of Si; is plotted in dot circle
symbols. (b) Theoretical phase of Si; based on the model is plotted in
solid line and experimental phase of S}; is plotted in dot circle symbols.
Note that experimental data for both amplitude and phase is from Fig.
4.4 (b) measured with the GT5 probe at 4.82 GHz, -15 dBm excitation.
Theoretical curve is plotted with al = 0.353 (unit-less), Z; = 17.63 €,
Rpra = 53.73 Q, Xpra = 83.05 Q, N/R, = 3.46 x 107" Henry and
o/ vy =-0.43 under constant values nl = 0.065 m and dyek=500 nm.
Comparison of the change of surface resistance (R;) and the change
of third harmonic response (Pss) under a magnetic field (Bgr) in a
schematic picture. This figure is supported by third-order intermodu-
lation measurements on MgBo [78]. . . . . . ..o

Comparison of loop probe (left) and magnetic write head probe (right).
A 4-turn coil is visible inside this magnetic write head, which develops
a high frequency magnetic field in a write-gap near the surface of the
superconductor. . . . . . . ...
Set up of phase-sensitive harmonic measurement in nonlinear microwave
microscopy. The frequency offset mode (FOM) of a vector network an-
alyzer (VNA :model PNA-X N5242A) is used in this measurement.
Inset 1. shows the magnetic write head probe assembly on top of a su-
perconducting thin film and inset 2. is a picture of the RF micro-coil
of the probe above the sample. . . . . . . ... ... .. ... ... ..
Schematic Jy, variation on the superconducting surface with different
defects. The Ps; generation from defects is local. Hence measuring Psy
at different positions can be used to find defects on superconductors.

Set up of Ps;y measurement in nonlinear microwave microscopy. A
preamplifier (Agilent model § 87405C) is used in front of the input
terminal of the spectrum analyzer (Agilent model §: ESA-E E4407B) to
enhance the sensitivity to small signals. A phase-lock loop is connected
between the microwave source (HP model § 83620B) and the spectrum
analyzer to match the phase of the microwave source and the spectrum
analyzer. Inset 1. shows the magnetic write head probe assembly on
top of a superconducting thin film and inset 2. is a picture of the RF
micro-coil of the probe above the sample. . . . . . ... .. ... ...
Temperature dependence of third harmonic power P3; of a TBCCO
film, measured by a magnetic write head probe (Quantum Big Foot
Probe) with an excitation frequency of 3.5 GHz. Data shown in the
inset is measured by the bare loop probe with excitation frequency of
3.5 GHz and excited power 18 dBm. . . . . . . .. ... ... ... ..
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Height dependence of the Psy on TBCCO sample. The closer the probe
to the sample, the stronger the Py from the TBCCO superconductor.
The excitation frequency and power are 3.76 GHz, 12 dBm respec-
tively in the measurement. The arrow in the figure indicates the probe
moving direction toward the sample surface. . . . . . . ... ... ..
Temperature dependence of third harmonic power P3; from an MgB,
film, measured with the magnetic write head probe (Quantum Big Foot
Probe) with an excitation frequency of approximately 3.5 GHz and a
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The complex third harmonic response of V}gamp “(T)/ V}f}ef e of a
TBCCO thin film superconductor measured by the GT5 probe. The
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ally. The magnetic write head probe touches the sample with different
landing angles during the measurement. (a) Landing angle () is a
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Temperature dependence of the third harmonic response for a 50 nm
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spectrum analyzer are used for the nonlinear measurement. The noise
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Theoretical Nb thin film Ps¢(7") based on the model of intrinsical non-
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1. INTRODUCTION: MOTIVATION FOR THE DISSERTATION

1.1 Material Problems in Niobium Cavities Utilized in Novel

FElectron Accelerators

In particle physics, researchers want to build high energy accelerators to accel-
erate electrons and positrons up to near light velocity using superconducting cavities.
These superconducting cavities are electromagnetic cavities resonating at a microwave
frequency and can handle a high microwave power. The goal is to convert electromag-
netic energy into the kinetic energy of the charged particles as efficiently as possible.
Figure 1.1(a) [1] shows several cells of the superconducting cavities. The length of
each cell is half a wavelength long (A/2) to ensure electrons can continue accelerat-
ing in the next half of the radio-frequency (rf) period. Each cell works under high
electric and magnetic field with the highest electric field on the accelerating axis and
maximum magnetic field on the equator as shown in Fig. 1.1(b) and Fig. 1.1(c).
Therefore, in choosing a superconductor for a RF cavity design, materials with a high
thermodynamic critical magnetic field (B.), a low RF surface resistance and a high
critical temperature (7,) are preferred to achieve the highest energy gradient in the
accelerator to tolerate strong magnetic and electric fields and to avoid energy loss

during the acceleration of particle beams. In addition to technical considerations,
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Fig. 1.1: (a) Current niobium superconducting radio frequency (SRF) cavities
for particle accelerators. This figure comes from reference [1]. (b) Calculated
electrical field distribution in one cell cavity. Note maximum electrical field is
pointed along the z-axis which is the propagation direction of the accelerated
beam. (c) Associated magnetic field distribution inside the cavity. The maxi-
mum magnetic field is on the equator pointing in and out of the paper plane.
A electron beam weld is located at the point of maximum magnetic field.

materials that are easy to fabricate and to achieve uniformly good material prop-
erties over a large surface area are favorable. Based on the above considerations,
elemental superconductors are better than many superconducting compounds (for
example: MoGe, Nb3Ge and the high T, cuprates). Therefore niobium (Nb) is the
most acceptable one among many elemental superconductors. The first Nb cavities
were successfully tested at Stanford University in 1967 by H. A. Schwettman and
J.P. Turneaure [2]. At that time, the quality factor (Q) of this cavity was not good
because of poor fabrication technology. Fortunately, thanks to today’s post process-
ing technology such as electro polishing (EP), buffered chemical polishing (BCP) and
heat treatment, some Nb cavities have been demonstrating high Q (~ 10'° or more
[3]) and high accelerating gradient (~ 59 MeV/m in a fine-grain niobium single cell
cavity [4]).

However when researchers want to put these lab-fabricated cavities into commer-

cial mass-production, many problems arise. Such high performance cavities cannot



be manufactured with any degree of certainty and regularity. Much debate regard-
ing this inconsistent performance concluded that certain types of defects on the Nb
cavities’ surfaces behave as a source of quenching in high RF magnetic fields. A
quench is when the Nb superconductor returns to the normal state in the presence of
strong magnetic fields, thus limiting their utility. Candidates for these defects include
pits, oxides, hydrides, impurity inclusions, surface grain boundaries etc., as illustrated
schematically in Fig. 1.2 [5]. These defects arise from cavity fabrication steps such
as forming, machining, electron beam welding, EP and BCP. These defects are ei-
ther non-superconducting or have lower 7., making them sources of dissipation and
interrupting the superconducting current flow. Unfortunately, it is extremely hard
to totally remove all of these defects even after sophisticated physical and chemical
treatments. Because different defects have their individual quench limit, not all of the
defects behave as sources of quenching in certain operation conditions (for example, a
9 cell TESLA cavity usually operates at a temperature of 2 K, an initial accelerating
gradient of 25 MV /m, 1.3 GHz RF frequency under 16.5 MW beam power [6]).
Scientists don’t know which defects have lower quench limits and therefore it
is necessary to quantitatively understand the quench limit for different individual
defects. Therefore, completely understanding the effects of different physical defects
on the bulk Nb surface under RF electromagnetic field is one of the most important
issues in this field. Once scientists can completely understand the relation between
ultimate microwave performance and local material properties, they can offer a strat-
egy to remove the truly deleterious defects that result in the superconductor quench

of the cavities. This in turn opens the way to mass-produce the 17,000 or so cavities
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Fig. 1.2: (a) Optical images of the Nb surface from the inner side of an SRF
cavity near an electron beam weld. Many defects can be found on the rough
surface of bulk Nb. (b) Schematic picture of different types of defects on the
Nb surface. Those defects include a few monolayers of native oxide, Tantalum
(Ta) inclusions, chemical residues, Niobium-hydride, grain boundaries etc. The
A here illustrates the length scale in the vertical direction, which is the London
penetration depth. The screening current and magnetic field at the surface
exponentially decay to zero with this characteristic length scale. For bulk Nb,
the A at zero temperature is 40 nm. Figures come from reference [5].

required to build the proposed International Linear Collider (ILC) [7].

Due to the defect issues with Nb, many different methods have been proposed
to look for defects on the inner side of the cavities. For example, optical microscopy
techniques have been developed to identify defects in finished Nb cavities at ambient
temperature [8]. However, this optical screening process may result in identification
of relatively benign defects which will not result in a quench of the superconductor
under the operation conditions of the SRF cavities. Therefore, ideally one would
like a microscopic technique that identifies defects based on their poor microwave
performance at low temperatures in the superconductive state.

One of the best candidates for this challenging work is the near field microwave
microscope which has been developed to quantitatively image RF and microwave

properties of a variety of materials on deep sub-wavelength scales [9] [10] [11] [12].



However, based on the demands to diagnose material problems in SRF cavities, a
strong "RF magnetic tip” probe is necessary to perform a raster scanning on Nb
coupons, which are Nb pieces sliced from the Nb cavities, and analyze the surface
critical field, the surface breakdown field and the locally induced nonlinearity. Due to
this requirement in SRF cavities, our probes must achieve the following conditions:

(1) A magnetic probe should provide an RF magnetic field with peak field up
to the Nb thermodynamic critical field (~ 200 mT).

(2) A magnetic probe should operate in the high RF frequency region (1 GHz ~
2 GHz or higher) to reproduce the accelerator operating condition.

(3) A magnetic probe should be as small as possible to provide a localized magnetic
field to improve the resolution and isolate closely separated defects.

(4) A magnetic probe should operate at SRF temperatures, usually 2K.

Finally, with this microscopy method, researchers in the SRF community will
understand the detailed connection between local Nb defects created by different
kinds of surface treatment and the final performance in a high RF magnetic field.
With this, researchers will know which kinds of defects in cavity fabrication result
in the superconductor quenching during operation and propose an effective method
to remove them in the cavity fabrication. Our work in measuring high frequency
microwave properties of Nb superconductors will definitely benefit the SRF commu-
nity to understand the key issues that lead to degradation in the performance of Nb

cavities.



1.2 Limitations of Existing Magnetic Field Microscopy

Magnetic imaging techniques have quickly grown up in the past decades due
to the rapid development of magnetic microscopy. For example, magnetic force mi-
croscopy (MFM) [13], scanning superconducting quantum interference device (SQUID)
microscopy [14] [15], scanning Hall probe microscopy (SHPM) [16] and magneto-optic
Kerr microscopy [17] are all widely used in industry and in academic research to
record the magnetic structure on the surface of materials by sensing the surface stray
magnetic fields. However, each of the microscopy techniques varies in its limits of
applicability. SHPM and Magneto-optical Kerr microscopy are not very sensitive to
flux change and only work well in a DC or low frequency field (Note: The maximum
frequency responses of SHPM depends on the working frequency of the semiconductor
Hall sensor. For Kerr microscopy, the upper operating frequency is also constrained
by the working frequency of the semiconductor photo detector. Both are generally
in the kH z frequency region based on today’s semiconductor technology.) The Scan-
ning SQUID has the highest field sensitivity, but its high sensitivity degrades at high
frequencies [18] and the spatial resolution is limited to the size of the pick-up coil
[19], usually a few microns. On the other hand, although MFM has achieved the best
spatial resolution (a few nm scale) and successfully demonstrated in high-frequency
operation as high frequency MFM (HF-MFM) [20], it is still difficult to quantitatively
analyze the data from MFM images. In addition, the resolution of HF-MFM will de-
crease while operating above 2 GHz [21] [22] and the field provided by the probe is

only a constant field, not a driving RF field.



All of the microscopes described above are unable to provide a strong radio
frequency (RF) magnetic field on a localized area. Because of these limitations, many
ideas about the driving force magnetic probe (excited probes) have arisen recently.
However creating a concentrated microwave magnetic field in a small area of the
sample is a challenge and has created interest among many research groups using
different methods. The fundamental method is to make a loop-shaped coil as small as
possible to generate a concentrated magnetic field on the sample.[10] [11] [12] [23] [24].
Some groups also bundle many loop shaped coils to generate a strong localized field
[25], but unfortunately this method will sacrifice spatial resolution. Recently several
groups have used the method of either photo-lithography or E-beam lithography to
fabricate a micro-coil and successfully generated about 10 Tesla to 50 Tesla of pulsed
magnetic field on 30 ns time scales [26][27]. One group also demonstrated that this
nanosecond pulsed field can switch the magnetization of nano magnetic particles
28], but this method will generate lots of heat and may not be useful to probe the
properties of superconductors due to the unpredictable sample heating during the
measurement. Another study on utilizing spin-torque-driven microwaves to generate
a localized ac magnetic field to flip the magnetization direction of a thin single domain
magnetic element has been widely discussed recently [29][30][31][32]. However this
technique doesn’t have application yet in investigating the properties of SRF cavities.
Fig. 1.3 shows a brief summary of developments of localized high RF magnetic field
measurements. These ideas may have potential for application in a high resolution
magnetic microscope in the GHz frequency regime in the future.

In a word, based on the need of the SRF community to identify defects on Nb

7
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Fig. 1.3: High-Field, High-Resolution AC/Transient Magnetic Microscopy
Generating Highly-Confined Magnetic Fields with Frequency > 1 GHz : A
summary of methods to generate a highly concentrated RF magnetic field.
Each technique lists a typical RF magnetic field scale, degree of spatial resolu-
tion, and an associated time/frequency scale demonstrated. All of the candidate
technologies are numbered and referenced as follows (1) S. C. Lee = loop probe.
[10] [11] [12]. (2) G. Lamura = pancake coil [25] (3) M. Bonfim = Micro-coil
[26] (4) T. Takamasu = Micro-coil [27] (5)N. Kikuchi = Micro-coil [28] (6) G.
Woltersdorf = Microwave assisted recording [29]. (7) T. Tai = Write Head
[33]. (8) X. Zhu = spin-torque-driven oscillator [31]. (9) K. Yoshida = spin-
torque-driven oscillator [32]. Note the large circle (@) and star sign () size
indicates the operation frequency/speed :larger symbols correspond to higher
frequencies. The star also indicates the method used in this dissertation.



surfaces [34], a completely novel magnetic microscope with the capability of imaging
in the high frequency regime (at least a few GHz) under a strong RF field and at
cryogenic temperatures is desirable. This dissertation will address our achievement to
measure the electromagnetic response (linear and harmonic signals) from SRF related
materials (Nb & MgB,) in localized regions down to sub-micron scale. A detailed
discussion of the modeling for the experimental measurement will be addressed. My

effort to image surface defects will be discussed in the final chapter.



2. FUNDAMENTALS OF SUPERCONDUCTIVITY

2.1 Superconductivity and intrinsic nonlinearity

Superconductivity was first discovered in Mercury (Hg) in 1911 by Dr. Kamer-
lingh Onnes [35]. After Hg, physicists discovered that most non-ferromagnetic metals
have a superconducting ground state. This superconducting phase has the common
phenomena of exactly zero dc electrical resistance and expulsion of magnetic fields
when the materials are cooled below their individual critical temperature in a small
static magnetic field. The spontaneous expulsion of magnetic flux from the interior
of the superconductor is called the Meissner effect. It is a remarkable fact that while
the superconductor is immersed in a static magnetic field and cooled below T, spon-
taneous screening currents will be induced on the surface of the superconductor with
a direction perpendicular to the direction of magnetic field to actively exclude the
external magnetic flux. In this situation, we say the superconductor establishes the
Meissner state. However, from the microscopic point of view, the Meissner effect does
not cause the field to be completely ejected but instead the field penetrates the super-
conductor to a very small distance, characterized by a parameter A, called the London
penetration depth or penetration depth for simplicity. The magnetic field decays ex-

ponentially to zero within the bulk of the superconductor. Hence the screening only



happens within a few penetration depths below the surface. This is the reason why
the near surface (~ 100 nm) properties of Nb are so critical for SRF applications.
The screening effect can be interpreted by the London equations which describes

the relation of the supercurrent density (J5) and electrical & magnetic fields (E&B)

d
—(A —E 2.1
C(AT) (21a)
B = -V x (AJy) (2.1b)
where A= m 5
Neq*

Note that in the Meissner state, two electrons with equal and opposite momentum and
spin forms a pair to reduce the internal energy. Therefore, m* = 2m and ¢* = 2e are
the mass and charge of an electron pair (Cooper Pair), respectively. ng is superfluid
density which means the numbers of electron pairs per unit volume. From the first
London equation (2.1.a), one can clearly see that the dc current can exist without
electrical field, which can describe the zero dc resistance in the Meissner state. The

second London equation (2.1.b), when combined with the Maxwell equation, VxH =

J, leads to
B
V2B — ﬁ
(2.2)
A
where ==
Ho

This equation describes Meissner screening that screens out almost all of the

magnetic field although it penetrates a penetration depth, A, into the superconductor.

11



Despite interpreting the Meissner effect successfully in the London equation, many
superconductivity phenomena cannot be interpreted by this over-simplified model
due to some assumptions in the London model. One limitation is that in the London
model, the superfluid density is assumed uniform in space and the applied mag-
netic field (B) is much smaller than the critical field. If an applied magnetic field
approaches the critical value, defined as a thermodynamic critical field, B., the re-
sponse of superconductivity to the magnetic field will be very complex. Based on its
response to a magnetic field, superconductors can be classified into two types, type I
superconductors and type II superconductor. For type I superconductors, they have
a single critical field, B., above which all superconductivity is lost. For type II su-
perconductors, they have two critical fields, defined as lower critical field (B.) and
upper critical field (B.y). Partial magnetic penetration is allowed while the applied
magnetic field is in between B.; and B.. In this situation, the superconductor is in
a mixed state (also known as the vortex state) . The discussion of the vortex state
will be addressed in section 2.2. Note that bulk Nb is typically a type-I material,
whereas thin film Nb is typically type-II. This variation is due to the relative size of
the coherence length and mean-free path of the conduction electrons.

For both type I and type II superconductors, the response of an electron gas
to the electric field should be considered in a localized region where the field is not
uniform. Therefore, in the rigorous case, superconductivity would become very com-
plicated while considering spatially nonuniform fields on the scale of the penetration
depth and with nonuniform n.

If the superfluid density is perturbed by external factors, superconductors will

12



behave in a nonlinear manner in many measurable quantities. For all superconduc-
tors, this nonlinear manner is expected to be present and is considered to be an
intrinsic nonlinearity. These external factors can be in the form of an applied current
or magnetic field, for example. If the applied field/current is much smaller than the
critical field/current, the generated nonlinearity is usually regarded as the nonlinear
Meissner effect (NLME), which can be described by the Ginzburg-Landau (GL) the-
ory. This GL theory was first presented by Ginzburg and Landau in 1950 [36]. They
introduced a complex spatial pseudowavefunction ¢ (r) as a complex order parame-
ter of the superconducting state. Therefore the local density of the superconducting

electrons would be given by :

ns = [P(r)[* (2.3)

Assuming the smallness of |¢)(r)| and smallness of its gradients with respect to space,
the Ginzburg-Landau free energy density, f, can be expanded in a series of powers of
1], its gradient, and different forms of energy

5 L h BI°

[ = foo+ o)+ §!¢(T)|4 tg = | (;V — A [ +W (2.4)

where A is the magnetic vector potential, o and [ are treated as phenomenolog-
ical parameters, and f, is the normal state free energy density of the material. This
GL theory links the electrodynamic properties with the thermodynamic properties of
a superconductor and provides for the spatial inhomogeneity of the superconducting

order parameter. By solving this GL equation for different geometries of supercon-
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ductors with appropriate boundary conditions, the spatial structure of ¥ (r) can be
explored in any perturbed situation. Many research groups have modeled the intrinsic
nonlinearity of both s-wave and d-wave type-II superconductors using the GL eqa-
tions [37] [38] [39]. In this way, one finds the inherent nonlinearity of the superfluid

density due to an applied current as expressed by [40],

(%)2 =1-be(T) (Ji)Q (2.5)

where ng(7T,J) is the superfluid density at temperature (7) and in the presence of
current density (J), ns(T,J = 0) is the superfluid density at the temperature T
but in the absence of current. J. is the critical current density at zero temperature
(T'=0K). bo(T) is a both temperature and direction dependent nonlinear coefficient.
O is the direction of the superfluid flow with respect to the coordinate axis of the
superconducting gap on the Fermi surface as shown in Fig. 2.1. Note that for s-wave
superconductors, the gap function is essentially independent of © but for d-wave
superconductors, it will be strongly dependent on © and therefore the properties of
superconductivity will be very directional. This angle-dependent nonlinear coefficient
(bo(T')) carries information about the intrinsic nonlinear Meissner effect of different
types of superconductors.

Figure 2.2 shows the theoretical temperature dependence of the nonlinear coef-
ficient bg(7") based on the Dahm and Scalapino model for 2Aq/kT, = 6 [40], where
Ag is the maximum superconducting gap and k is the Boltzmann constant. From

this theoretical prediction, one can see that bg increases tremendously near T, for s-
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S-wave

Fig. 2.1: (a)Fermi surface and superconducting energy gap of s-wave supercon-
ductor showing a s symmetry of the pairing wave function. (b) Fermi surface
and energy gap of d-wave superconductor showing a d,2_,2» symmetry of the

energy gap.

0 1 | 1 L_h_-—-l"'"f”jl 1
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Fig. 2.2: Temperature dependence of the nonlinear coefficient bg for
2A¢/(kT.) = 6. The dashed line shows the theoretical result of an isotropic
s-wave superconductor. The solid and dotted line are the results for d-wave su-
perconductors with different directions of superfluid flow on the Fermi surface.
Note that b, means superfluid flows in a direction parallel to k, and by, is at
45° with respect to k, on the Fermi surface. This figure comes from reference
[40].
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wave superconductors. However for d-wave superconductors, the bg not only increases
tremendously at temperatures near T, but also increases significantly at temperatures
close to 0 K. For both cases, the divergence of bg(T) at T, is a general characteristic
phenomenon of the superconducting state and is caused by the extreme sensitivity of
the superfluid density to external fields and currents, which is the so-called nonlinear
Meissner effect. At low temperatures, the divergence of bg in d-wave superconduc-
tors is caused by the existence of nodes of the gap function on the Fermi surface.
Theoretically, the nature of the nodes in d-wave superconductors will also have a
strong surface contribution to the nonlinear Meissner effect due to Andreev bound
states at low temperature [41]. The nonlinear measurement of our near field magnetic
field microscope would be expected to explore many theoretically predicted intrinsic
nonlinear mechanisms and to find novel physics in many recently discovered new

superconductors, such as the pnictides.

2.2 Extrinsic nonlinearity of superconductors

2.2.1 Vortex nonlinearity

My microscope is capable of generating a small number of magnetic vortices
in the superconductors under study. Therefore it is important to understand the
nonlinearity generated by the vortices, as well as their interactions.

GL theory is really a great beauty in solving many difficult problems in super-
conductivity. One example is that this theory also successfully interprets the flux

lattice of type II superconductors in a uniform magnetic field. As mentioned before,
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Fig. 2.3: (a)Two vortices with the same direction of field will repel each other.
(b)Two vortices with the opposite direction of field will attract each other.

magnetic flux will penetrate into the superconductors while the external magnetic
field is higher than the lower critical field, B.;, but lower than the upper critical field
B. In this situation, the superconductors are in the vortex state or mixed state, a
state between the Meissner state and the normal state. Abrikosov found a solution
to the GL equations in the case of a bulk superconductor immersed in a magnetic
field just below By [42]. His prediction of an array of flux vortices was confirmed by
a variety of experimental methods [43] [44] [45], showing not just that vortices exist,
but that they also tend to align in a triangular lattice, as predicted by the theory.
The lattice can be periodic over quite long length scales but is disturbed by material
defects such as impurities and grain boundaries.

In particular, the Abrikosov solution corresponds to a regular array of vortices
when B ~ B. On the other hand, if the field is just above B., we can imagine
very few vortices in the entire sample and each vortex will be well isolated. Ideally, a

single isolated vortex also can be generated by a very localized intense magnetic field
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[46] [47] [48]. In this situation, a magnetic flux quantum, @y, also known variously as
a fluxoid or fluxon, is created. The supercurrent maintains the flux in the core and
screens it out of the bulk. As a result, the magnetic field distribution of this fluxon

far from its core can be described by

B)| = oot Ko( ) (2.6

where K| is a zeroth-order Bessel function. Note that while r — 0 (approaches the
core) , the magnetic field will diverge logarithmically. In reality, for r < &, where ¢ is
the superconducting coherence length, the field is simply approximated by

o
2w \2

|B(r)| = In(k) r<é (2.7)

where k = A/ is the dimensionless Ginzburg-Landau parameter. From this single
vortex calculation, the interaction of vortices can be treated. Assume there are two
vortices as shown in Fig 2.3. The field at r is given by the superposition of two

individual vortex fields

B(r) = Bi(r) + Ba(r) = By(|r — r1]) + Ba(|r —r3]) (2.8)

where r; and rs specify the positions of the cores of two individual vortices. These
two vortices will have interactions of either repulsion or attraction, depending on the
direction of the field in each vortex. The force per unit length on vortex 2 due to the

presence of vortex 1 is fo=J1(r2) x®y, where J; (r9) is the current density generated
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by vortex 1 at position ry. The direction of dy is parallel to the flux density. Hence,
if two fluxoids have the same direction, a repulsive force between each vortex will
be induced. On the other hand, if the field of both vortices are antiparallel, an
attractive force will be generated. A vortex also can be in static equilibrium at any
given position while the net superfluid velocity from all other sources is zero there.
This can be accomplished if one vortex is surrounded by a symmetrical array. If the
material has inhomogeneities, vortices may be pinned by defects where the pinning
force is bigger than Jg x ®g, where Jg represents the net transport current density.

In type II superconductors, the vortex critical state has drawn much attention
in academic research. Many theoretical models predict the possible responses of
vortices in static or dynamic situations. Imaging the vortices on the superconducting
materials is an important area of research. It has been popular to use magneto-optical
Kerr microscopy to image static vortices in different type II superconductive materials
under uniform DC magnetic field. One investigation studied a Nb sheet sliced from a
Nb cavity using this magneto-optical imaging technique [55]. Similar experiments are
also performed with scanning SQUID microscopy to analyze vortex interactions in Nb
and MgB, [56]. Both methods are generally performed in a uniform DC magnetic
field and have the disadvantage that the dynamic effect of vortex motion cannot be
examined.

In reality, vortex motion in type II superconductors is very crucial and quite
complicated. This motion leads to energy loss and therefore many research groups
do their best effort to understand how to control the motion of vortices once they are

inevitably generated. In SRF cavities, vortex motion is also one of the main issues
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leading to degradation of the performance of Nb cavities in high field operation [57]
[58]. Because vortex motion can produce a nonlinear electromagnetic response, mea-
suring the nonlinear response due to the mechanism of vortex motion is one of the

key studies in SRF materials research. We will return to this point in chapter V.

2.2.2  Other sources of extrinsic nonlinearity

In addition to extrinsic nonlinearity from moving vortices, many other extrin-
sic effects produce nonlinear response. The Josephson effect is probably the most
significant extrinsic nonlinear factor. A Josephson junction is made of two supercon-
ductors connected by a "weak link” which can be a thin insulating barrier (known
as a superconductor-insulator-superconductor junction, or S-I-S), a short section of
non-superconducting metal (S-N-S), or simply a narrow physical constriction that
weakens the superconductivity at the point of contact (S-C-S). In bulk Nb cavities,
due to the the chemical etching process, oxides and hydrides will be naturally formed
in the fabrication process and therefore different kinds of Josephson junctions will ex-
ist on the bulk Nb surface [49][50]. These junctions will degrade the value of critical
current in pure Nb and result in the breakdown of superconductivity at a field level
below the thermodynamic critical field [49][50][51].

Different defects on Nb surfaces will lead to Josephson junctions having critical
currents lower than the bulk critical current .J.. Nonlinear effects of these kinds of
Josephson junctions on Nb surfaces have aroused great concern in the SRF commu-

nity. A phenomenological equation, similar to Eq. 2.5, can describe this nonlinear ef-
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Fig. 2.4: Schematically expected values of Jy, for different types of defects on
Nb cavities. Here a 9 cell cavity is shown and a representative Tantalum defect

[59] from the fabrication process on the inner surfaces of the cavities are imaged
by SEM.

fect by introducing a temperature dependent nonlinear current density scale, Jy(T'),

ss) - (G2) =9

Note that the nonlinear current density scale Jy.(7') is a material parameter, here

[52] [53]

depending on different defects. Fig. 2.4 shows schematically the expected values of
Jxr on the several defects found on bulk Nb surfaces. A nonlinear measurement on
those defects will quantitatively identify their electromagnetic properties in high RF
field.

Finally, one more thing worth to mention is that the Jy; term in Eq. 2.9 can
also be interpreted as a general form for different types of nonlinear mechanisms and

can quantitatively characterize the different mechanisms of nonlinearity, including

21



intrinsic and extrinsic nonlinearity. For the intrinsic nonlinearity, Jy; includes the
term of bg in Eq. 2.5 and it’s temperature dependence can be approximated by

Ine(T) = J.(1 — (E)?)(1 - (%)4)1/2 in the GL picture.

Te

2.3 Previous work on the electromagnetic properties of

superconductors

Microwave experimental techniques have been widely used to study the physics
of superconductors [54]. These experiments generally either measure the linear re-
sponse or harmonic response by immersing the studied superconducting sample in a
resonator cavity. In order to generate measurable nonlinear effects, the sample must
be subjected to high microwave fields, a situation which can be achieved while the
sample is placed at a location of maximum magnetic field inside the resonator cav-
ity. In these experiments, researchers measure the resonant frequency shift and the
temperature dependent or power dependent quality factor (Q) arising from changes
in the properties of the sample [60][61][62]. For nonlinear microwave measurements,
many groups study the superconducting self-resonant samples such as superconduc-
tive spiral or stripline resonators to investigate the fundamental physics governing
the superconducting quantum states. For instance, the intermodulation distortion
(IMD) measurement on d-wave YBCO single crystal has been performed to prove the
nonlinear mechanism arises from the gap nodal features on the Fermi surface [63].
However this kind of measurement can only monitor the spatially-averaged electro-

magnetic properties of the tested superconductor. The spatial resolution is limited
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by the length scale of the microwave wavelength and is impossible to get the localized
microwave properties of the tested superconductors.

Based on the constraints of spatial resolution for far field measurement, the
near field concept has emerged in recent years for microwave rf properties measure-
ment. Many near-field microwave microscopes were developed to solve many practical
problems in different research fields. In superconductivity, near field microwave mi-
croscopes were used to image the variation of T, as well as the change of surface
resistance as a function of the scanning probe position [64]. In our group, we built
a novel near-field magnetic field microwave microscope to investigate the localized
linear and nonlinear response of many high 7, superconducting cuprate samples [10]
[11]. This experiment used a scanned magnetic loop probe to apply a focused local
current distribution on the superconducting samples and investigate the local elec-
tromagnetic properties in the microwave frequency regime. A scanned magnetic loop
probe is made by shorting the inner conductor and outer conductor of a commercial
semi-ridge coax cable with inner diameter 200 pm and outer diameter 2 mm. The
loop is brought to within 10 um of the superconducting surface and a high frequency
current is applied to the loop. Our early work investigated the harmonic effects in
YBCO films with various doping [53] and demonstrated temperature dependent phase
sensitive properties in localized harmonic measurement [65]. Harmonic imaging of a
single grain boundary Josephson tunnel junction also successfully resolved the lo-
calized source of nonlinearity [11] [12]. However the spatial resolution of the above
achievement is not very high due to the large diameter of the loop size in the exper-
iment. In this dissertation, we will show our effort to improve the spatial resolution
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down to the sub-micron scale by integrating a novel magnetic writer coming from the
magnetic recording hard drive into the existing microscope [66]. Then we will study
the linear and nonlinear responses investigated by this potential high resolution probe

on SRF materials, including Nb thin films, bulk Nb and M g¢gB; thin films.
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3. INTEGRATION OF MAGNETIC WRITER INTO THE

MICROWAVE MICROSCOPE

3.1 Introduction to the magnetic writer probe

Magnetic hard disk drives (HDDs) continue to be the primary high performance
storage technology for non-volatile information recordings today. This success is due
to the tremendous achievement in both read heads and write heads as well as the
recording medium. Early HDDs used an electromagnet for both the read head and
the write head to magnetize the bit region of the medium and then read its magnetic
field by using electromagnetic induction. At that time, read and write elements shared
the same electromagnet. Because of the need for increased data storage density, in
the modern design of the hard drive, the hard drive head separates the write and
read element to individually optimize the performance of both elements. For the
read element, the giant magnetoresistance (GMR) effect came into use. This GMR
head is more sensitive and can respond to the much smaller magnetic fields produced
by the smaller written bits in the magnetic medium. More recently the tunneling
magnetoresistance (TMR) read head has been used in HDD. The TMR head shows
higher sensitivity than the traditional GMR read head.

For the write element, the write heads have progressed into a type of thin-film



inductive probe. These thin-film write heads (sometimes called the writer) are fab-
ricated with several layers of lithography and film deposition. The main part of the
writer is a yoke (magnetic head) surrounded by a few turns of helical wire coil which
generates the magnetic flux as schematically shown in Fig. 3.1 (a) and (b) [67]. The
yoke is usually made of high permeability materials such as ferrite or permalloy to
channel the magnetic flux. The magnetic flux goes out through the small gap, usually
200 nm ~ 100 nm wide, at the end of the yoke. The first generation of thin-film in-
ductive heads was a ring shaped head specifically for longitudinal recording as shown
in Fig. 3.1 (a). Recently the design of the write head became a monopole-like shape
for the developing high-density recording technology of perpendicular recording [68]
as shown in Fig. 3.1 (b). This special shape design enables the write field to pene-
trate the recording medium more efficiently in the perpendicular geometry recording.
Several studies of the high frequency characteristics of modern magnetic write heads
shows well-confined fields on the length scale of several hundred nanometers at a few
GHz frequency [21] [22] [69]. These characteristics enable us to achieve sub-micron
resolution in the GHz frequency region in the design of our near-field microwave
microscope.

Figure 3.2 shows the final merged read/write head assembly of current-day
design. The read/write sensor is centered on the front edge of the slider. The slider
is designed to control the flying height of the read/write sensor over the magnetic
medium via an etched air-bearing face onto the disk-facing plane. Hence, the slider
is what actually floats or slides over the surface of the disk, carrying the read/write

head at the correct distance from the magnetic medium for reading and writing. The
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Fig. 3.1: (a) A ring shape magnetic write head on the longitudinal magnetic
recording medium. (b) A monopole-like shape magnetic write head on the per-
pendicular magnetic recording medium. The flux comes out from the monopole
terminal, then penetrates into the medium and is channeled by a soft under-
layer before it returns to the other terminal of the head. This figure comes
from the reference [67].

surface of the slider body is coated with a nano-scale (TiC)Al,O3 layer [70]. This
layer is as hard as rock to prevent the damage to the probe in case of any accidental
crash during the read /write process. Therefore, the probe itself is very robust for my
scanning probe application in the near field microwave microscope.

In our research, a magnetic write head (writer) is utilized to generate a strong

and localized RF magnetic field, and to enhance the spatial resolution of our near

slider

transmission line
( printed circuit board)

-
reader & writer—

head gimbal assembly .

Fig. 3.2: General probe assembly inside the hard drive. The position of read
head and write head are pointed out. The transmission lines carry the high-
speed signals to and from the writer/reader.
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Slider with
write coil

Fig. 3.3: A probe assembly is soldered on the coax cable. The probe assembly
in the picture is a GT5 probe from Seagate company.

field magnetic microwave microscope. Taking advantage of magnetic write head tech-
nology with write-gap widths on the order of 100 nm [71], an RF field on the scale
of 1 Tesla [72] with sub-micron spatial extent [73] can be created. In this work, we
integrate the magnetic writer probe into our microwave microscope by soldering the
probe assembly onto a coaxial cable as shown in Fig. 3.3.

Three kinds of probe assembly are used in this research and they are tabulated
in Table 3.1. Note that due to trade secrecy and confidential information of the hard
drive manufacturers, the exact specification of each probe is unpublished. Generally,
the dimension of magnetic write-gap width is from 100 nm to 1 um depending on the
age of the technology. The Quantum Big Foot hard drive [74] was manufactured in
the mid to late 1990s and we believe the probe from this hard drive has the largest gap
compared to the other two probes. Perpendicular recording is the latest technology
in the hard drive industry, therefore, the width of write-gap from the PINNACLE

probe should be the smallest of the three.
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Table 3.1: Catalog of Write Heads Used in Our Experiments

Probe Assembly Manufacturer | Read/Write Mechanism | Year
Probe from Quantum Bigfoot Hard Drive | Quantum Corp. | Longitudinal Recording mid-to
late-
1990’s
GT5 Probe Seagate Longitudinal Recording circa
1998’s
PINNACLE Probe Seagate Perpendicular Recording greater
2007

o
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Fig. 3.4: SEM image of the PINNACLE probe slider assembly showing the
media-facing surface. The center inset is a zoomed-in picture of the merged
read/write head. The read element (read head) and write element (write head)
are separated by magnetic shields. The reader is between the first magnetic
shield, and the writer pole can be seen below the second shield.
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A representative SEM image of the probe assembly is taken on the PINNACLE
probe and shown in Fig.3.4. The read and write element can be clearly seen in the
centered inset. The read element consists of a GMR sensor between two magnetic
shields. These magnetic shields greatly reduce unwanted magnetic fields coming from
the disk. Therefore the GMR sensor essentially "sees” only the magnetic field from the
recorded data bit to be read. The inductive write element is a tiny 200 nm monopole
shape. The second magnetic shield also functions as the other pole of the inductive
write head. Due to the narrow width of the gap between two poles (not clearly seen
in the SEM images due to the interference of the e-beam with the magnetic field),
this writer probe has great potential for high resolution linear and nonlinear Meissner
effect microscopy and in the future will be used in analyzing defects on Nb cavity

surfaces at high frequencies and low temperatures.

3.2 Magnetic Write Head Behavior at Microwave Frequencies

Measuring the write head behavior at microwave frequencies is challenging but
important. This can let us know the frequency regime of operation for the writer
and whether it is compatible with our existing microwave system. Before integrating
the magnetic write head into our near field microwave microscope, we measured the
complex load impedance that the head presents to the microwave generator. Fig. 3.5
shows the impedance measured with a calibrated Picoprobe touching the contact pads
on the slider. Note that this representative data is from the GTS5 probe. Remarkably,

the write head is very well impedance matched to 50 2 in resistance and 0 €2 in
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Fig. 3.5: Measured input impedance of the GT5 magnetic write head as a function of fre-
quency. The thick line indicates the resistance, and the thin blue line indicates
the reactance values. The measurement is done with a PNA-X N5242A network
analyzer and calibrated Picoprobe at room temperature. The dashed lines show
the characteristic impedance of the microwave generator Zy = 50 €.

reactance over a broad frequency range from about 2 GHz to 25 GHz, which is quite
ideal for the present application. Such good impedance match implies that we can
deliver 45 mA of current to the write head using 100 mW (420 dBm) of RF power,

and we find that this does not burn out the magnetic write head coil.

3.3 HFSS simulation results on the write head at high frequencies

The electromagnetic fields produced by the near-field probe on the supercon-
ducting surface can be visualized by a finite element simulator, ANSYS High Fre-
quency Structure Simulator (HFSS). Fig. 3.6 shows the model based on the dimen-
sions of the Seagate GTS5 magnetic writer. In this simulation, the sample is assumed
to be a perfect electric conductor, not a superconductor. The 10 turn coil is stimu-
lated with a 50 mA drive current at 4.5 GHz excitation frequency. The height of the

probe is 200 nm from the surface of the sample. The magnetic flux induced by the
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Fig. 3.6: (a) A schematic magnetic writer and the gap (not to scale) with a height (h) away
from the sample surface. In our design, we assume [;,=100 nm, [,=200 nm, and
dyoke=1 pm based on the dimension of the Seagate GT5 magnetic writer. (b) Con-
figuration of HFSS simulation of a magnetic writer above a perfectly conducting
sample. (c) Distribution of the surface current density (Js,rf) on the sample sur-
face. The Jg,,; scale bar and arrows indicate the magnitude and direction of the
screening current, respectively, in the first half of the RF cycle. In this simulation,
we assume the yoke is made of ferrite. The yoke is excited by a 50 mA RF current
and the separation (h) between the probe and the sample is 200 nm. Note that a
Jsury of 8 % 10° A/m corresponds to a surface magnetic field B=460 mT.

incident signal goes out through the gap, about 100 nm long (I,), ~ 200 nm wide
(w), at the end of the yoke. The thickness of the yoke (¢g) is 1 pum, with a 10 turn
gold coil wrapped around it. The sample develops screening currents with a direction
perpendicular to the direction of magnetic flux on the sample surface. The screening
current on the sample surface has the pattern of a dipole. This screening response is
essentially the same as that developed due to a horizontally-oriented point magnetic
dipole at the location of the gap [75].

The surface magnetic field along the center line, shown as a dashed line in Fig.
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Fig. 3.7: Microwave magnetic field (B field) magnitude on the sample surface calculated by
HFSS along the dashed center line on the sample in Fig. 3.6. The origin of the
sample lies exactly below the center of the gap and shows the maximum magnetic
field. The calculation is repeated at various heights (h) of the probe above the
surface. The inset shows the Full Width Half Maximum (FWHM) of the field
distribution as a function of height, showing that field concentration is stronger at
smaller probe/sample distances.

3.6 (c), is plotted in Fig. 3.7 for different heights (h) between the probe and the
sample. From the simulation result for a height of 200 nm, the maximum magnetic
field (B field) on the surface is 459.2 mT', higher than the thermodynamic critical field
of Nb (~ 200 mT). It is clear that the closer the probe to the sample (see the inset),
the stronger and more concentrated the magnetic field on the surface. Therefore we
want our magnetic writer as close as possible to the sample. The actual yoke geometry
of the write head is not quite the same as the simple structure schematically shown
in Fig. 3.6 (a) and (b). Although this simulation cannot describe the GT5 magnetic

writer in detail, it provides a general trend and prediction for our microscope.
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3.4 Equipment Overview

The magnetic write head probe described above is housed in a high vacuum
cryogenic chamber as shown in Fig. 3.8. This chamber is a cryogenic probe station
made by Desert Cryogenics. A continuous flow mechanism is used to cool the cold
head down to 4.2 K by transferring liquid Helium from a Liquid Helium dewar into the
bottom of the cold head through the liquid Helium transfer line (without pumping
the Helium exhaust). The entry point of the liquid Helium transfer line and the
Helium exhaust line are shown in the inset (b) of Fig. 3.8. The vacuum pressure
of this chamber can be as low as 5 * 107® Torr at cryogenic temperatures. The
microwave synthesizer, spectrum analyzer and temperature controller are shown in
inset (a) of Fig. 3.8. Microwave current is generated by the microwave synthesizer and
is conveyed into the probe in the chamber through the coaxial cable feed-through.
The probe assembly and samples can be seen from the view port of the chamber
through the optical microscope. The view inside the chamber is shown in Fig. 3.9.
The probe stage is thermally anchored via high thermal conductivity copper braids.
The microwave circuits for our microwave measurement on superconductors will be

discussed in detail in the later chapters.
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Fig. 3.8: Exterior pictures of the Desert Cryogenics probe station which houses the near
field magnetic field microwave microscope. Inset (a) shows the spectrum analyzer,
microwave synthesizer and the temperature controller. Inset (b) shows that the
liquid Helium transfer line is inserted into the liquid Helium entry point. The
Helium exhaust line is also labeled.
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Fig. 3.9: Interior pictures of the Desert Cryogenics probe station. The probe assembly is
held by a probe arm. Inset shows the magnetic write head probe assembly on top
of a superconducting thin film. The thermal anchoring links to the probe assembly
to enhance the thermal contact of the magnetic probe and insure that it achieves
a temperature close to that of the sample.
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4. LINEAR RESPONSE MEASUREMENT

4.1 Linear Response Setup

A linear response measurement on superconductors would help us to understand
the basic properties of RF superconductivity, such as the critical temperature, surface
resistance and penetration depth. Understanding these properties would let scientists
make the best use of superconductors in different applications.

The schematic setup for linear response measurements is shown in Fig.4.1(a).
A microwave fundamental tone (V1) is sent into the magnetic writer (either Seagate
GT5 or PINNACLE probe) from port 1 of the vector network analyzer (VNA) (model
t Agilent N5242A). We measure the linearly reflected signal in port 1 of the VNA.

The process is now discussed in more detail. The magnetic writer used in this
measurement includes GT5 & PINNACLE probes and each probe is integrated into
our microwave circuit by soldering the probe assembly on a coaxial cable ( see Fig.
3.3 ). For each probe, the main part of the writer is a magnetic yoke surrounded by
a several-turns helical coil which generates the magnetic flux. The yoke is made of a
high permeability material (usually ferrite) to channel the magnetic flux to the nar-

row gap. It is also shielded to define a nano-scale bit in the recording medium during

the writing process [21] [22] [76]. Close-up views of the magnetic write head probe



on superconducting samples are also shown on the side of Fig. 4.1. In our design,
the magnetic writer approaches the surface of the superconductor in the range of 200
nm ~ 2 um. The fundamental tone stimulates the magnetic writer to generate an
RF magnetic field and therefore excites a screening current on the sample surface so
that it can maintain the Meissner state in the bulk of the material. Larger magnetic
field induces higher screening current within the penetration depth (\) of the super-
conducting surface, until the field reaches the critical field of the material. The time
dependent screening current on the superconductor will induce an electromotive force
(emf) back on the magnetic writer. (Note that we do not measure the reader because
it is too far away from the localized excitation on the surface of the superconductor.)
The emf voltage will couple with the incident fundamental tone and reflect back as
an output signal (V). We measure the ratio of V;; to V. (S11) at different temper-
atures of the superconducting samples. The sample temperature is controlled by a
Lakeshore 340 temperature controller.

The superconducting samples we study are Nb thin films with thickness 50
nm that I made by sputtering Nb onto 3 inch diameter quartz wafers. After the
deposition, the wafer is diced into many 10¥10 mm? pieces but otherwise left un-
disturbed. The Nb sample is well anchored to the cold plate to ensure that the
surface temperature of the superconductor is the same as the temperature of the cold
plate. The probe is held by a three axis translatable arm. Hence different points on
the surface of the sample can be examined in the same cool-down. We tested many
pieces (at least 3 to 5) from each Nb wafer, and all pieces show consistent results for

their linear response measurement.
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Fig. 4.1: Schematic diagram of the linear response measurement, S11, performed as a func-
tion of temperature with the (VNA). The reflected signal and incident signal are
at the same frequency.

4.2 Linear Response Results on Nb Thin Film

Many single-position measurements on different 50 nm thick Nb samples were
performed by two different writer probes, the GT5 and PINNACLE probes. The
different probes have different resonant frequencies after integrating the probe to
the microwave system. Before cooling down to measure the Nb superconductivity
reflection signal, an electronic calibration (Ecal) is performed at the end of the flexible
coaxial cable at ambient temperature and ambient pressure. Fig. 4.2 schematically
illustrates the location where Ecal is performed. The probe assembly cannot be
calibrated with Ecal in the measurement. After drawing a vacuum, the cooling down
procedure is followed and it takes a couple of hours to stabilize temperature down to
almost 4.2 K (without pumping on the helium exhaust). The measurement are then

performed.

38



< Cryostat )

>
Flexible Coax cable
> A J

[ J
Port 2

Semi-ridge coax
cable

®
Port1

connector

E-cal plane

Feed-through Cold plate on the

— 1 O
Three axis Thermal/ L Slider—™ Sapple stage

translatable arm grounding

N— _~

Fig. 4.2: Schematic illustration of the linear response measurement setup. The VNA at
room temperature is connected to the sample at low temperature through a coaxial
cable and magnetic write head. Note the Ecal calibration plane location, which is
at the end of the flexible coaxial cable. Ecal is done at ambient temperature and
pressure.

Fig. 4.3 (a) and Fig. 4.3 (b) show the frequency dependent S;; measurement
of the PINNACLE and GT5 probe, respectively, under -15 dBm (considered lower
power) excitation and at a single-position on one of the Nb films. The measurements
are at two different temperatures: one temperature is at the Nb normal state (10 K)
and the other is at the Nb superconducting state (below the 7, of the film). The
probe-sample separation is estimated to be on the order of 0.2 ~ 5 um. First, one
can clearly see that the frequency positions of the resonant dips of the measurement
with the GT5 probe and the PINNACLE probe are different. For the PINNACLE
probe measurement, the deepest dip happens around 2 GHz, at which the maximum
rf magnetic field at the sample can be generated. For the GT5 probe measurement,
the deepest dip is around 4.7 GHz. The dip position also depends on the height
between the probe and the superconducting sample, implying different coupling be-

tween the sample and the probe. Second, the amplitude of the deepest dip is very
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Fig. 4.3: Frequency dependence of |S11| in dB measured at two different temperatures by
the PINNACLE probe (a) and the GT5 probe (b), respectively. The sample under
test is a Nb thin film with thickness 50 nm and 7,.=8.3 K. The excitation power
in both measurements is -15 dBm. Note |S1;| is plotted on a log scale.
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sensitive to the superconducting transition temperature of the Nb films. One can see
an obvious change of S;; amplitude at the dip position when the sample becomes
superconducting. This measurement can determine the best excitation frequency for
both the linear and the nonlinear superconductivity measurement.

Fig. 4.4 (a) shows the amplitude and phase of a temperature dependent Sy
measurement at a single-position on one of the Nb films under -15 dBm, 1.98 GHz
excitation by the PINNACLE probe. The same measurement by the GT5 probe at
-15 dBm, 4.82 GHz excitation is also shown in Fig. 4.4 (b). Note that the excitation
frequency in the measurement is decided by the resonant dip in the frequency depen-
dent Sp; measurement. For both measurements, a sharp change of S1; occurs at 8.3 K
for both the amplitude and phase. This change indicates the Nb transition tempera-
ture (7.). Physically, at this temperature, the Nb thin film becomes superconducting
and generates a strong screening current on the sample surface which couples with
the incident voltage (V,}) and results in a change of the reflected voltage (V,;). In
addition, from the normal state to the superconducting state, the surface resistance

suddenly drops to a value closer to zero. A magnetic circuit model is provided below

to quantitatively interpret the temperature dependent S;; measurement.

4.3 Modeling the Linear Response Measurement !

For modeling this S11(7") measurement, a perfect Meissner state in the supercon-
ductor is assumed while the temperature is below T,.. The magnetic yoke is wrapped

by an N-turn solenoid to channel a magnetic flux, ®, down to the gap as illustrated

IThis model was worked out in collaboration with Dr. Behnood G. Ghamsari
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Fig. 4.4: (a) The temperature dependent Si; of a 50 nm Nb thin film measured with the
near-field microwave microscope via the Pinnacle probe at 1.98 GHz (b) The tem-
perature dependent S1; of a 50 nm Nb thin film measured with the near-field
microwave microscope via the GT5 probe at 4.82 GHz. From (a) and (b), both
amplitude and phase show a transition at 8.3 K, the same temperature as a global
AC susceptibility measurement on this sample. Note |Si;| is plotted on a linear
scale.
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Fig. 4.5: (a) A schematic of the experiment where a magnetic probe locally excites the
surface of a superconductor with a time-varying magnetic field. The total scene
can be modeled as a total load impedance, Zy. This figure uses the ring shape
magnetic yoke to represent the writer. [, indicates the length of the gap under
the bottom of the magnetic yoke. dyore is the thickness of the magnetic yoke
and [, is the size of the yoke in the transverse dimensions. V,, is the impressed
voltage created by the N turn solenoid with input current I. V¢ is the induced
electric voltage on the input winding. (b) The equivalent magnetic circuit of
the experiment with a superconducting sample and the magnetic probe. ®, is the
magnetic flux going through the gap reluctance R, and ®, is the magnetic flux
going through the superconducting sample with the reluctance R in the Meissner
state. ® is the total flux. V,, and V, have their the same description as Fig. 4.5

().
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in Fig. 4.5 (a). The separation between the probe and the sample is assumed to be
small compared to the magnetic gap length (I,) and can be ignored in the model.
While exciting the surface of a superconductor by the magnetic probe, there are two
channels for flux in the magnetic circuit: the air gap and the penetration depth of
the superconductor. Since the total flux, ®, provided by the yoke of the magnetic
write-head distributes among these two channels, they should be represented by two
parallel reluctances, R, and R;, as shown in Fig. 4.5 (b). The gap reluctance, R,

follows the conventional geometric definition of reluctance

Rg . l!] lg

= = unit : H* 4.1
IMOAgap :uolydyoke ( )

where [, is the gap length of the yoke, Ay, is the cross-section area of the air gap,
dyoke is the thickness of the yoke, [, is the the size of the yoke in the transverse
dimensions. The Meissner state reluctance R, is generated due to the penetration
of magnetic field into the superconductor within its penetration depth. Therefore,
the total flux will shunt into two branches, ®, with its reluctance R, and ®, with its

reluctance RR,. In the linear Meissner state, we obtain
O, = B x Agap = B * (Iy * dyoke) ; O, =B (I, « \(T)) (4.2)

where B is the amplitude of the applied RF magnetic field in the gap (assumed to
be the same field witnessed by the sample) and A(T") is a temperature dependent

penetration depth. By applying the node-voltage law, we have ®, R, = ®, R,.

44



Hence, the reluctance of the linear Meissner state is given by

dyok l
R, = 2R where R,=—9%— 4.3
)‘(T> ! I ,u[)lydyoke ( )
So the total reluctance in this magnetic circuit is
d oke Ko d oke
Reyy=R,+R,//R, =R, + —""* R, = —+ —""—|R 4.4
q Y + g// Y + dyoke + A g (qu + dyoke + )\) g ( )

where R, is the reluctance of the magnetic yoke and can be approximated as 5—;]%9,
here jip and gy indicate the permeability of the vacuum and the magnetic yoke,
respectively. By solving the magnetic circuit in Fig. 4.5, one finds the magnetic flux
flowing through the magnetic circuit will, in turn, give the induced electric voltage

into the input winding through Faraday’s law

VG_E dt

A d (vm) _d NI iNwlye™ /R, (45)

dt Req N E(R_eq N MO/:U’f + dyoke/(dyoke + /\(T)>
where V, is the impressed voltage on the magnetic circuit and can be written as
Vi = NI. Here N is the number of turns in the solenoid and I indicates the RF
input current with a maximum amplitude Iy in an RF cycle (I = Iye™?). Therefore

. L iNw/R
the impedance of the magnetic circuit can be found as PTEE dygoke SYGRIE To

evaluate the load impedance, Z, , one should include the impedance coming from the
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Zin\ Plane of Calibration

Fig. 4.6: Model the impedance looking into a magnetic write head probe at the end of a
short segment of transmission line. Zj indicates the characteristic impedance of the
calibrated transmission line (50 €2). Z; is characteristic impedance of probe trans-
mission line (usually NOT 50 Q) with length [. Z], represents the load impedance
including the impedance of the magnetic probe head and a superconducting sam-
ple.

normal state of the superconductor and the rest of the probe circuit to get

iwN/R,

Ho __dyoke
1333 dyoke+)‘(T)

21, = ZBkd + ; ZBkd = Rpra +1XBrd (4.6)

where Rpiq and X ggg represent the background resistance and background reactance
of the load impedance, respectively (i.e. these parameters model the background
probe-dependent properties of the write head). In addition, while the film thickness is
smaller than the penetration depth, the regular penetration depth should be replaced
by an effective penetration depth, A, [77]

N (T)

AT) = A(T) = ™

(4.7)

where d i, is the thickness of the film and it is assume that dyi;, << A.
In the experiment schematically shown in Figs. 4.2 and 4.5(a), the probe load

impedance (represented now by Zp) is connected to a printed circuit board and then a
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semi-ridge coax cable of finite length is soldered to the contacts of the printed circuit
board. The length of the printed circuit board plus the length of semi-ridge coax cable
can be combined together and treated as a transmission line of length [ on the probe
assembly. One can model a microwave circuit of transmission line terminated by Z,
as shown in Fig. 4.6. This shows a microwave circuit of transmission line terminated
in the derived load impedance from the magnetic circuit model with a length [ on the
probe assembly. In this one port measurement, the E-cal calibration is done only on
the transmission line from the part of the flexible coax cable shown in Fig. 4.2 but not
on the probe assembly. Therefore a characteristic impedance mismatch between the
calibrated transmission line and the un-calibration part will be inevitable. Here Z;
represents the characteristic impedance of the calibrated transmission line, 50 Ohms
in our case, and Z; is the characteristic impedance of the un-calibrated transmission
line on the probe assembly with a length of [. Both Z; and Z; are real. In this
circumstance, the input impedance, Z;, is the impedance at the plane of calibration,

given by,

Z1, + jZitan(+y1) , oo
h —f—ia="Y_ 4.8
Zy + jZptan(vyl) where 7 =p—ia c (48)

Zin = Zl

Here n is the refractive index of the transmission line of length [, w is the angular
frequency and « is an attenuation coefficient inside the transmission line. Finally the
theoretical Si; based on this model can be defined as

Zin - ZO

Sy = 220
H Zzn+Z0

(4.9)
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Tab. 4.1: A transformation from the experimental S1; data to a single vector y

T y

T an

T | S11 (Experiment) 15 Qo
T ap + Bii : :
T2 Qo + 62 1 — T‘] a;
: : h+T, | B
T; a; + ;i L+ T, | B
T;+T. | 5

Complex curve fitting of this model to the S11(7") data is performed by the least
square method to minimize the difference between the experimental temperature de-
pendent S7; values and the values predicted by the model. In order to simultaneously
fit both the amplitude and phase of the experimental S1;(T) data, the complex data
are separated into a real part and an imaginary part. Then a single vector y is cre-
ated by concatenating the real and the imaginary parts from the measured data as
shown in Table 4.1. Here ay,aq,--- ,a; are the real parts of the experimental Sy
data and 3y, B35, - - -, §; are the imaginary parts of the experimental Sy; data. 71, T,
--+, T} are the corresponding discrete temperature values from the experiment. The
newly created function, §11, from the model is used to find the minimum least square

between vector y and the §11

Minimum <]§11(coef, T) — y|2) = Minimum (Z(é\n(coef, T;) — yj)2> (4.10)

J

where ‘coe f’ indicates the unknown coefficients in the theory, j indicates the temper-

ature dependent discrete index in the calculation. The newly created §11 based on
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Tab. 4.2: The generated 5:;1
T Sll (Model)

T1 a1+bli
T2 a2+b21
5/71_/1 T CLj‘Fbji

J
T+ T. a; + by 1
T2+Tc a2+b21

irj‘i‘Tc CLj‘i‘bji

the theoretical model is given by

S, = (1— H(T —T.)) * real [SE(T)} + H(T — T,) *ximag [SA’lJl(T — TC)}

0 forT <T, (4.11)
where H(T-T, =

1 forT >T1T,

where H(T — T,) is a Heaviside step function, “real” and “imag” indicate the
real part and imaginary part of the data, respectively. The 571 is a set of numerical
values which is created from the S;; theoretical model and then the created Sj; is
copied to generate the same set of numerical values when T" > T, as shown in Table
4.2. Note that aq, ag, -+, a; and by, ba, - -+, b; are the real parts and the imaginary
parts of the calculated S; from the model, respectively, at the desired temperatures,
Ty, Ty, - -+, T;. Therefore, when T < T, the real part of Si; is left in the new 51/1
function to be fitted. On the other hand, while T" > T, only the imaginary part of
S11 is taken for fitting. This way one can effectively find a solution simultaneously

for both the amplitude and phase of Si; in our measurement.
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Fig. 4.7: (a) Theoretical amplitude of S1; based on the model is plotted by the
solid line and experimental amplitude of Sy; is plotted in dot circle symbols.
(b) Theoretical phase of Si; based on the model is plotted by the solid line
and experimental phase of 511 is plotted in dot circle symbols. Note that
experiment data for both amplitude and phase is from Fig. 4.4 (a) measured
with the PINNACLE probe at 1.98 GHz, -15 dBm excitation. Theoretical curve
is plotted with al=0.245 (unit-less), Z1=30.23 Q, Rprq=320.48 Q, Xprs=-
105.13 Q, N/R;=6.59 * 107° Henry and po/pus= -0.46 under constant values
nl=0.065 m and dyor=500 nm.

20



In our experiment, the index of refraction of the Teflon inside the coax cable
is taken to be n ~ 1.2, almost independent of the excitation frequency. The un-
calibrated length of the transmission line is around 5~6 cm. Conveniently, we combine
the n and [ together to treat them as a constant term nl = 0.065 m in the fitting
calculation. On the other hand, the coefficient o (unit: m™!) and [ (unit: m) are
bundled together as a dimensionless fitting unknown parameter. The thickness of
the yoke is assumed to be a constant, dy.,.=500 nm, the average thickness in the
fabrication of modern inductive thin film writers. The temperature dependence of an

effective penetration depth, A, is approximately described by [77]

(- amy] )

A(T) .

(4.12)

where A(0) = 40 nm is the 0 K penetration depth of Nb and dyi,,, = 50 nm is the
known thickness of the measured Nb thin film. Therefore, based on the model, the
unknown coefficients in the experiment are al, Z1, Rpga, Xpra, N/ Ry and po/ 1y
The first fit is done on the data set measured by the PINNACLE probe with
an excitation frequency of 1.98 GHz from Fig. 4.4 (a). The solid lines in Fig. 4.7
(a) and Fig.4.7 (b) show the theoretical amplitude and phase respectively, based on
the model with the following fit coefficients : al = 0.245 (unit-less), Z; = 30.23 €,
Rpra = 320.48 Q, Xprg = —105.13 Q, N/R, = 6.59%107° Henry and puo/uy = —0.46.
Note that the model is designed only to fit the data in the superconducting state.

The experimental data for the amplitude and phase measured by the PINNACLE
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probe is also indicated in the figure by dot circles. Note that the 1i9//f is a negative
value, which implies that the excitation frequency is above and not far away from
the yoke ferrite ferromagnetic resonance frequency. All of the fitting coefficients are
physically reasonable.

The data set measured by the GT5 probe with an excitation frequency at 4.82
GHz is also fitted for comparison. Fig. 4.8 (a) and Fig.4.8 (b) show the fit results
based on the model for amplitude and phase respectively with solid lines and ex-
perimental data as dot circles. The solid lines are plotted for the following fitting
coefficients: al = 0.353 (unit-less), Z; = 17.63 2, Rprq = 53.73 Q, Xpra = 83.05 €,
N/R, =3.46 x10~'" Henry and po/pp = —0.43.

Comparing both measurements done by two different probes and their individual
fitting results, there are many similarities and differences. First, both fitting results
for po/ps are negative. This means that both probes function at frequencies above
but near their yoke ferrite ferromagnetic resonance frequency. Also, Rprq and Xpig
are extremely dependent on the excitation frequencies and probe details. This is
expected because these parameters account for un-calibrated properties of the probes
that depend sensitively on probe fabrication details and frequency. The significant
difference for N/R, can be interpreted by the difference of the two probe geometries
(One is a mono-pole shape and the other one is traditional ring shape). Another thing
to mention is that a change of yoke thickness in the simulation will slightly change
all of these six coefficients but not very significantly. This means that these fitting
coefficients are not sensitive to the change of yoke thickness but will be very sensitive

to the excitation frequency. This model enables a quantitative interpretation of the
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Fig. 4.8: (a) Theoretical amplitude of S1; based on the model is plotted by
the solid line and experiment amplitude of 517 is plotted in dot circle symbols.
(b) Theoretical phase of Sj; based on the model is plotted in solid line and
experimental phase of S1; is plotted in dot circle symbols. Note that experi-
mental data for both amplitude and phase is from Fig. 4.4 (b) measured with
the GT5 probe at 4.82 GHz, -15 dBm excitation. Theoretical curve is plotted
with al = 0.353 (unit-less), Z; = 17.63 , Rprq = 53.73 Q, Xprq = 83.05 £,
N/Ry = 3.46x107! Henry and o/p s =-0.43 under constant values nl = 0.065
m and dyere=500 nm.
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measurement data in the near-field magnetic microwave probe. Finally the model
doesn’t fit the data in the normal state. This is because in the normal state, the
penetration depth A(7") in Eq.4.6 should change to the skin depth of the normal
state Nb. In this case, the field configuration around the sample is very different,
and the situation is of no interest to us here. Finally we note that this method
can be used to extract the magnitude and temperature dependence of the magnetic
penetration depth in the superconducting thin film, once the other parameters have

been determined by measurements on standard samples.

4.4 The Limitation of the Linear Response Measurement

From the normal state to the superconducting state, the surface resistance sud-
denly drops to a value closer to zero, but not exactly zero. This value of surface
resistance will be a function of the applied magnetic field in the superconducting
state. Technically this dependence can be extracted from the microwave measure-
ment of Sy; by applying different RF magnetic fields up to a scale on the order of
the thermodynamic critical field. The change of S;; under different RF magnetic
fields would help to calculate the surface resistance as a function of the RF field.
This is of importance for the so-called medium-field and high-field Q slopes of SRF
cavities. It is widely observed that the Q of SRF cavities falls with increasing sur-
face RF magnetic field, particularly as the quench field is approached. A detailed
understanding of these Q-slopes is lacking. Figure 4.9 shows a schematic picture

of changes of surface resistance (Rs) and changes of third order harmonic response
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Fig. 4.9: Comparison of the change of surface resistance (Rs) and the change
of third harmonic response (P3f) under a magnetic field (Brr) in a schematic
picture. This figure is supported by third-order intermodulation measurements
on MgB, [78].

(Psf) as a function of the applied field. Comparing R, and Psf, R, changes only at
high field but Ps; already responds at intermediate field values. The conclusion is
that the nonlinear response measurement should be a more sensitive and easier way
to image the surface microwave properties of the superconductor compared with the
microwave linear response measurement. This conclusion has been verified by the
Intermodulation Distortion (IMD) measurement and surface resistance measurement
on an M gB, resonator as a function of the circulating power [78]. Roughly speaking,
IMD measurements are equivalent to measuring the harmonic response. In our non-
linear measurement, we directly measure the Psf to identify the microwave surface
properties of the superconductors because P35y measurement is a straightforward and
useful method in the wide bandwidth near-field microwave microscope.

Another limitation of the low-power linear response measurement is the fact that
we could not develop signals from bulk Nb surfaces. The reason is that the effective
penetration depth in thin films with thickness d;y,, << A is more significant than

that of bulk superconductors, as illustrated in Eq. 4.7, which leads to a measurable
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change in the linear response measurement on Nb thin film but not on bulk Nb. This
limitation further motivates the need to pursue localized nonlinear measurements to

get information about bulk Nb.

4.5 Chapter 4 Conclusions

From the linear response measurement of Nb thin films by the magnetic write
head probes, the electrodynamic properties of Nb materials can be identified. The
linear response can be used to find the film 7T, in a local area. A magnetic circuit
model combined with the transmission line circuit is given to interpret the linear
response measurement. From the curve fitting results, many unknown coefficients
in our microwave circuit can be generally approximated. This model will benefit the
understanding in building a novel near field magnetic microwave microscope and then

quantitatively imaging the microwave surface properties of SRF materials.
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5. NONLINEAR RESPONSE MEASUREMENT RESULTS AND
DISCUSSION OF CUPRATE, NB FILMS AND THE BULK NB

SAMPLE

5.1 Nonlinearity Measurement and Setup

In the previous work of our group, we developed a large scale size of the mag-
netic loop probe with an inner diameter ~ 200 um & the outer diameter ~ 2 mm to
nondestructively measure the local harmonic generation from unpatterned supercon-
ducting samples [10], [11], [12]. In this design, the low resolution in imaging prevents
the discovery of nanoscale defects and their associated microwave properties. There-
fore, we replace the loop probe with the magnetic write heads shown in Table 3.1 to
produce stronger and more localized RF magnetic fields, and to enhance the magnetic
coupling between the probe and the superconducting sample. A comparison of the

magnetic loop probe and a representative magnetic write head probe is shown in Fig.

5.1.

The nonlinear amplitude and phase measurements of the superconductor har-

monic response utilizes the two-port VNA method shown in Fig. 5.2. Both the



RF Coil on shder

Loop Probe
Jam
_Superconductor | | Superconductor

Fig. 5.1: Comparison of loop probe (left) and magnetic write head probe
(right). A 4-turn coil is visible inside this magnetic write head, which de-
velops a high frequency magnetic field in a write-gap near the surface of the
superconductor.

magnetic probe and the superconductor are kept in a high vacuum cryogenic envi-
ronment. An excited wave (fundamental signal) at frequency f comes from port 1
of the VNA and is low-pass filtered to eliminate higher harmonics of the source sig-
nal. This fundamental tone is sent to the magnetic write head probe to generate
a localized RF magnetic field on the superconductor sample. The superconducting
sample responds by creating screening currents to maintain the Meissner state in the
material. These currents inevitably produce a time-dependent variation in the local
value of the superfluid density, and this in turn will generate a response at harmonics
of the driving tone. The generated harmonic signals are gathered by the magnetic
probe and returned to room temperature where they are high-pass filtered to remove
the fundamental tone V;. Finally, an un-ratioed measurement of V3 is performed on
port 2 of the VNA.

In this way, we measure the complex third harmonic voltage of Vj;"™" "“(T) or

equivalent scalar power, Pyi™" '“(T). With the assumption of dim << A, this gener-
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Fig. 5.2: Set up of phase-sensitive harmonic measurement in nonlinear mi-
crowave microscopy. The frequency offset mode (FOM) of a vector network
analyzer (VNA :model PNA-X N5242A) is used in this measurement. Inset
1. shows the magnetic write head probe assembly on top of a superconducting
thin film and inset 2. is a picture of the RF micro-coil of the probe above the
sample.

ated third harmonic power P;™" "“(T) is estimated as [53] [84]

WA (T (K rp)
32ZOd?”ilm J]%IL (T)

(f K,dzr)?

Py (T) = with  T(Kgp) = L

(5.1)
where w is the angular frequency of the incident wave, A(7T") is the temperature depen-
dent magnetic penetration depth, Z; is the characteristic impedance of the transmis-
sion line in the microscope, (i is the permeability of free space, d iy, is the thickness
of the tested superconductors, I;, is the total current flowing through a crossection
right beneath the bottom of the probe, K(z,y) is the surface current induced in the
superconductor at the fundamental frequency, Jy; and I' are the de-pairing critical
current density of the superconductor and a current-distribution geometry factor,

respectively. The value of I'(Krp) depends on the distribution of surface current
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density, Kgrr(z,y) on the superconducting plane. From Eq. (5.1), a strong magnetic
field from the magnetic write head probe (as compared to the loop probe) will en-
hance the surface current Krpr and confine the current distribution, both leading to
an enhancement of I', and therefore Py, for a given excitation power. This has the
added benefit of improving the spatial resolution of the probe. The value of Jy, also
significant affects the Ps¢. For intrinsic nonlinearity, Jyz can be roughly estimated
by a theoretical model for the superconductor response as a function of the superfluid
density and the energy gap of the superconductors. For s-wave superconductors (for
example, Nb), the intrinsic Py is very small and below the noise level of the analyzer
at any superconducting temperature, except around 7,.. For extrinsic nonlinearity,
Jnr will depend on the specific defect and results in a measurable Ps¢ above the noise
level of the analyzer. Fig. 5.3 schematically shows the different values of Jy on dif-
ferent defects. Omne can clearly see that defective regions of the sample, including
those responsible for hot-spot generation in the SRF cavities, have smaller values of
Jnr than the surrounding material, hence will develop larger Ps¢, thus giving away
their location to the microscope.

In order to get a phase-sensitive measurement of the 3"¢ harmonic signal coming
from the superconducting sample, a harmonic generation circuit (comb generator) is
connected to provide a reference 3" harmonic signal, and the relative phase difference
between the main circuit and reference circuit is measured. Further detail about this
phase-sensitive measurement technique can be found in the work of D. Mircea, Ref.
[65]. In this way we measure the complex third harmonic voltage V3™ "“(T) or the
corresponding scalar power Py™" "(T). The lowest noise floor of the VNA (Model t:
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Fig. 5.3: Schematic Jy, variation on the superconducting surface with different
defects. The P3; generation from defects is local. Hence measuring Py at
different positions can be used to find defects on superconductors.

Low pass Directional

fiter N\ e coupler

High pass /

filter Amp

3f

Cryogenic
environment

Spectrum RE Gl
source Analyzer on slider
] 10 MEHz 8
1 Ref Out J Ref in Superconductor

Fig. 5.4: Set up of P3; measurement in nonlinear microwave microscopy. A
preamplifier (Agilent model § 87405C) is used in front of the input terminal of
the spectrum analyzer (Agilent model f: ESA-E E4407B) to enhance the sensi-
tivity to small signals. A phase-lock loop is connected between the microwave
source (HP model £ 83620B) and the spectrum analyzer to match the phase of
the microwave source and the spectrum analyzer. Inset 1. shows the magnetic
write head probe assembly on top of a superconducting thin film and inset 2.
is a picture of the RF micro-coil of the probe above the sample.
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PNA-X N5242A) in our measuring frequency range is -127 dBm for the un-ratioed
power measurement. A ratioed measurement of the complex V;7™" “(T)/ V};ff is also
performed at the same time. The microscope thus measures the local harmonic power
and phase generated at the location of the probe, for a given incident frequency, power
and sample temperature.

A method to lower the noise floor is to remove the VNA and use a stable
synthesizer (model £ HP 83620B) on port 1 and a spectrum analyzer (model £: ESA-
E E4407B) on port 2 (see Fig. 5.2). The noise floor of our spectrum analyzer is
-147 dBm, better than our VNA. A preamplifier (Agilent £ 87405C) may be placed
before the input terminal of the spectrum analyzer to enhance the signal to noise
ratio (SNR). In this way, the noise floor of the spectrum analyzer is reduced to -165
dBm to further enhance the sensitivity to any small signals in our P3; measurement.
Fig. 5.4 shows this alternative microwave circuit for sensing small Psf signals from
the superconductor. The phase-lock connection is applied between the microwave
synthesizer (microwave source) and the spectrum analyzer. In this phase-lock loop,
a 10 MHz reference signal from the microwave source is generated and output as the
10 MHz reference signal for the spectrum analyzer. To perform the data acquisition
on the spectrum analyzer, a 100 Hz span centered at the desired third harmonic
frequency (3f) is used. There are 100 points in the 100 Hz span and my program will
automatically search for the maximum signal in the 100 Hz span after 10 averages of
the signal. The reason I use 100 discrete points in a 100 Hz span and 10 averages
is a compromise between the data acquisition time and the need for a better signal

to noise ratio. Using these parameters, we can estimate an error of 3 dB for the Psj
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measurement. Details of how I find the best desired third harmonic frequency power

(Psf) on a sample can be found in Appendix A.2.

5.2 Temperature Dependent Third Harmonic Measurement on
High-T, Superconductor Measured by “Quantum Big Foot”

Probe

5.2.1 Measurement Results on High-T, Cuprate

A measurement of the temperature dependent 3" order harmonic power is per-
formed at the center of a Tl;BayCaCuyOg (TBCCO) film by the “Quantum Big Foot”
magnetic write head probe with different exciting powers. The superconducting sam-
ple we study first is a TBCCO thin film of thickness 500 nm, epitaxially grown by
the magnetron sputtering method [79]. The T, of the TBCCO film is 103.2 K de-
termined by an AC susceptibility measurement. The reason we study the cuprate
superconductor is to understand the characteristics of the magnetic write head probe
on superconductors and to save the consumption of liquid helium before measuring
the Nb materials. The inset of Fig. 5.5 shows Ps¢(7") measured by the low resolution
loop probe. A peak in Py near T, shows up. This enhancement of Ps; arises from
the modulation of the superconducting order parameter near 7, due to the enhanced
sensitivity of superconducting properties as the superfluid density decreases to near-
zero levels. This peak at T, is phenomenologically predicted by Ginzburg-Landau
theory and is particularly pronounced for thin film samples. From Eq. (5.1), one
sees that due to Jyy, approaching zero and \(T") diverging at Ty, the third harmonic
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power will increase strongly. The divergence is cut off by the distribution of transition
temperatures in the sample, and the influence of quasiparticle electrodynamics. With
the loop probe, the enhancement of P;; above background is only 15 dB, for 18 dBm
fundamental input power. Such a small enhancement can be easily achieved on the
same sample by the magnetic head probe with only 9 dBm excited power (Fig. 5.5),
which means that the magnetic write head generates a more localized and intense
field, inducing stronger surface currents on the sample. From comparison of the 18
dBm data in Fig. 5.5, we find that the probe geometry factor I' [12] is enhanced by a
factor of 30 in the ”Quantum Big Foot ” magnetic write head probe compared to the
loop probe. Note that localized heating would produce a shift of the Ps¢(7") peak to
lower temperature with increasing input power. Despite these higher currents, there
is no evidence of localized heating in the sample from the magnetic write head probe.

Another point to note is that the apparent noise floor of the measured Psy
increases with an increased excitation power. This increased Py in the noise floor is
from the magnetic write head probe itself. We have measured the Py of the magnetic
probe on the surface of a bare sapphire substrate and in general this probe nonlinearity
is negligible at excited powers under 10 dBm at this excitation frequency. However, at
high excited power the magnetic write head probe shows a measurable nonlinearity.
Hence, higher excited power not only excites the higher nonlinearity of the tested
superconductors but also the nonlinearity of the magnetic write head probe. The
mechanism of probe nonlinearity is the hysteretic behavior of the yoke material [80]
and has been discussed in the literature [66]. Although higher excited power excites

stronger nonlinearity from the probe, this probe nonlinearity is almost temperature
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Fig. 5.5: Temperature dependence of third harmonic power P3¢ of a TBCCO
film, measured by a magnetic write head probe (Quantum Big Foot Probe)
with an excitation frequency of 3.5 GHz. Data shown in the inset is measured
by the bare loop probe with excitation frequency of 3.5 GHz and excited power
18 dBm.
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Fig. 5.6: Height dependence of the P3y on TBCCO sample. The closer the
probe to the sample, the stronger the P3; from the TBCCO superconductor.
The excitation frequency and power are 3.76 GHz, 12 dBm respectively in the
measurement. The arrow in the figure indicates the probe moving direction
toward the sample surface.

independent in a very wide cooling temperature range, especially at Helium cooling
temperature. This is good for us to study the localized microwave properties for Nb
materials. It should also be noted that the probe nonlinearity (Vi ) is complex.
When added to the signal from the superconductor V3, the total nonlinearity can
increase, or decrease, the magnitude of the measured third harmonic power (Psy)
as shown near 7, in Fig. 5.5. Therefore we treat probe nonlinearity as a constant
background complex signal above the noise floor of the spectrum analyzer.

In addition, the Ps; from the superconductor is very sensitive to the probe

height, as shown in Fig. 5.6. In this measurement, the probe height can be controlled
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by adjusting the landing angle of the slider, #, through a micrometer on the z-axis
of the probe station (see Fig. 4.2 and Fig. 8.1). The excitation frequency and
power are maintained constant (3.76 GHz, 12 dBm ) during the measurement and
only the position of the micrometer on the Z-axis of the probe station is varied.
As shown in Fig. 5.6, as the probe approaches the sample surface, an enhanced
screening current on the superconductor will generate stronger Ps;. Again there is
no temperature shift of the nonlinear response, suggesting that local heating is not
an issue in these measurements. Therefore, in our experiment, we want our probe as
close as possible to the sample to enhance the maximum nonlinearity from the tested
superconductors. The probe height can first be roughly decided through the image
of the built-in optical microscope on the cryogenic probe station, followed up by a
frequency dependent linear response Si;(f) measurement as discussed in Chapter 4

(Fig. 4.3) to look for the best height position and excitation frequency.

5.2.2  Measurement Results on High Quality M gBy Films

A high quality epitaxial MgBs thin film with thickness 25 nm is also examined to
test the magnetic write head probe in a liquid Helium cooled environment. The MgB,
film is deposited on a SiC substrate by a hybrid physical-chemical vapor deposition
technique [81]. Temperature dependent 3rd order harmonic power is also measured
in the center position of an MgB, thin film. In Fig. 5.7, a peak at 39.1 K shows
up clearly near the known 7, of the film. This proves that the magnetic probe can
function in the low temperature region. Comparison of this peak with that of TBCCO,

one finds a much sharper transition, implying a narrow distribution of 7T, values in
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Fig. 5.7: Temperature dependence of third harmonic power P3y from an MgB,
film, measured with the magnetic write head probe (Quantum Big Foot Probe)
with an excitation frequency of approximately 3.5 GHz and a power of 12 dBm.

the MgB, thin film. The MgB, nonlinear measurement results will be discussed in

much more detail in Chapter 7.

5.3 'Temperature Dependent Third Harmonic Measurement on
Superconductors by the GT5 Probe

5.3.1 Temperature Dependent Third Harmonic Measurement on the Cuprate Thin

Film

From the previous section, the Ps;; measurement by the ”Quantum Big Foot”
probe often just shows a peak in Ps¢(T") near T,. No matter how strong the excitation
power is or how close the probe-sample distance is, the nonlinear signal below T, is

not seen. This may imply that the field coming from the ”Quantum Big Foot” probe
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Fig. 5.8: The complex third harmonic response of V.
TBCCO thin film superconductor measured by the GT5 probe. The magnitude
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is still not enough to excite the superconductor into an Abrikosov vortex state or
some other nonlinear state at low temperature. Therefore, again, a measurement
of the temperature dependent 3" order harmonic power is performed at the center
of the TBCCO film but by the newer-generation GT5 magnetic write head probe.
Figure 5.8 (a) shows the temperature dependent Ps¢(T) result measured by the GT5
write head probe. A peak in Ps; near T, shows up, as expected. In addition, also
as expected, the phase of Vi;(T') goes through a minimum while its amplitude shows
a maximum as temperature is increased from below T,, as noted before by Dragos
Mircea of our group [65]. The new and interesting result is the Ps¢(7") excited by
this localized strong RF magnetic probe below T, as shown in Fig. 5.8 (b). This
nonlinearity can be easily excited by approaching the probe as close as possible to
the sample surface, which implies the magnetic field on the surface is enhanced to a
value larger than the lower critical field (H.1) but smaller than the upper critical field
(He) of the TBCCO. In this case, the phase shows a local minimum at 7. and then
is followed by a turning point at 102.5 K, which implies a change in the dominant
nonlinear mechanism from the intrinsic nonlinearity coming from the modulation of
superconducting order parameter near 7T, to the nonlinearity perhaps in the Abrikosov
vortex critical state. In my experiment, the applied RF field on the sample depends on
the angle 6 between the probe assembly (slider) and the sample surface. Ideally, the
smaller 6, the smaller the distance between the probe and the sample, which means a
more intense magnetic field on the tested superconductors. This GT5 magnetic write
head probe satisfies our need to excite the superconductors into a nonlinear state.

We use this GT5 probe for the rest of the P35y measurement on the Nb thin films
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and the bulk Nb sample. This nonlinear response from low temperatures will be very
sensitive to the surface defects, for example due to defects which generate additional

channels of dissipation and reactance.

5.3.2 Temperature Dependent Third Harmonic Measurement on the Nb Thin Film

The sputtered Nb film with thickness 50 nm is examined in a 3" harmonic
measurement. These samples have been described in Chapter 4. In this experiment,
the temperature of the sample could be generally cooled down to almost 5 K by
carefully anchoring the samples on the cold plate of our cryostat. We probe many
single points on the Nb sample surface. To address each point, the magnetic writer
probe has to lift, laterally translate to another position, and then probe the new
position. The height of the probe is judged by optical microscopy and an attempt is
made to keep the same height of the probe in each measurement. We see significant
differences at different points for this third harmonic nonlinear measurement.

A representative result at one point is shown as the dots in Fig. 5.9 under 14
dBm, 3.41 GHz excitation. A peak in Ps;(7") near 8.3 K indicates the T of this ma-
terial and can be interpreted as the intrinsic nonlinearity from the modulation of the
superconducting order parameter near T, due to the decrease of superfluid density and
the associated divergence of the penetration depth near 7. [53] [65]. Note that a low
temperature nonlinearity follows up after the peak and gradually grows while decreas-
ing temperature. This low temperature nonlinearity may come from the Abrikosov or
Josephson vortex critical state, and implies a nonlinear mechanism related to moving

flux or vortices inside the film [11] [12]. In other words, when the field from the writer
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is higher than the lower critical field (H.;) of the Nb, magnetic flux will penetrate
into the superconductor and produce a nonlinear response [82]. This mechanism can
be interpreted as at least one vortex (or one vortex/antivortex pair) overcoming the
Bean-Livingston barrier [83] and penetrating into the film. In this case, it is not
clear how many vortices are involved or the manner of vortex entry and exit; either
in the form of a semiloop [57] or perpendicular vortex/ anti-vortex pair [48]. How-
ever, considering the gap geometry of the magnetic writer probe and the known film
thickness, which is comparable to the value of its magnetic penetration depth at zero
temperature, a harmonic response from a perpendicular vortex-antivortex pair may
be the mechanism of this additional nonlinearity [48]. This will be discussed in more

detail later in section 7.4.4.

The solid line in Fig. 5.9 shows the result of the theory for Ps;(7") based on
the mechanism of the intrinsic nonlinearity near 7T, using the Ginzburg-Landau (GL)
model [53]. The generated third harmonic power Psf can be estimated with Eq. (5.1)
derived for the time dependent nonlinear inductive circuit [53] [84]. Next we discuss

this model in detail.

5.3.3 Model of Intrinsic Nonlinear Response Near T, of the Nb Thin Film

Based on our magnetic write head probe, we calculate the surface current from
the Karlqvist equation [85], which gives the magnetic field distribution outside the
gap of the magnetic writer in the x-z plane as schematically shown in Fig. 5.10.

Under the treatment of the Karlqvist 2D assumption, the fields are invariant in the
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Fig. 5.10: Schematic illustration of the 2D magnetic write head on the top of the supercon-
ductor. The origin is at the bottom of the head centered at the middle of the
gap. Gap length (I,) and film thickness (d) are not to scale.

y-direction along the gap. By only considering the x-component of magnetic field
(H,) on the superconducting surface, which is doubled with respect to free space by

the boundary condition of the surface, the surface current K, can be written as

2B lyz
K, = 279 gret g 2
" arc an[x2 T (lg/2)2] (5.2)

where B, is the maximum field strength inside the gap, [, is the length of the
gap and x, z are distances in the x and z directions with the origin centered in the
middle on the bottom of the gap. In reality, the gap is of finite thickness in the y
direction as shown in the schematic yoke picture of Fig. 4.5 (a) with thickness /,. By
assuming that the currents are uniform in the y-direction between y = 0 and y = [,

and ignoring the return currents, the current distribution geometry factor I' in Eq.
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5.1 can be approximated as

L [ Kida ¢
= yf—%; L= | K,dx (5.3)
tot —L

where / is the distance from the center of maximum current to the node of minimum
current as shown in the inset of Fig. 5.11 which is simulated by the ANSYS High Fre-
quency Structure Simulator (HFSS) under the assumption that the magnetic writer
is 2 um away from a perfect conductor surface. However, in the Karlqvist model,
the ¢ is effectively infinite since no return current is considered due to Karlqvist as-
sumption for invariant field in the y-direction. The height dependence of I' can be
calculated as shown in Fig. 5.11 when evaluating the K, function at variant z = h
in Eq. 5.2. In our calculation, we assume B, = 1 Tesla, I, = 100 nm. Therefore the
value of the I" can be estimated to be 10° A3 /m? under the assumption that the probe
height is around 4 pm above the superconducting surface while fitting the measured
P3¢(T) peak in Fig. 5.9. We note that the probe geometry factor is a strong function
of height and can lead to surface fields above the critical field of the superconductor
[53].

The term Jyp, in Eq. 5.1 is the nonlinear current density scale and quantitatively
characterizes the mechanism of nonlinearity. For the intrinsic nonlinearity, this term
is on the scale of the de-pairing current density of the superconductor. Based on the

GL model, the temperature dependent Jy(T') can be written as

)Y (5:4)
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Fig. 5.11: Calculation of height dependence (h is the +Z direction) of the probe geometry
factor I'( Krp) for the longitudinal magnetic write head probe under the assump-
tion of Karlqvist model. The black line in the inset shows the integral path of Eq.
(5.3) on the plot of the surface current density simulated by the ANSYS High
Frequency Structure Simulator (HFSS) under the assumption that the magnetic
writer is 2 um away from a perfect conductor surface. Red corresponds to large
current while blue corresponds to small current. The value of ¢ is on the scale of
the outside edge dimension of the magnetic yoke, which is 1.5 um in the HFSS
simulation, and is effectively infinite in the Karlqvist calculation since the return
currents are not considered.
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Fig. 5.12: Theoretical Nb thin film P;;(7T) based on the model of intrinsical nonlinearity
for three different thickness (50 nm, 100 nm and 200 nm). The curve with 50 nm
thickness is the same as the theoretical fit curve on Fig. 5.9. Except the different
thickness parameters, all three curves uses the same parameters are as follows:
=105 A3/m?, A(0K)=40 nm, Acytoff=312 nm, Joyurorr=2.1 % 1011 A/m?, and
T.=8.3 K with a standard deviation of Gaussian spread of 67.=0.03 K. A typical
best noise floor for our measurements is above -160 dBm.

where T, is the critical temperature, Jy is the critical current density at 0 K, which
can be estimated as Hy/\g where Hy and ) are the thermodynamic critical field and
penetration depth of Nb at 0 K, respectively. In our calculation, Hy is assumed to be
200 mT and g is 40 nm. As T approaches Ty, the cutoff of A(T") and Jy(T) and a
Gaussian distribution of 7, in Eq. (5.1) are also applied in this calculation. Finally
from our result of the curve fitting as shown in the solid curve of Fig. 5.9, this model
describes well the experimental results near T, and proves that the measured Ps;(T)
peak comes from the mechanism of intrinsic nonlinearity. The fit parameters shown
in the caption of Fig. 5.9 are all physically reasonable. It is clear that for the low
temperature (7' < 7T,) nonlinearity, other mechanisms must be responsible for Ps¢(T).

The thickness dependence of the intrinsic nonlinear response near 7T, is also a

very important parameter for measuring this intrinsic nonlinearity of Nb thin films.
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As the thickness of the film becomes larger, the intrinsic nonlinearity due to mod-
ulation of the superconducting ordered parameter will become small and may be
un-measurable (i.e. it may go below our noise floor). Fig. 5.12 shows the theoretical
temperature dependent Ps;(7") based on the model of the intrinsic nonlinearity near
T, for three different thickness of Nb thin films. One can see the peak at T, dramat-
ically decreases as the film thickness increases. This implies that for measurement of
thicker films and bulk materials, the P3; peak at 7, will not show up once the Ps

peak at T, is below the analyzer noise floor.

5.3.4 Complex Third Harmonic Voltage on the Nb Thin Film

In order to further understand the complex-valued third harmonic voltage Vs,
the phase-sensitive harmonic technique is performed on the 50 nm thick Nb film. In
this measurement, the unratioed measurement shows a corresponding scalar power
Py “(T), which is analogous to the Ps;(T') measurement done by the spectrum an-
alyzer. Fig. 5.13 shows a representative data set for this measurement. Note that the
probe position in this measurement is different from that of Fig. 5.9. The red curve
is the phase of the complex V"™ (T)/ Vas 7 The blue curve is the corresponding
scalar power Py™" "(T). Clearly, the phase shows a minimum at T,(~ 8.3K) while
the harmonic magnitude Ps;(T") exhibits a maximum. Note that between the normal
state and the superconducting state of Nb, the phase shift is almost 7/2, consistent
with an analytical model for the harmonic phase variation near T, [65]. After this
minimum, the phase is followed by a dramatic turning point at 8.0 K, which implies a

change in the dominant nonlinear mechanism from the intrinsic nonlinearity near 7,
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Fig. 5.13: Temperature dependence of the third harmonic response with ampli-

tude (blue) and its relative phase (red) for a 50 nm thick Nb film. The two-port

VNA measurement is used. The noise floor of the VNA in the P;;(T) measure-

ment is -127 dBm. Note that the temperature scale was corrected because of

poor thermal contact of the thermometer to the cold head. The G'T5 probe is

used in this measurement.
to the nonlinearity in, for example, the vortex critical state. For temperatures below
8 K, the phase gradually decreases with decreasing temperatures while the amplitude
of the Ps;(T) slightly increases.

Comparing to the Ps¢(T") of Fig. 5.9, there are many similarities and differ-
ences. From the Ps;(7T") above T, in Fig. 5.13, it is clear that the probe shows some
nonlinearity at high excitation power. This nearly temperature independent probe
nonlinearity is due to the hysteretic properties of the high permeability material in
the yoke [66] and will become significant at high excited power. Therefore at T' > T,

all of the nonlinearity comes from the probe itself. Both Ps¢(T") in Fig. 5.9 and Fig.

5.13 show a peak at 8.3 K indicating the T, of the Nb thin film. Below the peak,
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both of the temperature dependence of Ps¢(7") are consistent with that of Josephson
vortices [11] [12]. However, this Ps;(7") behaves a little bit differently. We see differ-
ent levels of Ps¢(T') increase with decreasing temperatures at different locations. This
may imply that the nonlinearity from the moving vortices is very sensitive to surface
morphology and probe-sample separation. For further detailed analysis, a raster scan
of the probe should be performed to realize the relation between surface morphology

and vortex motion in the vortex critical state (see Chapter 8).

5.4 Nonlinearity Measurement on the Bulk Nb superconductor for

the investigation of SRF cavities

5.4.1 Setup of Bulk Nb Measurement

From previous sections, we have succeeded in measuring the nonlinearity on the
Nb thin film at low temperature, which implies the field generated by the magnetic
write head probe is higher than the H.; of thin film Nb. The final goal is the elec-
tromagnetic imaging of many types of defects on bulk Nb coming from the EP or
BCP process steps in the fabrication of Nb cavities. Therefore cooling the bulk Nb
down to its T, and measuring the surface nonlinearity is very crucial in this research.
A bulk Nb sample coming from a Nb cavity with a well-defined location of defects
is the best candidate for measurement of the nonlinearity by our microwave micro-
scope. Therefore, in this part, we collaborate with Prof. Tom Bieler, Dr. Compton
and Dr. Baars at Michigan State University (MSU). Fig. 5.14 (a) shows a schematic

picture of the original MSU tensile specimen made from bulk Nb with high residual-
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resistivity ratio (RRR). The surface of this tensile specimen received mechanical and
EP treatment prior to deformation. Then a tensile experiment was conducted to de-
form and break the specimen into two halves . After the tensile test, the two halves
are welded together. This welding structure is similar to the welded part between two
hemi-spherical cavities in a SRF cavity. Fig. 5.14 (b) shows the finished specimen.
The sample has been very carefully imaged by electron backscattered pattern (EBSP)
orientation imaging microscopy (OIM) [86], by Prof. Bieler’s group and can locate
some specific defects which also appear in the processing of bulk Nb cavities.

In order to make the surface superconducting in our cryostat system for this
bulk Nb sample, thermally anchoring the sample and good radiation shielding from
the outside environment is crucial. Figure 5.15 shows the setup inside the cryostat
for bulk Nb nonlinearity measurement. The bulk Nb sample is clamped in place by
two halves of an Oxygen-free high conductivity (OFHC) copper bar. Indium is filled
within the gap between the Nb sample and OFHC copper bar to reduce the thermal
resistance between bulk Nb and the OFHC copper bar. The two halves of the bar
are bolted together laterally by two 2-56 hex-head screws from the side and then the
whole OFHC copper bar assembly is bolted directly onto the surface of the sample
stage in the cryostat with vacuum grease in between to reduce the thermal resistance.
Note that the sample stage is also made of OFHC copper and is also firmly bolted on
the top of the cold plate. The thermometer is placed on the bulk Nb top surface to
monitor the temperature of the relevant surface of the bulk Nb. One OFHC copper
cryogenic radiation shield is attached to the cold head of the cryostat. The lid of

the radiation shield has a 3 inch diameter infrared blocking window as a view port.
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Fig. 5.14: (a)A schematic picture of the bulk Nb tensile specimen before defor-
mation. All dimensions in the specimen are labeled. (b) The finished specimen
after tensile test and welding treatment in the center of this sample.
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Radiation
shielding

coaxial

Fig. 5.15: The setup inside the cryostat probe station for measuring the bulk Nb
nonlinearity. The zoom-in picture on the left side is to highlight the magnetic
write head probe on the surface of the bulk Nb. Note the radiation shielding
and thermal anchoring, which are critical for cooling the bulk Nb sample below
T..
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Fig. 5.16: The P3; dependence on Py at some specific temperatures for local
microwave excitation of bulk Nb with the GT5 probe. Note the T, of the bulk
Nb sample is 9.2 K. The Ps; at T=20K indicates the probe nonlinearity itself.

This setup can cool down the bulk Nb sample to 5 K without pumping the liquid
helium exhaust from the cryostat. By pumping the liquid helium exhaust, the surface
temperature of the Bulk Nb can go below 4 K. However 5 K is already enough to
analyze the surface microwave properties of this bulk Nb sample. Note that if these
extensive precautions are not taken, it is virtually impossible to cool the surface of

bulk Nb down below its transition temperature.

5.4.2 Third Harmonic Measurement Results on Bulk Nb

The measurement is performed on many relatively flat surfaces on the bulk
Nb sample with 7, of 9.2 K. The probe height is determined by optical microscopy

from the side of the cryostat combined with Sj;(f) measurement to decide the best
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excitation frequency. The probe height is approximately within 1 gm from the bulk
Nb surface. Different points show slightly different microwave properties and will be
illustrated qualitatively in this section.

Figure 5.16 shows one of the representative measurements for the power depen-
dence of P3¢ with respect to fundamental power Py at many specific temperatures
under 5.36 GHz excitation. All of the curves measured below 7. show a sharp Py
onset from the noise floor of the spectrum analyzer and then follow a continuous
increase of nonlinearity until a turnover at high excitation power. The onset of the
nonlinear response is temperature dependent and can be defined as a temperature
dependent lower critical power, P.;. For high temperatures, the onsets kick off at low
excitation power and start at higher excitation for lower temperatures. This means
larger excitation power is required to create nonlinear response at lower temperature.
In addition, after the turnover, all Ps;(Py) curves tend to decrease with increasing
power, suggesting that we are destroying superconductivity. The linear extrapolation
of Ps; to the noise floor can be defined as an upper critical power, Feo, which suggests
that superconductivity will eventually be destroyed due to high magnetic field. Figure
5.17 illustrates the criteria for defining the new parameters, P.; and P.,. In addition,
the slope after each onset is also analyzed. Both the temperature dependent P.; and
P, are plotted together in Fig. 5.18 (a) and the temperature dependent slope is also
plotted in Fig. 5.18 (b). These plots are similar to the temperature dependent critical
fields of bulk Nb.

The analysis of the temperature dependent P., will benefit the understanding of

surface field excited by the GT5 probe. Generally, one can assume that the relation of
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Fig. 5.17: The definition of three new parameters, P.;, P.o and slope after the
onset from the P3; versus P; data on bulk Nb with the GT5 probe. This
data is from Fig. 5.16 at T=8.5 K as a representative case to define these
new parameters. The P3y at T=20K is also included to illustrate the probe
nonlinearity contribution.
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Fig. 5.18: (a) Temperature dependent P, and Py extracted from the data on
bulk Nb shown in Fig. 5.16. (b) Temperature dependent slope of P3¢(Py) just
after the onset of nonlinear response above the noise floor.
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Fig. 5.19: (a) A fit of experimental P.o(T") with a simple model. (b) A fit of the
experimental temperature dependent Bgo(T') with the approximate equation:

B(T) = Bo(0K) (1 - (T/T.)?).

input critical power and surface critical field can be modeled as P.(T) = k [B.(T)?,
where k is the unknown constant relating the power to the magnetic field. The
temperature dependent B, can be approximated by B.(T) = B.(0K) [1 - <Tl>2}
with B.(0K) = 0.21 Tesla for the bulk Nb thermodynamic critical field at 0 K. Fig.
5.19 (a) shows the fit of experimental P.(7) with the model by adjusting the value
of k. When k = 22.2 W?/T?2, | the model and the experimental P, data have the
minimum deviation. By taking B. = \/@ with k = 22.2 W?/T?2, , the surface
critical field excited from the GT5 probe can be extracted. Fig. 5.19 (b) shows the
temperature dependent thermodynamic critical field deduced in this manner. The
fact that the Po(T) data is fit by this simple B.(T') expression implies that the field
generated from the GT5 probe can achieve the thermodynamic critical field at high
power.

At the same probing point, the temperature dependent Ps;(7") is also measured

at a specific power and 5.36 GHz excitation as shown in Fig. 5.20. First, one finds

87



there is a suppression of the T, at the higher power. We think that this is due
to heating of the sample by the driving probe during the measurement. A good
thing is that this heating effect from the probe is still small but measurable. This,
combined with the high power results in Fig. 5.16, suggest that the write head probe
is producing extremely intense localized RF magnetic field excitation of the bulk Nb
surface. This means that we have accomplished one of our key objectives for this
microscope. Second, there is a suppression of the nonlinearity at the lower power
but a saturated nonlinearity at the higher power at low temperature. From this
temperature dependent nonlinear behavior, the measured response at the high power
is consistent with the nonlinearity from the Josephson effect [87]. This situation will
happen on the bulk Nb surface due to the presence of oxides and hydrides forming a
weak link Josephson junction. The detailed discussion of possible extrinsic nonlinear
mechanisms on bulk Nb will be given in Chapter 6.

The GT5 magnetic probe was also used to perform the same power dependence
and Ps¢(7T) measurement on another representative point on the sample. Figure
5.21 shows the Ps; dependence on Py at selected temperatures at this position. The
nonlinear properties for temperatures above 6.7 K seem to be similar to that of Fig.
5.16 including a later onset of nonlinearity with decreasing temperature, followed up
with a turnover while gradually increasing the excitation power. However, at very low
temperature (for example at 4.7 K), the curve of Py versus Py shows an additional
peak while the excitation power is between 2.5 dBm and 7 dBm. This may imply
some nonlinearity is excited at very low temperature. One possibility is that the Nb
hydride or Nb oxide has lower T or forms another weak link Josephson junction which
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Fig. 5.20: The temperature dependent P3¢(T") at some specific input powers
and 5.36 GHz excitation. Note the T, of the bulk Nb sample is 9.2 K and the
onset of nonlinearity at low excitation power also begins at exactly 9.2 K. The
onset of nonlinearity at higher excitation power occurs at a lower temperature,
suggesting that localized heating of the bulk Nb surface has occurred.
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Fig. 5.21: The Py dependence on P; at selected specific temperatures on the
bulk Nb sample with the GT5 probe. The P3y dependence on Py at 4.7 K shows
a different nonlinear behavior compared to the other two temperatures. Note
that the nonlinearity of the probe measured at T=10.7 K is higher compared
to the previous measurement in Fig. 5.16 due to different excitation frequency
and slight difference of the probe height.

has lower critical temperature. We analyze the slope of Ps; on Py from the first onset
and the second onset as illustrated in Fig. 5.22 (a). Fig 5.22 (b) is a slope summary
after analysis. Note that if there is only one onset of nonlinearity (for the case while
temperature is above 6 K), the two curves is treated as a regular single slope value
after the single onset. One can see the red line is ”analogous” to the lower critical
field and the black line is "analogous” to the upper critical field. This may imply the
first onset is due to the extrinsic Josephson nonlinearity and then the second onset is
due the the penetration of the first Josephson vortex.

The temperature dependent Ps¢(7") at the same probe position is shown as Fig.

5.23. The onset of Nb nonlinearity begins immediately at the bulk Nb T, (9.2 K)
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Fig. 5.22: (a) Illustration of how two slopes are selected from two onsets of Pss
versus Py in Fig. 5.21. (b) Temperature dependent slope values for the data
from Fig. 5.21 showing an analogue to upper and lower critical field versus
temperature.

and then quickly saturates before T=8 K for 5.5 dBm, 5.025 GHz excitation. The
nonlinearity shows a dip around 5.8 K. Below 5.8 K, the nonlinearity increases again.
This behavior also happens at low excitation power at 0 dBm. The possible nonlinear

mechanisms for bulk Nb will be discussed in Chapter 6.

5.5 Chapter 5 Conclusions

A clear reproducible nonlinear response signal from superconducting samples
of TBCCO, MgB,, sputtered Nb thin films and bulk Nb are all obtained by the
magnetic write head probe. For thin film measurement, in addition to the Ps; peak
at T, due to the modulation of superconducting ordered parameter near 7T, the third
harmonic response below T, shows a nonlinearity likely from the Abrikosov vortex
critical state and possible weak link Josephson junction on the surface. From the

bulk Nb measurement, the third harmonic response is different from that of thin
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Fig. 5.23: The temperature dependent Ps7(T") of the bulk Nb sample at two
specific powers. The excitation frequency of the GT5 probe in this measurement
is 5.025 GHz.

films. The nonlinearity due to the modulation of superconducting ordered parameter
near T, cannot be detected because the larger thickness dramatically reduces this
nonlinear mechanism. The measured nonlinearity of the bulk Nb samples shows a
mechanism likely from the weak link Josephson junctions due to the contaminated
surface in the fabrication process. The success of nonlinear excitation on bulk Nb also
implies the magnetic field from the probe is higher than the H., of the measured bulk
Nb sample. Therefore the nonlinear near-field magnetic field microwave microscope
has great potential to identify the electrodynamic properties of bulk Nb materials and
to image the electrodynamic defects on superconducting Nb in the GHz frequency

region.
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6. MODELING THE EXTRINSIC NONLINEARITY IN NB

MATERIALS

Overview of the Chapter

This chapter will discuss the possible extrinsic nonlinear mechanisms for the
Nb nonlinearity measurement, especially for the bulk Nb measurements in section
5.4. Three models will be covered here to study if the bulk Nb nonlinearity can be
interpreted successfully by the existing models from the published literature and our
newly proposed model. The three nonlinear models include the nonlinear mechanism
from moving vortices [57], weak-link Josephson effect [87][88], and the proposed model

of switching events between the vortex critical state and the Meissner state.

6.1 Model of nonlinearity coming from moving vortices in Type-IT

Superconductors

When the surface magnetic field approaches the lower critical field (B ) of
type-II superconductors, vortices will overcome the barrier of the surface potential
energy and penetrate into the superconductor. This surface barrier energy was first

calculated by Bean and Livingston in type-II superconductors assuming a perfect



planar surface in a uniform and parallel applied field [83]. We consider the dynamic
process of a strong AC magnetic field locally applied parallel to the surface of a bulk
superconductor. This situation may occur for our GT5 longitudinal recording write
head probe over the bulk Nb superconductor. Figure 6.1 illustrates the dynamical
process in detail. Here we consider a simple process in which only a single vortex
enters the superconductor in the first half of the RF cycle. In the beginning of the
first half of the RF cycle, the Meissner screening currents on the surface increase
with the increasing magnetic field to prevent the penetration of the applied magnetic
field. However, once the applied field B(t) exceeds the local penetration field (B,),
a vortex starts to nucleate on the surface of the superconducting material and a
vortex semi-loop is created. After nucleation, the Meissner screening currents create
a Lorentz force on the semi-loop vortex and push the vortex down into the material.
Therefore, the vortex penetrates and moves into the material as shown in Fig. 6.1 (a).
This vortex also creates a supercurrent circulating around the core and distorts the
existing Meissner screening current due to the applied RF field near the surface. The
total Meissner current is a combination of Meissner current coming from the applied
RF field and the supercurrent from the vortex. The reduction of the total Meissner
screening current between the surface and the vortex decelerates the moving vortex.

At the time when the RF field changes sign, the vortex penetrates to the max-
imum distance and then it turns around and starts coming back because the corre-
sponding Lorentz force on the vortex changes sign. From Fig. 6.1 (b), during the
reverse part of the RF cycle, the total Meissner screening current between the surface

and the vortex is now enhanced. Therefore once the total Meissner screening current
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Fig. 6.1: Illustration of a vortex semi-loop nucleation, entry, exit and an anti-
vortex nucleation, entry during one period of the RF cycle at a superconducting
surface subjected to an intense localized magnetic field. The blue circles illus-
trate the direction of flow of screening currents in the superconductor.

reaches the depairing limit of Cooper pairs, an anti-vortex semi-loop will penetrate
into the superconductor as shown in Fig.6.1 (c). Finally, the outgoing vortex will
annihilate with the anti-vortex at some intermediate location. Generally speaking,
this procedure of vortices moving in and annihilating in the film induces a dynamic
instability and generates harmonic electromagnetic response. It is also a mechanism
of dissipation of energy and results in suppression of the quality factor Q of SRF

cavities [57][58].

Mathematically, the equation of motion of a vortex parallel to the surface of a

semi-infinite superconductor is given by [57]

3

. DyBy 2y/w* + &
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Fig. 6.2: (a) The solid black circle shows the position of the vortex which is
pointing into the page and the solid blue circle shows the position of the an-
tivortex image. Vortex is penetrating a distance u(t) from the semi-infinite
surface (z = 0) exposed to a uniform parallel RF field B(t). (b) The dots at u;
and uo indicate the existing vortex and a newly created antivortex respectively.
—uy is the position of the existing antivortex image and —us is the position of
the newly created vortex image.

where u is the coordinate of the vortex position with respect to the surface
(x=0) as shown in Fig. 6.2 (a), A(T) is the temperature dependent penetration depth,

n = is the Bardeen-Stephen vortex viscosity, p, is the normal state resistivity,

PoBea
pn
B,s is the upper critical field of the superconductor, @ is the flux quantum, w is the
angular frequency of the oscillating field, g is the permeability of vacuum, By is the
magnitude of the RF magnetic field on the superconducting surface and K;(z) is the
modified Bessel function. In addition the local coherence length &, is also introduced
to provide a cut-off in London theory. The left side of the equation is the viscous
force on the moving vortex. This assumes that the vortex inertia (mii) and pinning
force (ku), where m is the mass of the vortex and k is the pinning force constant, are
negligible compared to the viscous force (ni) [89]. The first term on the right hand
side is the Lorentz force per unit length on the vortex due to the screening currents

created by the driving field. The second term on the right is the force per unit length

exerted by the image vortex that arises from the SC/vacuum surface. This equation
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assumes a bulk superconductor.

The first vortex will penetrate into the superconductor when the impressed
energy from the applied field B(t) exceeds the Bean-Livingston surface barrier [83].
This barrier can be described in terms of a vortex penetration field, B,. That is,
the vortex will move into the superconductor when the applied field is bigger than
B,. Generally B, can be approximated as B, =~ 0.71 x B, [57] where B. is the
thermodynamic critical field. Therefore the time for the first vortex entry can be
determined as [57],

t — arcsin(B, /Bo)
0= 7w

(6.2)
u =0,

where we assume B, < Bjy. The vortex will move down into the material and reach
the deepest depth at the time when the applied RF field changes sign during the RF
cycle. After that, the vortex changes the direction of movement and begins to move
toward the surface. An antivortex will nucleate when the Meissner current density
due to the applied field plus the current density of the outgoing vortex (located at

T = u.) reaches Lﬁ)—”)\l at the time ¢., at which point

|B(tc) + Po i <U> B,

po e AN T h (6.3)

A

Therefore once t > t., two anti-aligned vortices are inside the material and then
move toward each other with coordinates u; for the outgoing vortex and wuy for the

newly created antivortex, as shown in Fig. 6.2 (b). The equation of motion for these
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two vortices can be described as

. PoBy _yy/n 3 2uy Uy — U Uy + U
- w - K28 + Kk K
My TN e sin(wt) srpond | + K 3 1 3

and

Ny =

2 2
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Ho T o

A solution for the trajectory of the vortices describe by the above equations
is shown in Fig. 6.3 (bottom frame) as a function of time for two RF cycles. The
applied RF field B(t) is also included on the top frame to illustrate the relation of
the vortex position and the applied field with time. This calculation is performed
under the assumption of 5 GHz excitation on the bulk Nb surface with B.=200 mT
(B, = 142 mT) and the peak value of applied field By= 160 mT. Besides, A = 40
nm, & = 3 nm, p, = 107 Qm and B, = 400 mT are assumed typically for bulk
Nb. The second vortex will annihilate with the first vortex at time ¢., leaving the
sample temporarily free of vortices. This procedure of vortex-antivortex entry and
annihilation continues in the next RF cycle, and will generate a third harmonic signal,
as shown below.

The reason why vortex-antivortex entry and annihilation creates a harmonic
response is that this motion results in a complicated time dependent fluctuation of

flux in the sample. Physically the induced electromotive force (voltage) is the time
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Fig. 6.3: Calculation of vortex position at 5 GHz excitation (7 = 200 ps) bulk
Nb with the relation of the applied RF field (B(t)) in two RF cycles. tg in-
dicates the time when the applied magnetic field exceeds the Bean-Livingston
barrier (B(t) > B,). t. indicates when an anti-vortex begins nucleating at the
surface and ¢, indicates the time when the vortex and the anti-vortex collide
and annihilate each other. The calculation assumes A = 40 nm and & = 3 nm
typically for bulk Nb with p, = 107 Qm and B, = 400 mT to calculate the
Bardeen-Stenphen vortex viscosity.
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derivative of flux in the sample

, where @ is the flux in the sample.

Figure 6.4 schematically shows the change of normalized fluxoid number in the
time domain during the RF cycle. One can clearly see that the change of fluxoid in
the superconductor happens at the times tgy, t.1, to2, and .o, where to; / toe are the
times of vortex/antivortex penetration into the superconductor. Similarly, ¢,/ t.o are
the times at which the total flux in the superconductor drops to zero because of the
appearance of an antivortex/vortex pair. A time dependent voltage spike, which we
approximate as a gaussian pulse, is assumed whenever a change of fluxoid number

happens in the time domain,

—(t—ts)?

Vi(t,o,ts) = e 202 o

| =

(6.7)

where ¢, is the time when the number of fluxoids inside the material changes, h is
Planck’s constant and A is the superconducting gap at zero temperature. o is a time
scale on the order of 1 ps. The amplitude of the third harmonic voltage, V3¢ can be

extracted by the numerical Fourier transform

-1
2 At
Vifa = - Z Visin(3wmAt) At
m=0
(6.8)

1
2 At
Vs = - Z Vicos(3wmAt) At

m=0
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Fig. 6.4: (Upper Frame) Schematic illustration of the quantized fluxoid number
during an RF cycle. tg; is the time when the penetration of the first vortex
happens in the first half of the RF cycle. t.; is the time when the first antivortex
nucleates on the superconductor surface and t,; is the time of annihilation for
the first vortex and the antivortex in the first half of a RF cycle. For the
second half of a RF cycle, tg2 and t.o mean the time of nucleation for another
antivortex and vortex, respectively. Similarly, t,o is the time of annihilation
for this vortex-antivortex pair during the second half of the RF cycle. (Bottom
Frame) The generated voltage spikes due to the change of the quantized fluxoid
number in an RF cycle.
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Fig. 6.5: Plot of calculated P3(T") obtained from the vortex nucleation, pene-
tration and annihilation model, in arbitrary units.

where the sum on m covers the RF time period (7) in terms of m discrete time (At)
steps. Finally, the third harmonic power generated by this vortex mechanism can be

calculated using the following equation

(6.9)

Fig. 6.5 shows the calculated temperature dependent Ps¢(7") from this simple
vortex mechanism. The calculation is only done at 0K, 1K, 2K, 3K and 4K. Above
4K, the applied field (By) is already much larger than the vortex penetration field (B,)

and there is more than one vortex entering the sample. Hence at higher temperature,
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the calculation will become very complicated. However, generally, this mechanism
will produce small nonlinearity at low temperature but higher nonlinearity at higher
temperature. This result seem to be at odds with most of our measurements. For
our P3;(T) measurement under high power excitation (as shown in Fig. 5.9 or Fig.
5.20 at excitation power 12 dBm), the nonlinearity either increases or saturates with
decreasing temperature. Nonlinearity due to the mechanism of vortex generation
and annihilation is simply not consistent with most of our our measurements. The
following statements may be possible reasons for this inconsistency.

(1) The vortex mechanism is actually significantly more complicated than this
simple model, especially in a high RF magnetic field. In the vortex calculation, the
applied field (By = 160 mT) is just slightly higher than the vortex penetration field
of Nb (B, = 142 mT). If the amplitude of the applied field is much larger than the
vortex penetration field (B, > B,), a second or even a third vortex will nucleate
before the annihilation of the first vortex and antivortex pair. This will result in a
very complicated set of interactions. In addition, in the model, the pinning effect
due to the presence of defects inside the superconductor is not included. In the real
case, the vortex can be pinned by a chain of defects. The resulting vortex line will
oscillate [57] and may create a measurable nonlinearity. In addition, the model does
not include a voltage pulse associated with the annihilation of the vortex/ anti-vortex
pair inside the superconductor.

Additionally, the model assumes a flat superconducting surface. In a rigorous
case, a geometry factor of the surface roughness should be taken into consideration

especially when the surface has roughness with characteristic length > ¢ (the coher-
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ence length) [90]. Generally, for a sharp corner on the surface, the Meissner screening
current density will be enhanced and the penetration field of the first vortex entry
(B,) will decrease [90]. Finally, the calculation is done under the assumption of a
straight vortex. If a vortex enters into the superconducting material in the form of
a semi-loop due to the configuration of the magnetic field from the magnetic write
head probe, considering the curvature of the vortex would be more realistic than the
case of a straight vortex. The curvature of the vortex will influence the pinning effect
on the defects and result in different harmonic response.

(2) Another possibility is that the write head itself has stray DC magnetic flux,
and this flux may become pinned in the superconductor. The RF screening currents
generated by the probe may create a nonlinear response of these trapped vortices.

(3) In addition to the nonlinearity from a moving vortex, there are other possible
nonlinear mechanisms which can dominate the nonlinearity of the Nb superconductor.
For example, the weak-link Josephson nonlinearity may happen due to the presence
of surface oxides and hydrides that create Josephson tunnel barriers within a pene-
tration depth of the surface. This nonlinearity is very significant at all temperatures
ranges and becomes stronger at lower temperature. In addition, a nonlinearity from
switching between the Meissner state and the vortex critical state may be another
possible nonlinear mechanism. Both of the mechanisms will now be discussed in the

following sections.

104



Fig. 6.6: The surface of Nb is undergoing exposure to air within 30 minutes in
(a) to more than 1 week in (b). The fast serration and fast oxide growth is due
to the strain caused by O dissolution in Nb and by NbsOj5 oxide nucleation at
the Nb surface. Figure is taken from Ref.[49].

6.2 Nonlinearity from the weak-link Josephson effect

Another mechanism giving rise to the nonlinear electrodynamics of the super-
conductor is the phase slip across a Josephson junction [88]. Josephson junctions will
form on the inner surface of the bulk Nb cavities due to the inevitable oxidation in
the air [50]. Fig. 6.6 shows the sketch of oxidation in air of a smooth, single crystal
Nb with many oxide nuclei [49]. One can clearly see that from 30 min to one week
exposure in an ambient environment, the NbO, and NbyOs is still growing. This sur-
face oxidation deteriorates the superconductivity because of the formation of possible
S-1-S, S-N-S or S-C-S structures. Besides, Josephson junctions may also develop on

the Nb surface due to the chemical surface treatment during fabrication.
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For modeling the weak-link Josephson nonlinearity, one considers a perpendic-
ular magnetic field component that induces a single screening current loop which
consists of N identical superconducting grains as shown in Fig. 6.7. The supercon-
ducting grains are connected together and weakly coupled in a closed loop with area
S. This loop can be driven by a combined DC field (Bg.) and AC field (By) on the

superconducting surface giving rise to a total flux of

B B
_ 5B g @ac:& (6.10)

O(t) = By — Prcos(wt) where D e B, B,

where ®(t) is the total magnetic flux through the loop, in units of the flux quantum
®g, 4. is the normalized DC flux. ®,. and Bj is the normalized flux and amplitude
of the surface field from the AC field, respectively.

Figure 6.8 [88] shows the internal energy (E) of a loop of N grains versus the
applied magnetic flux. The internal energy (FE) is defined by the Josephson coupling
Hamiltonian [88]. The applied magnetic flux as a function of time is also plotted on
the bottom part of Fig. 6.8. In our experiment, ®,. is assumed to be zero because
there is no applied DC field and because the Ps; measurement is performed in a
well-shielded environment. Clearly, if ®; > ®., where ®. = 0.5 corresponding to the
first energy cusp, a phase slip will occur. Hence, for the amplitude shown, the phase
slip will occur at 4 times in the RF cycle, at times ¢, to, 7 — t; and 7 — t5 where 7
is the RF period, t; = (1/w)cos[24t2<] and t, = (1/w)cos™![24E2<] . Note that in
order to simplify the model, we don’t consider the case while the applied field energy

is higher than the second, third, etc. cusps in Fig. 6.8 because the calculation of
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Junctions

Fig. 6.7: Schematic illustration of an induced screening current loop created by
the magnetic field pointing out of the paper. Multiple Nb grains are connected
by weak link Josephson junctions between the grains. Note .S is the area of the
screening current loop.

Py (Pf> would be more complicated.
The response voltage due to the phase slip of the Josephson junction is given

by

hd
V(t) = —Q—Qd—f (6.11)

where ¢ is the phase difference across a Josephson junction. This voltage is a series of
4 delta functions in each RF period, corresponding to each of the 4 phase slip events.
We project out the third harmonic voltage by making a sine and a cosine expansion

in harmonics of the fundamental drive frequency.

/T V(t)sin(3wt)dt
0 (6.12)

/T V(t)cos(3wt)dt
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Fig. 6.8: Internal energy E of a loop of N grains vs normalized magnetic flux
¢ = %f. The cusps of the energy appear when ® =n+1/2, n=0,+1,4+2,
Figure taken from Ref. [88]

This yields the following expression for the 3"¢ harmonic voltage:

h?2
Vsta = __%w [sin(Bwtl) + sin(?)wtg)}
e

(6.13)
h2mw

Vapp = TN [cos(&utl) + cos(Swtg)}

where N is numbers of Josephson junctions in the loop.

In the experiment, the current loop couples back to the magnetic write head
probe. Hence what we measure is an induced voltage in the magnetic write head
probe given by V, = d®./dt where ®, is the time dependent induced flux at the
write head probe. To estimate the voltage induced on the magnetic probe, one can
consider a magnetic dipole moment over the superconductor at a distance “a” between
the dipole and the superconducting surface [91] [92] [93]. The magnetic dipole can be

described by a Dirac delta function M = mé(x)d(y)d(z — a), where m is the moment
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of the dipole. Therefore, the radial component of the generated screening current due
to this dipole can be expressed as [75]

_mgqgsint \/p* +a* —a (6.14)

) —
Jp(pa ) 47T/\3 p2 p2 T+ az

where p and 6 indicate the radial distance and the azimuth angle with respect to an
origin as shown in Fig. 6.9. The maximum current will be at the location p — 0 and

0 — —7/2.

m®
J(p— 0,0 = 7/2) = &TTSE;? (6.15)

Note that the magnetic moment of the dipole M can be measured in units of mg = &g\

_ M _ M
S0 m = .- = 3%

[75] and probe height is also measured in unit of A (that is a — .
Substituting the m into Eq. 6.15, the maximum current, J,,,, induced by a magnetic

dipole moment M at a height “a” above the superconductor with penetration depth

A is given by.

M

Jmaa: N )
8mA2a?

(6.16)

The magnetic dipole moment M also can be expressed in terms of the magnetic
flux in the gap of the probe as M = ®.ly,,/ o, where l,,, is the length of the write
gap. Hence the induced voltage on the probe can be written as

d®.  d poM _ dJ 8mpgh’a’
dt — dt lyey  dt gy

Ve = (6.17)

Take the 3" harmonic current density Jz=I3/(\ a), where I3 is the third order har-
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Fig. 6.9: The screening current (J) induced in a superconductor due to a point
magnetic dipole M with a distance “a” above the superconducting surface plane
(Z=a). Calculation from Ref. [75].
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monic current and combining with Eq. 6.13, one finds that the induced third harmonic
voltage for sine and cosine expansion and the corresponding third harmonic power
generated by this phase slip mechanism in the weak-link Josephson junction is given

in the frequency domain by

96 MT)als(T
Vite = How (T )als( )[sin(Bwt1)+sin(3wt2)]
Nlgap
96w (T)als (T
Vip = Ho N(l) 3( )[cos(3wt1)+cos(3wt2)] (6.18)
gap
2 2
V() (i)
Par =
3 27,

where Iy = I.J3(5)sin(3wt) with 8 = 2”5—031 coming from the third order expansion

of the Fourier series for I(t) = I.sin(fBsin(3wt)) in terms of the Bessel function J,(3)
[87]. Here I, is the junction critical current and can be written as [94]

TA(T)
2eR,

A(T)
2k, T

tanh] } (6.19)

I(T) =

with A(T) the temperature dependent superconducting gap parameter, and R, is the
normal resistance of the junction.
The temperature dependence of the superconducting gap, A(7T), can be com-

puted numerically by the following equation [95]

1 hwe tanh=>2=(£2 + A(T)?)1/2
[t € s oy o0
0

NO)V (&2 + A(T)2)1/2
Here N(0) is the density of states at the Fermi level, V' is the potential energy of
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Fig. 6.10: Numerical calculation of temperature dependent BCS superconduct-
ing gap for Nb.

the two interaction electrons (pairing strength), k; is Boltzman constant and T is
temperature. The product of N(0)V for Nb is approximated as N(0)V ~ 0.39 with
the cut-off energy hw. = ck,T. to determine the BCS temperature dependent super-
conducting gap for Nb. The constant, ¢ = 11.1, is determined by numerically solving
Eq. 6.20 to force A(T) = 0 at the known T, of the material. The numerical solution
for Eq. 6.20 is shown in Fig. 6.10.

The BCS London penetration depth is defined by [98]

1
N(T) = ——— :
L( ) K(O,T) )
. wer! (kyT) (6.21)
1-2 fA(T)+e \/mQ—A(T)2ka(1+eI/(’“bT))2dx

K(0,T) =
Y

Here the zero temperature London penetration depth of Nb, Ay, is assumed to be
40 nm. € = 107'? is introduced to provide a cut-off in the integrand for numerical
integration. Figure 6.11 is the fitting result to the bulk Nb Ps;(T") data based on this

phase slip model. The experimental data is taken at 13 dBm excitation power and
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5.44 GHz excitation frequency, similar to Fig. 5.20 at 12 dBm, 5.36 GHz excitation.
In the calculation, the number of Josephson junction N in the current loop is assumed
to be one. Both terms of [sm(?)wtl) + sm(?)wtg)] and [cos(Swtl) + cos(3wty) | are
also assumed to be on the order of one. Note that the product of S * By (which
comes from the definition of § = 2”5—031) and R,, will affect the calculated Ps¢(T"). For
simplicity, we assume S is a constant and the loop has the shape of a perfect circle

with a diameter equal to the value of [ which is 100 nm for the GT5 probe. In

gaps
addition, Halbritter estimates that weak links on the surface of bulk Nb are about
10 ~ 100 nm apart [96] [51]. Hence we take S = 7.85 x 107*° m?. The distance
between the probe and sample, a, is assumed to be 10 nm, which is the scale of flying
height during the reading and writing process in the high speed magnetic recording
[70] [76]. Therefore, two parameters, R,, and By, are left for fitting. The blue solid
line in Fig. 6.11 is the fit result from this phase slip model with R, = 10.8 €2 and
By = 81 mT. Here the value of B; was taken such that § < 1, in other words
before the first peak of J3<27r§—031>. Besides, Halbritter also estimated the specific
junction resistance, which is resistance times cross-section area of the junction, to be
Ry = 1071 Qm?2 [97] for a bulk Nb weak link junction. Take the weak link to be
10 nm deep [96] and assumed 100 nm long, the resistance will be on the order of 1
Q). Compared to R, = 10.8 Q from my fit, the resistance value of my fit for weak
link Josephson junction is physically reasonable. However, in general, both S and R,
should be temperature dependent parameters, as will be discussed later.

From the power dependence measurement as shown in Fig. 5.16 and Fig. 5.21,

one can see the probe nonlinearity, Pj ;Obe always dominates the measurement at high
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Fig. 6.11: Temperature dependence of the third harmonic response for the bulk
Nb sample at the excitation power 13 dBm and excitation frequency 5.44 GHz
measured by the GT5 probe (dot points). The noise floor of the spectrum
analyzer at this excitation frequency is about -141 dBm. A calculated result
(solid curve) based on the phase slip model is fit to the data. The fitting
parameters are: R, = 10.8 Q , and B; = 81 mT', with fixed values for the
remaining parameters: S=7.85 % 107 m?2, lgap=100 nm, N =1, a = 10 nm.

excitation power. In order to extract the response from only the superconducting
sample at high power, an effective Ps; is defined by taking the absolute value of the
difference between the measured Ps; in the superconducting state and the measured
Ps¢ in the normal state, without considering the phase of the measured nonlinearity.
An offset to the original noise floor of the measurement is applied after taking the
difference. Therefore, the effective Py can be regarded as the nonlinearity from just
the superconducting sample, to first approximation.

The dot points in Fig. 6.12 and Fig. 6.13 show the effective P3¢ at 9 K and 4.7
K, respectively, from the experimental data in Fig. 5.21. The solid line in Fig. 6.12
and Fig. 6.13 indicate the fit to the phase slip model for the temperatures of T=9 K

and T=4.7 K, respectively. Due to the unknown coupling between the probe and the
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superconducting sample, the relation between the incident fundamental power, P,
and actual surface magnetic field experienced on the bulk Nb surface is not possible
to calculate. Therefore, we assertively take Py = kB,? with k = 1 directly for fitting
the effective Ps¢, where By is the amplitude of the surface magnetic field on the bulk
Nb superconductor and k is an arbitrary constant to connect power and magnetic
field. The fits assume constant value of the probe height a = 10 nm, the number of
Josephson junctions N = 1, and the magnetic gap of the yoke l,,, = 100 nm. Two
parameters, R, and S, are varied to fit the model [Eq. 6.18] to the data. Varying R,
can adjust the amplitude of Psy and varying S can laterally shift the theoretical curve
to locate the first Psy (Pf) dip position in the experimental data. From Fig. 6.12,
the dip position of the model at Py = 9.82 dBm and Py = 13.52 dBm are matched
to the dip position of the effective Ps; measurement taken at 9 K under 5.025 GHz
excitation by taking S = 2.15 % 107'* m?. The amplitude of Ps; at the first peak
is matched to the model by taking R, = 90 €. The fact that the amplitude of the
effective P3y does not match the theory for the second peak may be because the phase
of the Vi’ °% is not included when subtracting the measured Pj # in the normal state
from the measured Py in the superconducting state. For the data at T=4.7 K as
shown in Fig. 6.13, the dip position of the model at P; = 10.69 dBm is slightly
different from the experimental data which shows a dip at Py = 11.4 dBm. This
slight difference may come from the effect of localized heating from the probe at low
temperature because the heat sink at low temperature is not sufficient to carry away
the generated heat. The S values for the fit at T=9 K (Fig.6.12) and at T=4.7 K
(Fig. 6.13) are S = 2.15% 107 m? and S = 3.0 * 1071 m?, respectively, equivalent
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Fig. 6.12: Effective P3y versus Py for the bulk Nb sample measured by GT5
probe at 9 K under 5.025 GHz excitation as shown by the dot points. The
solid line is the theoretical calculation based on the phase slip model of the
Josephson junction. The parameters are as follows: T=9 K, Freqency=>5.025
GHz, R, =90 Q, S =2.15% 10~ m?2, a = 10 nm, N=1, Iy, = 100 nm. Only
R, and S were varied to perform the fit. The vertical blue line shows where
the probe background nonlinearity has been naively subtracted from the data.

to a circle with diameter D = 165 nm and D = 195 nm, respectively. The values of
the circle diameters are on the scale of the magnetic gap ( ~ 100 nm) in the write
head probe and imply the resolution of the magnetic write head probe in the near field
microwave microscope. These length scales are also consistent with those put forward
by Halbritter for the distance between weak links on the surface of air-exposed bulk
Nb [49][51][96][97].

Comparing the R, and S values from the model fits in Fig. 6.12 and Fig.
6.13, we see that these two parameters are temperature dependent. One reason for
temperature dependent R, and S is because the screening current loop will look

for the easiest trajectory with highest critical current of the weak link Josephson
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Fig. 6.13: Effective P3y versus Py for the bulk Nb sample measured by GT5
probe at 4.7 K under 5.025 GHz excitation as shown by the dot points. The
solid line is the theoretical calculation based on the phase slip model of the
Josephson junction. The parameters are as follows: T=4.7 K, Freqency=>5.025
GHz, R,, =610 Q, S = 3.0 10~ m?2, a = 10 nm, N=1, Iy, = 100 nm. Only
R, and S were varied to perform the fit. The vertical blue line shows where
the probe background nonlinearity has been naively subtract from the data.
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junctions to pass through. A summary of the temperature dependent R, and S
from our model fits for the effective Ps; at different temperatures is shown in Fig.
6.14. One can see the R, gradually goes up with decreasing temperature from 9
K to 6K. This is consistent with the decrease of quasi-particle density from high
temperature to low temperature. Below 5.7 K, the normal resistance decreases with
decreasing temperature. This decrease also corresponds to a decrease of the area
S with decreasing temperature below 5.7 K. Halbritter has noted the existence of
NbO, material or proximity-coupled Nb in the vicinity of weak links in bulk Nb with
reduced transition temperature of 5.1 K to 6.0K [51]. Although we don’t know how to
interpret this decrease at low temperature, several possible issues may be in play. For
example, if there is a superconducting inhomogeneity with lower 7, than that of bulk
Nb, R, may suddenly change once the inhomogeneity become superconducting. This
may explain the sudden rise of R, at T=5.7 K. The localized heating of the probe
at very low temperature may also be another possible reason for the non-monotonic
dependence in Fig. 6.14. These possibilities may affect the screening current area S

at low temperature and result in a corresponding change of R,, at low temperature.

6.3 Nonlinearity coming from switching events

In addition to the nonlinear mechanisms discussed above, another possible non-
linear mechanism is the switching between the Meissner state and the mixed state
during the RF cycle. That is, while the peak value of the applied RF magnetic field

is higher than the surface penetration field of the superconductor, the material will
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Fig. 6.14: Temperature dependent fitting parameters R,, (normal resistance of
the junction) and S (area of the induced screening current loop). Each value is
determined by the fitting method of the phase slip model from the P5; versus
Pr data in Fig. 5.21.

switch into the critical vortex state from the Meissner state. The difference between
this and the switching model from moving vortices is that the switching model doesn’t
consider the details of the interaction between moving vortices inside the materials
but only consider the corresponding change of reluctance of the write head between
the Meissner state and vortex critical state of the superconductor in one RF cycle.
This process of switching between states implies another source of harmonic response.

Similar to the linear response modeling discussed in Chapter 4, one also can
model the superconducting states switching with an equivalent magnetic circuit to
describe the time dependent flux inside the superconductor underneath the magnetic
write head probe, as shown in Fig.6.15. The inductively coupled driving line provides

a magnetomotive force (V,,,) to the yoke with a reluctance R,. A magnetic flux
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Fig. 6.15: (a) Schematic illustration that the magnetic flux coming from the
yoke penetrates into the superconductor. Note that l,,d ok and [, represent
the width, the thickness, and the length of the magnetic gap, respectively. (b)
An equivalent magnetic circuit for the magnetic flux transport from the yoke
to the superconductor. Note Rs.=Rs.(Rs, Ry) is a time variable reluctance as
a function of Rs; and R,, where R, is the reluctance of the superconductor in
the nonlinear Meissner state and R, is the reluctance from the vortex critical
state.

is channeled down along the yoke to the gap. There the flux can divided into two
branches : one directly goes through the gap with a reluctance R, and the other
shunts into the superconductor with a reluctance R,.. Note that the reluctance of the
superconductor R,. is a tunable reluctance. It is the combination of a reluctance R,
from the nonlinear Meissner state and a reluctance R, from the vortex critical state.
While the surface applied field B(t) is smaller than the penetration field B,, the
reluctance will remain at the value of R;. Once B(t) > B,, an additional reluctance
channel R, is created.

While the superconductor is in the nonlinear Meissner state, the circuit analysis
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is the same as that in the linear response model discussed in Chapter 4. As in Eq.

4.3, the reluctance of the nonlinear Meissner state is given by

lg
= — 6.22
/J“Olydyoke ( )

d oke
R, = )\y(T) R, where R, =

Note that all notations have the same definitions as discussed in Eq. 4.3. On the

other hand, in the vortex critical state, we have the magnetomotive force as

Byl,
Ho

DR, = / Hydy = ) = By\? (6.23)
gap

where @ is the flux quantum and the latter equation assumes that the vortex carries
one unit of magnetic flux, which may not always be the case. Hence the reluctance
of the vortex critical state is given

_
o

R, (6.24)

In addition to the nonlinearity of the penetration depth with RF field, we believe the
transient variations between R, and R, will also induce a harmonic response which
is measured in the experiment. This model in terms of Ps¢(T") and Psr(Pr) will be

calculated in the future to see if this model produce anything different from Fig. 6.5.
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6.4 Chapter 6 Conclusions

Three nonlinear models were discussed to interpret the measured nonlinearity
on the bulk Nb. From the calculated nonlinearity, nonlinearity due to the mecha-
nism of vortex generation and annihilation is simply not consistent with most of our
measurements. Nonlinearity from the proposed switching events is not clearly related
to the measured Psy. Nonlinearity from the weak-link Josephson effect is the best
model now to explain the measured nonlinear response on bulk Nb for both Ps¢(T)
and Ps¢(Py) measurements. Therefore, the majority of the measured nonlinearity on

bulk Nb comes from the mechanism of Josephson nonlinearity and Josephson vortices.
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7. MAGNESIUM DIBORIDE NONLINEAR PROPERTIES
INVESTIGATED UNDER LOCALIZED HIGH RF MAGNETIC

FIELD EXCITATION

Preface of the Chapter

Due to the persistent problems of Nb surface issues in bulk Nb cavities, many
alternative materials have been explored recently for application in Superconducting
Radio Frequency (SRF) cavities. Materials such as Tri-Niobium Tin (Nb3Sn) [1] and
Magnesium Diboride (MgBs) [99] have been examined. These compounds are easy
to fabricate and their compound phases are stable over a broad composition range.
However there are still many challenges to place either MgB, or Nb3Sn into the
SRF cavities applications. For example, uniformly coating these compounds on to
the inner surface of large SRF cavity by existing deposition technology is not an easy
processing task. For MgBs, an H. value smaller than the thermodynamic critical
field of traditional bulk Nb is also another issue. In this chapter, we will focus on
M gB5 to study it’s nonlinear behavior and point out potential problems of M ¢gBs in

their application to SRF cavities.



7.1 Introduction

The discovery of superconductivity in MgBs in January 2001 [100] ignited enthu-
siasm and interest in exploring its material properties. Several remarkable features,
for example a high transition temperature (7, ~ 40 K), a high critical field, and
a low RF surface resistance below 7., shows great potential in several applications
such as superconducting wires and magnets. The success of making high quality
epitaxial MgB, thin films provides another promising application as an alternative
material coating on superconducting radio frequency (SRF) cavities [101]. Over the
past decade, the accelerating gradient of SRF cavities has achieved 59 MeV//m in
fine-grain Niobium (Nb) single cell cavity [4]. In order to go further, new high T,
materials with low RF resistance are required for interior coating of bulk Nb (or Cu)
cavities. High quality MgB, thin films may satisfy the demands for SRF coating ma-
terials because such films can avoid the weak link nonlinearity between grains, and
lead to the possibility of making high-Q) cavities that operate at high accelerating
gradients [99].

However, there still exist mechanisms that produce non-ideal behavior at low
temperatures under high RF magnetic fields, such as vortex nucleation and motion in
the film [57]. In addition, due to the presence of the 7 band and ¢ superconducting
bands, the intrinsic nonlinear response of MgB, at low temperature is large compared
to single-gap s-wave superconductors [102] [103]. Finally, it has been proposed that
MgB; has 6 nodes in its energy gap [104]. Intermodulation distortion (IMD) measure-

ments show a strong enhancement at low temperature (T) as Pryp(T) ~ 1/T? [105],
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similar to the characteristics of the nodal d-wave Y BayCu3O7_s (YBCO) supercon-
ductor [63]. Note that the nodal nonlinear Meissner effect has only been measured
by means of nonlinear microwave techniques up to this point. If MgB, is a nodal su-
perconductor, the coating of MgBs on SRF cavities will limit the high-field screening
response at low temperature and therefore degrade the performance of the SRF cav-
ities. Based on the above concerns, the study of MgBy microwave nonlinear response
in the high frequency region (usually several GHz in SRF applications) can reveal the
dissipative and nondisipative nonlinear mechanisms and perhaps enable application
of MgB, films as cavity coatings.

In our experiment the localized harmonic response of superconductors is excited
by a GT5 magnetic write head probe. Based on the gap geometry of the magnetic
write head probe, sub micron resolution is expected. We present our observation
of the nonlinear response of high quality MgB, films below 7.. These films were
grown on (0001) sapphire substrates by the hybrid physical-chemical vapor deposition
technique (HPCVD) by collaborators at Temple University. A (0001)-oriented MgB,
film with (1010) in-plane epitaxial structure was determined by 6-20 and ¢ scans in
X-ray diffraction, respectively. A detailed description of the growth technique and
their structural analysis has been reported before [81].

It should be noted that the SRF cavities function at very low temperature and in
RF magnetic fields of varying strength, depending on location in the cavity. However
our microscope functions at temperatures down to 4.2 K, and with a localized high
RF magnetic field. Therefore our microscope is best suited for finding the localized

electromagnetic response of the surface. We expect to find electromagnetic contrast
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due to surface defects in the materials making up the cavities. In this chapter, I
report the MgB, experimental nonlinearity data from localized areas. These data will
be interpreted as a combination of several nonlinear mechanisms including intrinsic

nonlinear responses [103][104] and vortex nonlinearity [57].

7.2 Third Order Nonlinear Measurement Results

The experimental setup for amplitude and phase measurements of the super-
conductor harmonic response has been shown in Fig. 5.2 and Fig. 5.4 of Chapter 5.
The measurement of the 3" order harmonic power (Ps;) is performed near the center
of several epitaxial MgBs films with the same thickness, 50 nm. The global T} of these
samples are around 32 K~35 K measured by the four point resistance method. These
samples are all grown on sapphire substrates under the same deposition conditions by
the HPCVD method. These samples can be grouped into two classes: Group A are
the samples which are not well isolated from the ambient environment after growth.
Group B are the samples which are kept in desiccated conditions immediately after
deposition. At least two samples are measured from each group to examine their RF
microwave properties. Fig. 7.1 shows a representative temperature dependent Ps;(T")
curve for the sample from group A at the excited frequency 5.33 GHz and excited
power +14 dBm. Above 40 K a very small signal begins to arise above the noise floor
of the spectrum analyzer. This P3¢ is from the magnetic write head probe itself. We
have measured the P3¢ of the magnetic probe when it is placed on the surface of a

bare sapphire substrate and in general this probe nonlinearity is negligible at excited
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Fig. 7.1: Temperature dependence of 3rd harmonic power Ps; from a 50 nm thick MgBs of
group A measured with an excited frequency of 5.33 GHz at +14 dBm.

powers under +14 dBm. Although excited powers above +14 dBm excites stronger
nonlinearity from the probe, this nonlinearity is almost temperature independent in
the Helium cooling temperature range. Therefore probe nonlinearity, if it is present,
can be treated as a constant background signal above the noise floor of the spectrum
analyzer /VNA. The mechanism of probe nonlinearity is the hysteretic behavior of the
yoke material, and has been discussed previously [66].

From Fig. 7.1, a clear P3;(T") peak centered at 35 K shows up above the noise
floor. This peak arises from the modulation of superconducting order parameter near
T, due to the enhanced sensitivity of superconducting properties as the superfluid den-
sity decreases to near-zero levels. This peak at T is also phenomenologically predicted
by Ginzburg-Landau theory, and is similar to that discussed in the measurement of
Nb thin film as shown in Fig. 5.9.

We also note the onset of a temperature dependent Ps; nonlinearity below 29
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K, followed by a peak near 27 K, and then a gradually increasing Ps; down to 12.5
K. Finally, the Ps; decreases below 12.5 K.

Measurements of the dependence of P3¢ on Py are shown in Fig. 7.2 for the 50
nm thick MgB, film (group A) at some selected temperatures. In the normal state of
MgB, (T=42K), the measured nonlinearity comes from the probe itself and shows a
slope steeper than 3 at high excited power above +15 dBm. Near T, the slope is 2.74,
close to the value of 3 predicted for the intrinsic nonlinear response [53]. Based in
part on this evidence, we believe that in the high temperature region close to T,, most
of the Psy comes from the intrinsic nonlinear mechanism related to the modulation
of the order parameter near T.. In the intermediate and low temperature regime,
the slopes of Py vs. Py are between 1~2. This value is similar to that predicted by
many phenomenological models (between 1 ~ 2) for YBCO films at low temperature
[63] [106], implying that several possible nonlinear mechanisms are involved at low
temperature for MgB, films. It should be noted that the low temperature nonlinearity
can be easily excited at low power. Fig. 7.2 shows the Pss-P; slope evolution from
an intrinsic nonlinear region around 7, to a regime with different behavior at lower
temperature.

The representative curve of Ps¢(T') from a sample of group B is shown in Fig.
7.3. Compared with the measurement of Ps¢(7T") from the sample of group A, as
shown in Fig. 7.1, many temperature dependent nonlinear features are consistent
and reproducible. From Fig. 7.3, the first peak at 32 K represents the first T, of this
sample. A second peak at 22.5 K, similar to that at 27 K (Fig. 7.1) is distinctly visible
in Fig. 7.3. The only difference is a second deep dip around 20 K for the sample from
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Fig. 7.2: (a) Measured power dependence of P35 on Py for the 50 nm thick MgB film of
group A. (b) Fitted slope at selected temperatures for the film of group A. The
marked dip describes an almost nonlinearity-free region from the MgBy sample
(see Fig. 7.1) and its small slope is likely due to the probe nonlinearity.
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Fig. 7.3: Temperature dependence of 3rd harmonic power P3¢ from a 50 nm thick MgBs film
of group B measured with an excited frequency of 5.33 GHz at different excited
powers.

group B, versus a shallow dip at 25 K for the sample from group A in the Ps;(T)
measurement. The position of the dip and its depth also change with the excited
power. This sharp dip indicates the near cancelation of all nonlinear mechanisms at
this temperature. For both groups of samples, the nonlinearity gradually increases
with reduced temperature below the second dip, followed by a saturation and finally
a decrease at temperatures below 10 K, at least for lower excitation power.

Fig. 7.4 shows the dependence of Ps¢ on Py for the sample from group B. At T,
(32 K), the slope of the power dependence is almost 3. Below T, the slope drops to a
value between 1~2, the same as many published results on MgBs, [78] [107], excluding
the points near 20 K at which the slope drops below one. This point (the second dip)
shows very small nonlinearity from the superconductor below 10 dBm excitation. For

high excitation power (above 10 dBm), the majority of the nonlinearity signal comes
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Fig. 7.4: Power dependence of P3; on Py for the 50 nm thick MgBs film of group B, taken
at temperature of 6 K, 15 K, 20 K, 22 K, and 32 K.

from the probe itself. In addition, at some temperatures (20 K, 15 K, 6 K), the power
dependence curve shows several changes of slope. This implies that the nonlinear
behavior is more complex at intermediate and low temperatures. Therefore based
on the similar nonlinear behavior of many measured MgB, samples, we next discuss
several possible mechanisms that may account for the basic common features of our

experimental data.

7.3 Nonlinear Mechanisms of Magnesium Diboride

7.3.1 Intrinsic Nonlinearity of MgB, Around T,

The modulation of the superconducting order parameter by the applied RF
field generates nonlinearity. While the excitation field is much lower than the critical
field, nonlinearity will be generated due to the perturbation of the order parame-

ter. This phenomenon is generally known as the nonlinear Meissner effect (NLME).
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When the excitation field approaches the critical field, the mechanism of intrinsic
nonlinearity is still similar to the NLME and becomes more significant. For example,
around 7, this nonlinearity comes from the backflow of excited quasiparticles in a
current-carrying superconductor, which results in an effective decrease of the super-
fluid density [103][104][108][109]. A two band quasiparticle backflow calculation has
been applied to the MgB, intrinsic nonlinearity. Based on the work of Dahm and
Scalapino[103], the temperature and induced current density dependent superfluid
density ng(7, J) can be written as

(T, J) J

J
_— ]_ — 2‘ = om
ns(T,0) (Gag) e

T \Jbr(T) + b, (T) 2

(7.1)

where b, and b, are the temperature dependent nonlinear coefficients for the o band
and 7 band, respectively, and their values are defined in reference [103]. Here J., =
4.87 x 103A/cm? and J.. = 3.32 x 108A/cm? are the pair-breaking current densities
for the two bands. For a 50 nm thick MgB, thin film, the generated third harmonic
power Ps¢(T') is estimated by substituting Jyz into Eq. 5.1 in Chapter 5. Here,
the value of the geometry factor is estimated to be 8.3 * 10° A3/m?, calculated from
the Karlqvist equation for the magnetic field from a magnetic write gap under the
assumption that the probe height is around 2 pum above the MgB, superconducting
surface. The details about the calculation of I'(Kgp) for the magnetic write head has
been discussed in section 5.3.3. This geometry factor is a strong function of height
and can lead to surface fields above the critical field of the superconductor [11] [12].

Finally, the P3;(T) calculated results from Eq. (5.1) for the 50 nm thick film
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Fig. 7.5: The blue dots are the MgBy P3¢(T") data at an excitation frequency of 5.33 GHz
and excitation power of 18 dBm. The solid red line is the simulated result of the
intrinsic nonlinearity from superconducting order parameter modulation near T,
of MgBy with thickness 50 nm under the assumption that the magnetic probe
provides a field described by a geometry factor I' = 8.3 * 10° A3/m?2. Other
parameters used in this calculation include A(0K)= 100 nm, Jyp(T — 0K) ~
6.5% 10124/m?, Acutof f= 800 nm, Jeutorf = 4.2% 10" A/m? and T.= 34.6 K with
a standard deviation of Gaussian spread of 67.,= 1.3 K. The noise floor in the
experiment is -143 dBm and the probe adds significant background nonlinearity

in this case as well.
at a 5.33 GHz excited frequency is shown as the solid red line in Fig. 7.5, assuming
cutoff values for A(T" — T.), Iy (T — T.), as well as a Gaussian distribution of T,
[53]. This intrinsic response has measurable values above the noise floor only in the
high temperature region near 7.. The experimental data of the MgBs films from
group A under a +18 dBm, 5.33 GHz microwave excitation is shown as blue dots.

It is clear that this model predicts very low nonlinear response at low temperature.

Hence other mechanisms must be responsible for Ps;(T") at temperatures below 7.
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7.3.2 Nonlinearity Due to Second T, with Leggett Mode at Low Temperature

Theoretically, the nonlinear response of a two-band superconductor should show
a strong peak at the second T, for completely decoupled bands [108]. With increasing
interband coupling, the peak due to the second T, will gradually shift to higher
temperature and have a reduced peak value [108]. Therefore based on theory, it is
possible that in addition to the nonlinearity coming from the first 7., a proximity
enhanced second T, also contributes to the intrinsic nonlinearity. From the Ps;(T)
data shown in Fig. 7.1 and Fig. 7.3, the second peak at 27 K (Fig. 7.1) or at 23 K (Fig.
7.3) may be due to this intrinsic mechanism. Another Ps;(7) experiment was carried
out with a loop probe which utilizes a smaller RF magnetic field and a large excitation
area. The loop probe, providing an almost 1 mT in-plane magnetic field on the MgBy
surface, is made of a nonmagnetic coaxial cable with its inner conductor (200 um
in diameter) forming a ~500 pum outer-diameter semicircular loop shorted with the
outer conductor [10] [11]. This measurement is performed on the MgBs sample from
group A and the loop probe is positioned on the same region of the sample where the
magnetic write head probe was placed. In order to compare to the result measured
by the magnetic write head probe, both Ps;(T) curves are lined up to -100 dBm at
their peaks around 27 K, as shown in Fig. 7.6. The loop probe measurement shows
only one peak at 27.8 K almost the same temperature as the second peak measured
by the magnetic write head probe. The lack of a peak at the first T, for the loop
probe measurement is due to the weak magnetic field and therefore a small value of T"

in Eq. 5.1 at the highest 7. The inset of Fig. 7.6 shows the power dependence of Ps;
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on Py measured by the loop probe at the peak temperature. The slope of Psy on Py is
2.85, very close to 3, the theoretical value for the intrinsic nonlinear Meissner effect.
However, the slope of Psy on P; obtained with the magnetic write head probe at this
temperature is just 1.68. This implies that our magnetic write head probe excites
another nonlinear mechanism in this temperature region and there is interference with
the nonlinearity from the second T,.. The magnetic write head probe provides more
intense and localized parallel magnetic fields on the superconductor sample surface.
A comparison of magnetic fields generated by the magnetic write head probe and the
loop probe are reported in Ref. [66]. It is unclear why the nonlinearity from the
proximity-enhanced second T, is more significant than that from the first 7, in the
loop probe measurement.

Besides the intrinsic nonlinearity from the proximity-enhanced second 7., an
additional intrinsic nonlinearity arising from Josephson coupling between the o and
7 bands would be expected [110] below the second peak at 27 K in Fig. 7.1 or at
23 K in Fig. 7.3. This nonlinear response (arising from the Leggett mode) comes
from the variable phase difference of the superconducting order parameters in the two
bands of MgB,, and will only be excited when a nonequilibrium charge imbalance ap-
pears both at short length scales and at temperatures where the proximity-induced
7 band becomes superconducting [110]. In our magnetic write head experiment, the
perpendicular component of the RF magnetic field results in a charge imbalance and
excitation of the Leggett mode would be expected. From the experimental data of
Ps¢(T) in Fig. 7.1 and Fig. 7.3, the nonlinearity below the second peak gradually
increases with decreasing temperature before saturation. In this temperature regime,
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Fig. 7.6: Temperature dependence of P3¢ from a 50 nm thick MgB, film (group A) measured
by the loop probe (red curve), and magnetic write head probe (black curve),
respectively. Both curves was shifted vertically to line up to -100 dBm at their
peak around 27 K. The excited frequency for both measurement is 5.33 GHz. The
excited power is 20 dBm and 14 dBm for loop probe and magnetic write head
probe, respectively. Note that the VINA is used to perform the measurement with
the write head probe and the spectrum analyzer is used in the measurement done
by the loop probe. The VNA has higher noise floor ~ -130 dBm. The inset shows
the P3¢ vs P dependence for the loop probe measurement at 27.8 K.
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the nonlinearity could arise from the Leggett mode mechanism, although no calcula-
tion of this nonlinearity exists, to my knowledge. However the observed temperature
dependence of Ps¢(T") is reminiscent of that arising from Josephson weak links [87] or
Josephson vortices in a large Josephson junction [11] [12] (see Fig. 6.11 for example).
The absence of this signal in the macroscopic loop probe measurement is consistent

with the charge imbalance mechanism.

7.3.3 Nonlinearity From the Reported Nodal Gap Symmetry

Although MgB, is commonly believed to be a conventional s-wave superconduc-
tor, Agassi, Oates and Moeckly claim that MgB, has line nodes in the superconduct-
ing gap, and they claim further that the gap has 6 nodes as,A(¢p,T)=Aq(T)*sin(6¢)
where ¢ is the azimuthal angle in the ab plane of the hexagonal crystal, and Agy(T)
is the weakly temperature dependent amplitude of the gap function at low tempera-
tures [104]. From their IMD measurement on MgB, films, the temperature dependent
Prap(T) shows an upturn around 7' < 10K and increases as 1/T? [63]. Therefore,
based on these observations and proposals, we would also expect our measurement
of Ps;(T) to show an increase in the same temperature range. However all of our
experimental data show that Ps;(T) tends to decrease at temperatures 7' < 13K. If
the prediction of the nodal gap symmetry is correct, the observed downturn may be
due to the interference between the Leggett mode nonlinearity (or some other nonlin-
earity) and the nonlinearity from this nodal gap behavior. Another possibility may
be that the RF magnetic fields employed in our experiment are too strong, or the

temperatures are not sufficiently small to see the intrinsic NLME due to the nodes.

137



Yet another possibility is the nonlinear response of Andreev bound states, arising
from a sign change of the superconducting gap, on the surface of MgB, [41] [112].

Further investigation at lower temperature and lower power is required.

7.3.4 Nonlinearity From Moving Vortices

Vortex nucleation and penetration into the film induces a dynamic instability
and generates harmonic response [111]. Considering the relation of the penetration
depth of MgBs (A ~140 nm at 0K) and our film thickness (50 nm), the tendency to
create a straight vortex parallel to the film surface will be suppressed. However due
to the magnetic field distribution from the magnetic write-head probe, a significant
vertical component of magnetic field is expected. Fig. 7.7 shows a schematic illus-
tration of our experiment in which the RF magnetic field from the magnetic write
head probe interacts with the superconductor underneath the probe. A vortex and
an antivortex nucleate perpendicular to the film and will move under the influence
of the RF screening currents. One can model this situation with an equivalent point
magnetic dipole that is horizontally-oriented and placed above the superconducting
thin film [48]. The creation, motion and destruction of perpendicular vortex and
antivortex pairs will generate high order harmonic response in the experiment. The
nonlinear measurements in films from group A and group B would have nonlinear-
ity from moving vortices in the entire temperature region under high RF magnetic
field. In addition, vortex nonlinearity due to weak link coupling between each grain
under the localized RF field (discussed in Section 6.2) may be another mechanism.

The nonlinearity from weak link vortices in a YBCO bi-crystal grain boundary has
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Magnetic write head

Fig. 7.7: Schematic illustration of the magnetic flux coming from the yoke of the magnetic
write head to the superconducting thin film. This situation can be analogous to a
magnetic dipole on the top of superconducting thin film (horizontal blue arrow). A
vortex and antivortex perpendicular to the film tends to form if the film thickness
dfim < A. Figure not to scale.

demonstrated a significant increasing nonlinearity with decreasing temperature fol-
lowing the temperature dependence of the critical current of the junction [11] [12].
From the Ps¢(7T) measurement of MgB, in Fig. 7.1 and Fig. 7.3, the trends of tem-
perature dependent nonlinearity below 30 K are very similar to the nonlinearity from
the weak link vortices in a YBCO granular structure, except for the deep dip around
20 K in Fig. 7.3. Comparing the films of group A to that of group B, both Abrikosov
vortex nonlinearity and weak link vortex nonlinearity of the films from group A would
be expected to be more significant due to the exposure to air, which will degrade the
film and therefore decrease the lower critical field of the weak links and grains. Mod-
els based on the creation and annihilation of perpendicular vortices and the weak link

vortices would be applied to quantitatively analyze the MgB, data in the future.
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7.4 Chapter 7 Conclusions

A strongly temperature-dependent third harmonic response is found from near
field microwave microscopy measurements on high quality MgBs films. From the in-
vestigation of the third harmonic response as a function of temperature and input
power level, the nonlinear mechanisms in high quality MgB, films appears to be quite
complex. The nonlinear response near 7. can be well understood by a model relating
modulation of the superconducting order parameter near 7T,.. However the nonlinear
response at temperature less than 7, have several different possible nonlinear mech-
anisms. The first is the intrinsic nonlinearity from the proximity-induced second T..
The second is the intrinsic nonlinearity arising from Josephson coupling between the
o and m bands. The third is the potential nonlinearity from the proposed nodal gap
symmetry of MgB,. Finally is the nonlinearity due to the perpendicular vortex pairs
as well as the inevitable weak link vortices created in the MgB, films by the high RF

field probe.
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8. FUTURE WORK

Overview of the Chapter

A number of projects were started during the course of this research, but not
completed. These projects are important for the future utilization of my microwave

microscope.

8.1 Design of the Scanning System and Psy imaging of bulk Nb

defects

In our current work, an image of the nonlinear properties of bulk Nb super-
conductor is the final goal we want to achieve with our home-made high frequency
RF magnetic field microscope. For scanning measurements with our current Desert
Cryogenics tabletop cryogenic probe station, we refer to the design from the Prof.
K. Moler group at Stanford University [113]. In their design, the probe is mounted
to a high precision x-y-z stage and each axis is independently driven by mechanical
motors as shown in Fig. 8.1. All of the motors are from the Orientalmotor Corpora-
tion : CRK Series 5-phase stepping motor unit. Due to the different required torque

of the motion stage on each axis, each axis uses a different model of motor. The



model of the x-axis motor is the PK546PMA-R28L with a CRF507-KP driver and a
built-in controller inside the driver. The y-axis motor uses model PK544PMA with
the same driver as the x-axis. For the z-axis, a model PK523PMB motor is used with
a CRD503-KP driver and a built-in controller. Each motor takes 1000 full steps per
revolution of its shaft to produce 0.5 mm linear translation on the micrometer. As
a result, the single step size of each mechanical motor is 0.5 um. In order to fur-
ther minimize the step size, an 80-tooth worm gear with incorporated antibacklash
springs (Part §: AWFB83-D80 from W. M. Berg Inc.) is mounted to the end of the
micrometer via the flexible coupling as shown in the inset of Fig. 8.1 on the z-axis.
A double-thread worm screw (Part §: WFS-5D from W. M. Berg Inc.) is attached
to the motor to turn the worm gear. Through the worm gear, one full step of the
motor can produce a 50 nm linear translation. For the x-axis, a similar design is also
involved to achieve a 50 nm linear translation per step of the motor. For the current
y-axis, the motor directly rotates the micrometer with a corresponding 500 nm linear
translation per step of the motor. A design of a worm gear on the y-axis can also be
implemented in the future. The scanning system is controlled by a computer through
motor drivers with built-in controllers. The setup for the drivers, power supplies, and
controllers can be found in Appendix A.1.

A fixed point measurement of Ps; using the setup of Fig. 5.2 is performed
before a raster scan to determine the excitation frequency and power. Then a raster
scan in the x-y plane can be performed with the slider in physical contact with the
superconductor surface. A preliminary raster scan experiment of the third harmonic
image as a function of position is performed at T=15 K under 5.33 GHz and 16
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Fig. 8.1: Sketch of the three-axis stage that moves the magnetic write head
probe arm [113]. Our current implementation of the scanning system for each
axis is pictured in the three insets. Stepper motors mounted on the frames
drive micrometer screws to generate linear motion. For the x and z axis, worm
gears can achieve a minimum linear translation down to 50 nm per step of the
motors. For the y axis, the motor is directly coupled to the micrometer screw
and creates a 500 nm minimum linear translation per step.
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dBm microwave excitation by the GT5 probe on a high quality MgB, sample with
thickness 200 nm. The scan direction is along the y-axis micrometer first, and then
the probe traces back to the beginning point, and an increase by one step in the
x-axis micrometer is made without lifting the probe. The step sizes for both x-axis
and y-axis motors are 10 pum in this raster scan. Fig. 8.2 (a) and Fig. 8.2 (b) show
the Ps; image and the relative phase of ‘/31}4932 (T)/ V?Lff on this 200 nm thick MgB,
sample, respectively. The Psy contrast shows stronger harmonic signal at the right
part of the image but the difference of the position-dependent Ps¢ is small, roughly
1 dB. We think this contrast in Ps; is mainly due to the uncontrolled height of the
write head in contact mode. The relative phase mapping shows a big contrast and we
have confirmed this phase contrast is due to the mechanical movement of the flexible
coax cable during the raster scan by changing the scanning direction. From this
preliminary result, we realize that there are many improvements required to prepare

a reliable raster scan image of Ps; on the bulk Nb sample in the future.

8.1.1 Probe/Sample Height Control

In addition, we know that the z separation of probe and sample will affect the
magnitude of RF magnetic field on the sample surface. From Fig. 5.6 and 5.11, one
can see the Ps; response from the tested superconductor is significantly dependent
on the probe height and the geometry factor I' also decays significantly with the
increasing probe height. Therefore, the need for controlling the slider height and the
magnitude of the field at the sample surface is very important during the scanning. A

tapping mode design utilizing the piezoelectric quartz tuning fork to precisely control
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Fig. 8.2: (a) A Py image on high quality MgB, with thickness 200 nm. (b) A
relative phase image of V;}/IQBQ (T)/ V3¢ 7 Both images are taken simultaneously
at T=15 K under 5.33 GHz and 16 dBm microwave excitation. Each pixel
corresponds to a 10 um by 10 um square area.
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the probe height is widely used for tip-on-chip microscopy [114] [115]. Therefore,
we propose to mount the magnetic write head probe onto a quartz turning fork. A
Hall probe sensor of similar dimensions to our slider has been successfully mounted
to a tuning fork [116]. Fig. 8.3 shows my new probe stage design to combine the
write head probe and turning fork together. Two SMA hex connectors will be used to
connect signal to the turning fork and the magnetic probe through wiring. The tuning
fork can be driven by an audio wave form generator at a resonant frequency of the
loaded tuning fork. While the probe approaches the sample, the resonant frequency
of the tuning fork will shift. The value of the frequency shift (Af) depends on the
spacing between the sample and probe. An electronic system (either an oscilloscope
or lock-in amplifier) measures the frequency shift of this signal and sends it to a
feedback controller. The controller keeps the Af constant during the entire raster
scan, ensuring a constant height above the surface. This height can be kept in the
range of 100 nm or less, preserving most of our spatial resolution. By upgrading our

existing scanning system, a high resolution P3; image on Nb sample will be expected.

8.2 Experimentally measure the RF field experienced by the sample

surface and determine the spatial resolution

With the capability of precision control of the probe height in our system, we
then need to accurately estimate the field on the superconductor samples for any

specific height of the probe. In addition, because the relative permeability (u,.) of
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Fig. 8.3: A completed new probe stage which can hold two SMA connectors
to connect wiring to the tuning fork and the magnetic write head individually.
The magnetic write head is on the front edge of the slider body (far left in the
picture.
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Substrate

Fig. 8.4: A schematic illustration of experimentally measuring the RF field
coming from the magnetic write head probe. The sample is a Nb weak link
Josephson junction and an I-V measurement is performed while shining a RF
magnetic field from the magnetic write head probe.

the yoke materials (usually permalloy/ferrite) is dependent on frequency, a frequency
dependence of the emanating fields from the write head probe is expected. Our idea
is to put the probe on the top of a superconductor-constriction-superconductor (SCS)
junction as schematically shown in Fig.8.4.

The SCS junction is fabricated by e-beam lithography on PMMA e-beam-resist
to define the size of the SCS junction. After developing, Nb is sputtered onto the e-
beam-resist pattern, followed by lift-off. The gold contacts are also fabricated by the
method of photolithography before fabrication of the SCS junction. A finished SCS
junction fabricated in this manner is shown in Fig. 8.5 (a) and the center constriction
bridge is highlighted in Fig. 8.5 (b). By shining different values of the RF magnetic
field on to this junction with our write head, we would expect to see an output

response in the form of Shapiro steps [117] in the I-V curve of the junction. From
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Fig. 8.5: (a) A SEM image of the Nb weak link Josephson junction. (b) A
zoom-in region from the center constriction bridge. Note the width of the
constriction bridge is 100 nm and the length is 1 pum.

the step height and their modulation with RF field level, we can get the absolute
magnitude of the applied RF field on the sample surface. By translating the write
head over this sample, we can also estimate the field profile created by our probe
while over a superconducting sample. The method will also let us understand the
difference of the field configuration between the longitudinal recording probe (GT5
Probe) and the perpendicular recording probe (Pinnacle Probe).

In order to understand what the spatial resolution of the near field magnetic
microwave microscope will be, a sample with defects of known size, situated at known
locations, is required. Tantalum (Ta) is one of the major foreign elements in the
form of Ta clusters on the surface of Nb cavities due to the nearly identical chemical
properties of Ta and Nb [118]. Hence I created a standard defect sample by embedding
Ta thin film in a Nb thin film. The procedure to fabricate a column and a row of Ta
inclusions in the shape of a cross pattern is shown in detail in Fig. 8.6. An atomic

force microscopy (AFM) topography image of this finished sample is shown in Fig. 8.7
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Fig. 8.6: Lithography procedure for fabricating sub-micron scale Tantalum (Ta)
inclusions on the surface of Nb. Electron beam lithography was used in one
step to develop patterns with different sizes of square shapes on in the e-beam
resist (PMMA/MMA) and then followed by plasma etching of the Nb thin film.
After this, Ta was deposited by sputtering, followed by lift-off to get rid of the
e-beam resist.

(a). The AFM image shows that shows the Ta inclusions are higher than the surface
of the Nb thin film. A Laser Scanning Microscopy (LSM) reflectivity image for this
Ta inclusion sample is also shown in Fig. 8.7 (b). The imaging technique of LSM
reflectivity can be found in references [112] [120] and Fig. 8.7 (b) shows the reflected
intensity of the laser beam with wavelength 405 nm. Note that this image is taken
at ambient temperature and pressure. The reflectivity of Ta is lower than that of
Nb. This implies that the surface of the Ta inclusions has more roughness compared
to the relatively flat plane of the Nb thin film. By performing raster scanning of
the write head under Nb superconducting temperatures, we expect a Py;™" ' contrast
due to these Tantalum inclusions on the flat Nb surface. The relation of defects and

its corresponding microwave performance also can be quantitatively analyzed by the
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Fig. 8.7: (a)AFM topography image of the Ta inclusions embedded in Nb thin
film with thickness 50 nm. (b) Laser scanning microscope reflectivity image of
the Ta inclusions sample.
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nonlinear models discussed in previous chapters.

8.3 Examination of New Physics Phenomena in Traditional and

Novel Materials

Another motivation for building this localized and strong RF magnetic field
near-field microscope is to explore theoretically predicted phenomena and discover
novel physics in high 7T, superconductors such as pnictides and traditional cuprate
superconductors. For example, d-wave superconductors theoretically have a strong
surface contribution to the nonlinear Meissner effect due to Andreev bound states
at low temperatures [41]. We hope our near-field magnetic field microscope can
experimentally demonstrate this surface phenomenon on d-wave cuprate supercon-
ductors in the future. For MgB,, researchers recently predicted that its supercon-
ducting properties are intermediate between type-I and type-1I superconductors due
to its two Ginzburg-Landau x values (k; = A(0)/£:(0) = 0.66 £ 0.02 < 1/4/2, and
Ko = Ae(0)/&,(0) = 3.68 > 1/+/2) [121]. The coexistence of both type-I and type-II
characteristics leads to a special intervortex interaction [121]. We also expect to see
similar dual behavior experimentally in a vortex critical state with our microwave

microscope.
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9. CONCLUSIONS

A magnetic write head is successfully integrated into the near-field magnetic
microwave microscope operating at cryogenic temperatures and providing a localized
strong rf magnetic field. Using this probe, a clear reproducible linear microwave re-
sponse of superconductors can be measured on a sub-micron length scale. A model
describing the linear response measurement is successfully constructed. This mea-
surement and model can be applied to determine the penetration depth of new su-
perconductors in the future.

For the nonlinear measurement, a third harmonic response signal from many su-
perconducting samples (TBCCO, high quality MgBs films, Nb films and the bulk Nb
sample) were obtained by the magnetic write head probe. Different superconductors
present different nonlinear responses including an intrinsic Meissner nonlinearity and
extrinsic nonlinearity. The bulk Nb measurement only shows extrinsic nonlinearity,
consistent with the nonlinear mechanisms of Josephson junctions and Josephson vor-
tices. In addition, nonlinearity coming from vortex generation and annihilation inside
the material and the state switching between the Meissner state and the Abrikosov
vortex critical state may also contribute a measurable nonlinear response in the Py
measurement.

On the other hand, the measurements on Nb and MgB, thin films show not



only the extrinsic nonlinearity due to the vortex mechanism, but also intrinsic non-
linearity. For extrinsic nonlinear mechanisms in thin films, nonlinearity due to the
perpendicular vortex pair generation as well as the inevitable weak link vortices will
be created by the high RF field probe in both Nb films and high quality MgB, films.
However, the intrinsic nonlinearity of single-gap Nb and that of two-gap MgB, are
completely different. Although both materials show a peak at T, which comes from
the modulation of the superconducting order parameter near T, two-gap MgB, still
has many intrinsic nonlinearity mechanisms. The first is the intrinsic nonlinearity
from the proximity-induced second T,.. The second is the intrinsic nonlinearity aris-
ing from Josephson coupling between the ¢ and 7 bands . The third is the potential
nonlinearity from the proposed nodal gap symmetry of MgBs.

Future work will make use of topography sensitivity in the vortex critical state
to get defect imaging on these type II superconductors, especially on bulk Nb. In
addition, from the temperature dependence of the P3¢ on bulk Nb measurement, we
can approximately say the RF field coming from the magnetic write head probe can
almost reach the thermodynamic critical field of Nb. A precise control of the height
can allow for accurate control of the surface field applied on the superconductor and

build a relationship between structural defects and electromagnetic imaging.
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APPENDIX



A.1 Scanning System Drivers/Controllers Setup

The scanning system has been addressed in section 8.1. The detailed setup for
the drivers and the cable connections will be addressed here. Most of the information
and detailed functions of the step motor drivers can be found on the Orientalmotor
web site (http://www.orientalmotor.com/). The manual can be downloaded from the
Orientalmotor web site and an electric copy is also available on Prof. Anlage’s Lab
Wiki page. Here I only mention the functions I needed for building a raster scanning
system.

The motors are 5-phase stepping motors and the drivers are CRK series drivers
with built-in controllers. The 5-phase stepping motors offer high torque with low
vibration. The drivers support 1/O control and RS-485 communication. Figure A.1
shows the front of a driver with the top of the driver on the inset.

In my experiment, multi-axis mode is required to control three axes of the probe
stage. Hence the SW2-No.2 switch on the three drivers should be switched to ON.
The address number switch (SW1) is set to 0, 1, 2 respectively on the three drivers.
The baud rate of all three drivers should be 9600 bps. The baud rate switches are
SW2-No.1, SW2-No.2, SW2-No.3 and all baud rate switches should be at the OFF
position to get a baud rate of 9600 bps.

Fig. A.2 shows the system configuration for three axes step motor units. The
motor connector and encoder connector on drivers should connect to the step motors.
The encoders can be mounted on double shaft step motors to enhance the precision in

lateral translation. Each driver is powered by a 24 VDC power supply, coming from

156



A

CRD 503- KP
ALARM LED (red) —l | pry | Terminal resistor setting switch (SW3)

C-DAT LED (green) -
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Fig. A.1: Front and top of the Orientalmotor CRK series motor driver with
built-in controller. Note the top view can been seen in the inset.
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Fig. A.2: A configuration of setup for the step motor system for 3 axes stage translation.

a Mean Well Inc. DR-30 series DIN rail power supply. To communicate with three
built-in controllers inside the drivers via a computer, the cat 5 ethernet cables are
used to connect the drivers and the computer. Because the communication interface
on the driver is RS-485, a RS-485 to RS-232 converter is used before connecting the
cable to the DB9 port of the computer.

For this 5-phase stepping motor unit package, a free compiler is provided by
Orientalmotor to operate the motor through the computer. In the manual, many
ASCII commands are listed too. These ASCII commands are compatible with many
assembler languages such as Java, C/C++ or Matlab, to compose a 2D raster scan

program and perform the raster scan. In my experiment, I use Matlab to perform the
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2D rater scan on MgB, thin films. The Matlab code can be found on Prof. Anlage’s

Wiki page.

A.2 Data Acquisition methods for Psy Nonlinearity Measurement

In this section, the detailed step by step procedure to get the Ps; signal from
the bulk Nb sample will be addressed in detail. This procedure is applied to get Py
responses from all superconducting materials we discussed in this thesis. The reason
I use the bulk Nb measurement as an example is because getting Pss responses from
the bulk Nb sample is the most challenging one.

The first step is to rotate the micrometer on the z-axis to let the magnetic
probe vertically approach the bulk Nb sample surface under vacuum and at cryogenic
temperatures. The probe can gently contact with the bulk Nb surface to get the
magnetic writer as close as possible to the sample surface.

The second step is to measure the S1; as a function of frequency using the linear
response setup in Fig. 4.1. Fig. A.3 (a) shows the frequency dependent S;; on the
bulk Nb sample. The S; is measured at two selected temperatures, one is above the
T, and the other is below the T of the bulk Nb sample. One can clearly see the deepest
resonance dip is around 4.5 GHz at this probe height for both curves. A slightly S,
amplitude difference at this dip for the two selected temperature measurements can
be also identified from this figure.

After Sy; measurement, I change the linear response setup to the Ps; measure-

ment setup as shown in Fig. 5.2. Then the third step is to measure the P as a
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Fig. A.3: Frequency dependence of |S11| in dB measured at two different tem-
peratures by the GT5 probe on the bulk Nb sample.

function of incident frequency around the deepest resonant dip at the two selected
temperatures. I use the microwave synthesizer to sweep the incident frequency (f)
and phase lock the third harmonic (3f) measurement by the spectrum analyzer with
only 2 ~ 3 averages of the signal to save liquid helium during the measurement. A
100 Hz span centered at the locked 3f frequency and 100 points in this 100 Hz span
are also used for the data acquisition on the spectrum analyzer. Fig. A.4 (a) is the
measurement result of Psr as a function of stimulus frequency at two selected tem-
peratures and the same excitation power (-13 dBm) on the bulk Nb sample. Taking
the difference between the two curves and defining this new curve as an enhanced Psy
due to the contribution of the nonlinearity from the superconductive sample is shown
in Fig. A.4 (b). One can see the peak is at the frequency 4.475 GHz, indicating a 16

dB enhancement.
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Fig. A.4: (a) Excitation Frequency dependence of Psy measured at two different
temperatures by the GT5 probe on the bulk Nb sample. The excitation power
of the microwave synthesizer is -13 dBm for both curves. Note that the data
is taken by sweeping the fundamental frequency of the microwave synthesizer
and phase-locking the third harmonic frequency of the spectrum analyzer with
2 ~ 3 time averaging to reduce the noise floor in the 100 Hz span. (b) The
difference of two P3; measurements at different temperatures from Fig. A.4

().

Finally, I slightly change the probe height again and use the slider on the write
head probe to slide the probe assembly back and forth on the bulk Nb sample surface.
I then repeat step 2 to find out the new resonant frequency at the new height.
repeat step 3 to look for where the best excitation frequency is. I then check if the
Ps; enhancement at this excitation frequency is higher than that at the previous
height. I repeat step 2 and step 3 again and again until the maximum enhancement

is achieved. It usually takes 2 to 3 hours to find a good Pss signal from the tested

superconductor.
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