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Abstract

Superconducting quantum interference devices (SQUIDs) are quantitative
magnetic flux detectors with high sensitivity. Nano-SQUIDs have been at-
tracting much attention due to their potential capability for single electron
spin detection because the estimated minimum spin flip detection is pro-
portional to the loop size of SQUIDs. Furthermore, nano-SQUIDs have ad-
vantages in local magnetic flux imaging. As compared with SQUIDs with
tunneling Josephson junction, weak-link SQUIDs have advantage in reduc-
ing the size of the SQUID loop. In order to realize an optimal magnetic flux
measurement, improvements in reducing thermal hysteretic behavior in I-V
relation have been required.

First, I describe on the development of a weak-link Nb-based scanning
nano-SQUID probe with negligibly small thermal hysteresis. By utilizing a
focused ion beam (FIB) milling, a deep silicon etching (Bosch) process and
mechanical polishing, I have successfully reduced the distance between the
probe tip and the nearest weak-link junction to 1 ym. The spatial resolution
and the magnetic field sensitivity have been estimated to be less than 2 ym
and 3.1 nT/Hz"? at 2 kHz, respectively.

Then a Hall-bar structure sample of a GaAs/Al,Ga;_,As modulation
doped single heterojunction has been measured to evaluate the weak-link Nb
based nano-SQUID microscope. From scanning measurements of local mag-
netic flux distributions induced by current flowing in the two-dimensional
electron gas (2DEG), I demonstrate that the spatial resolution and the max-
imum detectable magnetic flux have been improved by using the mechanically
polished probe as compared with the probe without polishing. Current den-
sity distributions in the 2DEG have been reconstructed from the magnetic
flux distributions, and good agreement has been obtained with the current
distribution calculated by solving a Laplace equation. The reconstructed
current density distributions have revealed ballistic nature of conductance in
the 2DEG.

Finally, tungsten carbide (W-C) wire and film fabricated by focused-ion-
beam chemical vapor deposition (FIB-CVD) have been investigated by the
weak-link Nb-based scanning nano-SQUID microscope. Because of potential
large applications as nano-scale superconducting devices, W-C has been at-
tracting much attention, recently. From mappings of magnetic flux induced
by currents flowing in tungsten carbide wires, the current density distribu-
tion has been reconstructed. Meissner effect in tungsten carbide thin films



has also been investigated by mappings of magnetic flux, showing weakening
of Meissner effect in tungsten carbide thin films.

The newly developed weak-link Nb based nano-SQUID microscope has
great advantages in local detection and imaging of magnetic flux from small
and fine objects in micro- to nano- range.
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Chapter 1

Introduction

A local magnetic flux imaging is a powerful technique for investigations of
solid state physics to latest industrial applications. With remarkable growth
of nano-fabrication technologies, new probes with ever higher magnetic field
sensitivity and ever more precise resolution are required. A superconducting
quantum interference device (SQUID) [1, 2] is one of the promising techniques
for local magnetic flux measurements because of its potential for single spin
detection [3].

For utilizing SQUIDs as a probe for a local magnetic flux imaging, we
should address technical challenges to improve a spatial resolution and a
magnetic flux sensitivity. A miniaturization of a SQUID loop is one of the
important guidelines to solve the technical challenges [3, 4, 5]. By compar-
ing with weak-link Josephson junctions, tunneling Josephson junctions have
relatively small critical current I;. As a result, conventional SQUIDs, in-
corporating tunneling Josephson junction, generally have dimensions greater
than 1 gm, due to junction current density limitations [6, 7]. The limitations
come from a relationship of 2L1y/®q ~ 1 for optimal SQUID operation [8, 9].
Here L is a SQUID inductance, which is proportional to a SQUID loop size,
and @, ~ 2.07x 1071° Tm? is a magnetic flux quantum. Because of relatively
large I., weak link Josephson junctions have advantage for reducing the di-
mension of SQUID. A weak-link Josephson junction, called Dayem bridge,
consists of a superconductor with nanometric constriction which can be fabri-
cated by a single patterning process. As compared with tunneling Josephson
junctions, which are fabricated by consecutive lithography processes and gen-
erally have three-dimensional configurations, a single patterning process is
more suitable for preparing a scanning probe, and moreover, a simple planar



structure of weak-link SQUID is more resistant to the magnetic field applied
in the plane of the SQUID loop [6, 10, 11]. The insensitivity to a high
magnetic field applied in the SQUID plane is a necessary requirement for
measurements of the properties of the two-dimensional electron system.

On the other hand, the presence of thermal hysteresis in current-voltage
(I-V') characteristics of a weak-link Josephson junction prevent us from oper-
ating the SQUID as a magnetic flux to voltage transducer [10, 12]. Because
of the thermal hysteresis, weak-link Josephson junctions have generally been
regarded as too noisy for operation at the highest sensitivity level. There
has been several investigations on SQUIDs based on weak-link Josephson
junction in order to reduce the hysteretic behavior [13, 7, 6].

In this thesis, we describe construction, characterization, and some appli-
catoins of our weak-link scanning nano-SQUID microscope with small hys-
teresis in -V characteristics.

1.1 Introduction to SQUID

A SQUID is known to be a highly sensitive magnetic flux probe utilizing the
Josephson effect. The phase difference of two superconducting electrodes is
detected as a change of macroscopic current in a de-SQUID. A de-SQUID
has been widely used for a magnetic probe with high sensitivity in a wide
variety of fields from medicine to engineering. A de-SQUID is composed of a
superconducting loop with two Josephson junctions. One of the advantages of
the de-SQUID is that the quantitatively accurate magnetic lux ® penetrating
the superconducting loop can be measured by detecting the SQUID critical
supercurrent I, as given by,

I. = 2Iy|cos(m®@/Dy)| (1.1)

where [ is a critical current of a Josephson junction and @ is a magnetic flux
quantum [1]. From Eq. (1.1), critical current I. is modulated sinusoidally as
a function of magnetic flux ® with a period of 4. Because & is integration of
magnetic field B over the effective area of the superconducting loop, magnetic
field sensitivity is improved with increasing the loop area. For practical use
as a magnetic field sensor, a superconducting loop diameter is often over
several dozens of ym [14, 15].

Recently, remarkable developments of fabrication techniques in nanoscale
range have open up possibilities for preparing magnetic sensors that are suit-



able to local measurements. With decrease in the area of a superconducting
loop, while magnetic field sensitivity to an uniform magnetic field is reduced,
it has been shown that the sensitivity to a local magnetic dipole moment
is improved because the minimum detectable energy change decreases with
decrease in the area of a superconducting loop. [16, 9, 17, 18, 3, 19] For a
local magnetic flux measurement, there are three important factors to be
considered: first, spatial resolution of magnetic flux measurement, second,
sensitivity to external magnetic field, and third, coupling efficiency between
a SQUID and a targeted local magnetic dipole moment to be measured.
Nano-SQUIDs have been intensively investigated because of the third prop-
erty of decrease in the minimum detectable energy change with reduction
of area of a SQUID loop [16, 9, 17, 18, 3, 19]. For this unique property,
nano-SQUIDs are considered as promising devices for single electron spin
detection. I will further describe on this in the following Section.

Using an electron-beam lithography and reactive ion etching, Lam and
Tilbrook developed a nano-SQUID based on Au/Nb thin film with the loop
size of 200 nm [20]. They reported a magnetic flux sensitivity of 7x10~5®, /Hz!/?
that corresponded to spin sensitivity of 250 spin/Hz!/? in their nano-SQUIDs.
Hao et al. also investigated a Nb/W based nano-SQUID fabricated by a FIB
technique [6]. The magnetic flux sensitivity was around 0.2x10~®,/Hz'/2.
These studies indicate the wide possibilities of nano-SQUIDs for a local mag-
netic dipole moment measurement. For an effective magnetic coupling be-
tween a de-SQUID and a nanometer-scale samples, several techniques have
been demonstrated by Wernsdorfer and his collaborators [21, 22, 23]. They
successfully investigated magnetic susceptibilities of nano-size ferromagnetic
samples that were positioned on the surface of a de-SQUID or directly embed-
ded in a de-SQUID. Their results indicate that a well-established magnetic
coupling is a key to local magnetic imagings by scanning probe measure-
ments.

1.2 Trade off between magnetic field sensitiv-
ity and spatial resolution
A trade-off between spatial resolution and magnetic field sensitivity exists

in recent local magnetic imaging techniques. A magnetic force microscope
(MFM) shows one of the highest spatial resolution based on atomic force mi-
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croscope technique. MFM can resolve magnetic structures in several nanome-
ter range, however, the magnetic field sensitivity is of the order of milli
tesla [24]. Hall devices are also used as magnetic field detector for scanning
magnetic imaging. In a standard GaAs-2DEG Hall structure, a depletion
layer thickness limits the size of the Hall structure. Thus alternative mate-
rials for Hall devices have been developed for higher spatial resolution mag-
netic imaging, such as a single crystal InSb Hall probe with the area of a 1.5
pm? [25], which showed magnetic field sensitivity of 0.6 uT/Hz'/2. Sandhu
et al. developed a Bi based scanning Hall probe microscope which was fab-
ricated by optical lithography and FIB milling process [26]. The size of Hall
probe was reduced to 50 nm x 50 nm and an optimum magnetic field sen-
sitivity was 80 p T/ Hz'/2. MFM and scanning Hall probe microscope have
advantages in spatial resolution for local magnetic imaging. On the other
hand, Kominis reported an ultra-high magnetic field sensitivity of sub-femto
tesla by using thermal atom magnetometer (TAM) based on Larmor preces-
sion of spin-polarized atom [27] but the spatial resolution was sub-milimeter
range. Efforts has been made to achieve both higher sensitivity and higher
spatial resolution by breaking this trade-off. Omne of the most promising
techniques is to use a nitrogen vacancy center in nano-diamond as a probe
for a magnetic field sensor. A nitrogen vacancy center has been attracting
much attention recently as a possible magnetic probe with high magnetic
field sensitivity and high spatial resolution at room temperature. Optical
detection of electron paramagnetic resonance from single nitrogen vacancy
center was reported in 1997 [28], opening up possibilities to use a nitrogen
vacancy center for a local magnetic probe with high sensitivity and spatial
resolution. Magnetic field sensitivity of nitrogen vacancy centers is based on
Zeeman splitting of spin triplet ground state. Degeneracy of the spin triplet
ground state is lifted under finite magnetic field and the separation is given
by 2y B,, where v = 27 x 28 GHz/T is gyromagnetic ratio of the electron
and B, is the component of magnetic field parallel to the nitrogen vacancy
axis. Thus a nitogen vacancy center can detect magnetic field without any
limitation of scaling law. Improvements for magnetic spatial resolution are
expected. This Zeeman splitting energy is measured by observation of drop
of the luminescence intensity from negatively charged nitrogen vacancy cen-
ter by sweeping the frequency of the externally applied microwave. Typical
sensitivity for DC detection is 0.36 uT/Hz'/? [29].

In the case of scanning SQUID microscope, there is a trade off between
magnetic field sensitivity and spatial resolution because a SQUID detects
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change of magnetic flux ® with period of ®,. Magnetic flux ® is integrated
magnetic field within the SQUID loop area as given by

(I):SXBJ_, (12)

where S is the SQUID loop area and B, is the magnetic field component
normal to the SQUID loop. For a fixed ® = ®,, B, increases with decreasing
the SQUID loop area S. This is associated with degradation of magnetic field
sensitivity of SQUID. In order to achieve high spatial resolution, one should
decrease the size of SQUID loop and should compromise with magnetic field
sensitivity.

Still, SQUIDs have pursued as local probes of magnetic flux by reducing
the size of a SQUID loop [30, 5, 15, 31]. This is because the minimum
detectable energy change is proportional to kgT(LC)'/? [16, 9, 17, 18, 3, 19],
where T', L, and C are the temperature, the inductance of SQUID loop, and
the capacitance of junction, respectively. The inductance L is proportional
to the size of SQUID loop. As a result, the minimum detectable energy
change is expected to be improved with decrease in the size of SQUID. For
this reason, nano-SQUIDs have been attracting much attention due to their
potential capability for single electron spin detection. [21] For local magnetic
imaging, scanning nano-SQUID microscope system have been developed in
recent years as described in the following section.

1.3 Local magnetic imaging by scanning-SQUID

Scanning SQUID microscope techniques have been developed to image vari-
ous kind of magnetic phenomena.

For room temperature objects, for example, bioelectric currents in living
tissue or electrical circuits, scanning SQUID microscope have been developed
because of its high magnetic field sensitivity. Baudenbacher et al. reported
magnetic field imaging at room temperature using niobium based SQUID
sensor which was thermally connected to liquid Helium reservoir [14]. A spa-
tial resolution and magnetic flux sensitivity of the system were about 100
pm and 5 x 1075®, /Hz'/2. High-temperature cuprate superconductor based
SQUID has also been used for room temperature measurement. Faley et al.
developed YBayCu3O7_, based dec SQUID sensor with spatial resolution of 25
pm and magnetic flux sensitivity of 5 x 107°®,/Hz/2. [15] In these SQUID
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microscopes, the spatial resolutions were mainly limited by the distance be-
tween the magnetic sensor and the sample placed at room temperature.

In cryogenic environments, magnetic sensors, SQUIDs or pick up coils,
can directly couple to a sample. Thus improvements in spatial resolution and
magnetic coupling are expected. Vu et al. reported imaging measurement of
trapped vortices in two-dimensional superconductor arrays using Nb-trilayer
dc SQUID with 10 pum spatial resolution and a magnetic sensitivity of about
3 x 107%®, [32]. In their equipment, SQUID probe, which was fabricated
within 50 pum of a probe edge, was magnetically coupled directly to test
object without a pick up loop. Tokura et al. investigated the ballistic-electron
current distribution in GaAs/Al,Ga;_,As modulation-doped heterostructure
by using a scanning dc micro-SQUIDs array with an effective area of (14 ym)?
and with a noise level of ~107°®,/Hz'/? [33]. In their results, the current
distribution was successively reconstructed from the magnetic imaging at
the constant height of 8 pum. Hasselbach et al. reported the importance of
miniaturizing a SQUID loop and reducing the distance between a sensor and a
sample in order to obtain the highest possible spatial and magnetic resolution
for a scanning SQUID microscope [5]. They also developed dc SQUID probes
composed of Dayem bridges with niobium and aluminum thin film [34]. The
diameter of the SQUIDs and the distance from the tip were 1 ym and few
micrometers, respectively. The Al based SQUID probe were operated at
0.45 K with magnetic flux sensitivity of 1073®,/Hz/2. A highly integrated
gradiometric SQUID susceptometer with a 0.6 pm diameter pickup coil were
developed by Koshnick et al. [35] In their probe, SQUID was fabricated
far from a probe edge and magnetically connected with pickup loop placed
on the edge. They achieved magnetic flux resolution of 2.5 x1077®,/Hz!/?
above 10 kHz at 125 mK. The same system was used for investigating current
distributions in topological superconductor [36] and anomalous quantum Hall
samples [37]. A scanning probe with the smallest dc SQUID loop diameter of
46 nm was fabricated on a sharpened quartz tube tip by Vasyukov et al. [31]
Thermally evaporated Pb composed a dc SQUID on the tip. A flux noise of
the nano-SQUID was reached at 50 n®,/Hz'/2, which was lower than single
electron spin sensitivity.
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Fig. 1.1: Magnetic field sensitivity versus spatial resolution for several types
of magnetic microscopes. (a) [24] and (b) [38] are magnetic force microscopes
(MFM). (c) [25], (d) [26] and (e) [39] are scanning Hall probe microscopes.
(f) [27] is a thermal atomic magnetometer (TAM). (g) [40] is a magnetic
sensor based on Bose-Einstein condensate (BEC). (h) [15], (i) [14], () [41],
(k) [32], (1) [34], (m) [35] and (n) [31] are scanning SQUID microscopes. The
result of this work is shown by the star mark.



1.4 Purpose of this thesis

A weak-link nano-SQUID has a promising technology for local magnetic flux
imaging, but the hysteretic behavior in I-V characteristics prevented us from
setting optimal measurement operation condition. First purpose of this thesis
is to develop a novel scanning nano-SQUID microscope based on weak-link
Josephson junctions with sufficiently-small hysteresis that enables the SQUID
to be operated as a magnetic flux to voltage transducer. I set the target of
spatial resolution and magnetic sensitivity of SQUID microscope to be the
order of 1 ym and 1 nT/ Hz'/2, respectively. Spatial resolution has been set
to be comparable to the estimated penetration depth of tungsten carbide
superconductor [42]. Magnetic field sensitivity has been set to be on the
empirical trade-off line in Fig. 1.1.

Second purpose is to investigate current density distributions in a two-
dimensional electron system from local magnetic flux imaging. This con-
tributes to evaluate the performance of our weak-link Nb based scanning
nano-SQUID microscope. Moreover, this may contributes to reveal the prop-
erties of ballistic carriers in a high-mobility GaAs/Al,Ga;_,As modulation-
doped single heterojunction sample as compared with electrons in a diffusive
metal electrode.

Third purpose is to investigate the superconducting characteristics of
tungsten carbide (W-C) films deposited by a focused-ion-beam chemical va-
por deposition (FIB-CVD) technique by imaging local magnetic flux around
W-C films. FIB-CVD depositions of superconducting films has been acquired
much interest as a template-free method to fabricate superconducting cir-
cuits such as nano-SQUIDs. Clarification of superconducting characteristics
of W-C films are important both practically and as a basic science.

1.5 A weak-link Nb based scanning nano-SQUID
probe

A small thermal hysteresis

As previously indicated, weak-link Josephson junctions have several advan-
tages for decreasing the dimensions of SQUID in spite of the presence of
thermal hysteresis in /-V characteristics. In order to solve this issue, we have
introduced a gold film on a thin niobium superconductor. The gold film acts



as a heat sink, a shunt resistor, and a protection film. The hysteretic be-
havior, which mainly comes from heat generations of the junctions at normal
conducting state, can be suppressed by a heat sink [6, 20]. Moreover, the gold
film protects the niobium superconducting film from unintended injections of
Ga™ ion during FIB milling processes, which is a cause of degradation of su-
perconductivity [13, 7], This protection film enables us to employ fabrication
processes utilizing FIB milling.

A shunt resistor is also important to reduce hysteresis as will be described
in more details in Sec. 1.5. Thus the introduction of a gold film on a thin
niobium superconductor is one of the keys for our successful development
of a weak-link Nb-based nano-SQUID with small hysteresis at liquid He*
temperature.

A high-precision scanning SQUID probe

Fabrication processes for dc SQUIDs have been developed over several decades [2].
Conventionally, a tunnel type Josephson junction has been widely used. Fab-
rication process of a tunneling Josephson junction, where two bulk supercon-
ductors are separated by a thin insulating layer, is based on the lithography
process using spin-coated resist films. Because of unintentional increase of
the resist thickness near the substrate edge, it is difficult to fabricate devices
precisely at the edge of a scanning probe.

An FIB milling technique has been developed as a mask-less fabrica-
tion process for structures in the length-scale of micrometers to nanome-
ters [43, 6, 44, 13, 7]. Typical FIB system employs gallium atom as an ion
source. High-energy accelerated ions incident to a sample surface play two
roles, i.e., implantation of ions and milling a targeted object. Because of its
great potential for fabrications and improvements of devices, FIB has been
widely used to produce fine structures in a variety of researches. Weak-link
Josephson junctions [45, 20] have advantages in that fabrication by milling
without lithography process and observation of the resultant SQUID loop
may be performed in situ by a FIB. High-precision FIB milling process en-
ables us to fabricate weak-link Josephson junctions in nanometer scale with-
out any mask or lithography processes.

In order to take advantages of FIB, we have developed a scanning probe,
which is a thin silicon substrate with four terminal superconducting circuit
at the substrate edge, by using a silicon deep etching (Bosch) process. The
Bosch process enables us to prepare several dozen of probes at once.



From these processes, we have developed weak-link Nb-based scanning
nano-SQUID probes within several um from the tip of the Si probes. The
SQUID has the loop size of about 1 um and the widths of the loop and
the weak-link were 0.5 ym and 80 nm, respectively. The geometrical induc-
tance L = 5upa/16, where « is the inner circumference of the SQUID [46]
was 1.6 pH. The effect of the self-induced field as given by f,, = 2LI./®,
was 0.32. These results are adequately satisfy the condition in Eq. (1.62).
As indicated in the following sections, the SQUID is wedged between wide
terminals which acts as a large heat sink. These high-precision patterning
contribute to optimal scanning SQUID operations.

An effective magnetic coupling

For a local magnetic imaging using scanning SQUID microscope, the dis-
tance between the SQUID and the object under test is one of the important
parameters. Magnetic field B(r) induced by the current density J(r) is given
by the law of Biot and Savart

Br)=1 [ J(rl|)rx_(;|§ i, (1.3)

As described the law of Biot and Savart, the magnetic field decreases with
increasing the distance between the SQUID probe and the current source. A
similar argument holds for magnetic field produced by a magnetic moment.
To achieve the highest possible spatial and magnetic field resolutions of a
scanning SQUID measurement, reduction of the distance between the SQUID
probe and the current source or the magnetic moment is simple but the most
effective way [5, 47].

In our fabrication process of SQUID probes, there were degradation of
superconductivity at the tip of probe substrate. The degradation was mainly
originated from the Bosch process as described in the following Chapter. This
unintended effect prevents us from locating the weak-link SQUID at the very
edge of the probe tip. Thus, we have introduced a mechanical polishing
process to remove the unavoidable degradation region.

By using the mechanical polishing process, we have improved the distance
between the SQUID probe and the object under test. As shown in Fig.
2.6(b), the nearest weak-link Josephson junction to the probe tip was located
within about 1 ym from the edge. Consequently, we could improve the spatial
resolution and the magnetic coupling in local magnetic flux measurements
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induced by current flowing in the two-dimensional electron system. We will
describe in more details on the method of the measurements in Chapter 4.

1.6 Theoretical backgrounds

Traditional BCS type and other several type of superconductor are character-
ized by the macroscopic wave function which is also called order parameter.
Contrary to superfluidity, as an allied phenomenon comes from Bose-Einstein
condensation, charged particles take the center role in superconductor. These
particles, electron pairs or quasi particles, is strongly coupled with electro-
magnetic field which is the gauge invariant system.

A principle of SQUID properties to an applied magnetic field is explained
by Josephson effect of superconductor. In the history of theoretical prediction
and discovery, Josephson effect was investigated in superconducting tunnel
junctions. However Josephson effect is generally observed in not only tunnel
junction but also other type junctions which consist of weakly linked super-
conductors. This phenomenon is widely understood by Ginzburg-Landau
(GL) theory which is able to explain about the behavior of the macroscopic
wave function in inhomogeneous superconductors.

1.6.1 Ginzburg-Landau theory

BCS theory is known to explain superconductivity in a bulk superconductor
with spatially homogeneous superconducting energy gap [48]. By contrast,
Ginzburg-Landau theory is widely used to explain superconductivity in spa-
tially inhomogeneous devices. In the followings, a Josephson junction is
modeled based on Ginzburg-Landau theory [49, 50, 51].

We introduce a pseudo-wave function W(r) as a complex order parameter in
a superconductor. |¥(r)|? corresponds to a local density n,(r) of supercon-
ducting electron pairs. We assume small ¥U(r) and small spatial variation of
U(r). A free energy density f, is expanded in a power series in |¥(r)|?. Using
a variational principle, we will develop an expression for Ginzburg-Landau
(GL) differential equation.

According to GL theory, a free energy density is given by

(ﬁv - e*A) )
i

1 2

2m*

H2
S Y

fo = fuo+ a|¥)? + g\\W‘ +
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Fig. 1.2: Schematic illustrations of a free energy density described by Eq.(1.5)
for the case of § > 0. (a) and (b) are show the case of « is positive and
negative, respectively.

where f,o is an energy density of a normal state, o and [ are expansion
coefficients, and m*and e* are the effective mass and the effective charge of
pseudo-wave function, respectively. [49] According to a microscopic theory
of Gor’kov [52], the correct value of e* is corresponding to the value of an
electron pair of 2e. The effective mass m* is nearly identical to 2m which is
double value of the mass of a free electron [51]. The last term in the right side
“OTH2 in Eq.(1.4) is the energy from magnetic field as given by H = %V x A.
In the case of ¥ = 0, Eq.(1.4) gives the ground state of a normal conductor
in magnetic field.

First, we assume that the gradient of ¥ is negligibly small and that the
vector potential A is zero in order to investigate temperature dependencies
of v and 8. The difference in the free energies in a superconducting state

and a normal state is given by
fu— o = afup + D (1)

which is a power series expansion of superconducting electron density |¢|? =
ns. [ has to be positive to have a minimum free energy state at finite
|U|%. Fig. 1.2 shows schematic illustrations of Eq.(1.5) for positive 8. If v is
positive, the free energy has a local minimum at |¥|?> = 0. This corresponds
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to a normal conducting state. On the other hand, if « is negative, the energy
difference has a local minimum under the condition

[V = Yo |” = (1.6)

o)
3
where U, is a pseudo-wave function of a superconducting state far from the
sample surface, and is well shielded from the disturbance of surface current
or magnetic field at the surface. According to the definition of thermody-
namic critical magnetic field H.(T'), the difference in the free energies at zero
magnetic field is given by

062

"~ 23

by substituting Eq.(1.6) into Eq.(1.5). Critical temperature 7, is defined by
the highest temperature where the free energy of the state at |¥|? # 0 is
lower than that of the state at |¥|? = 0. Consequently we obtain

a<0:(T<T)
a>0:(T>1,).

fo— o= %HC(T)Q (1.7)

If temperature is set close to T, a takes a value around zero. The sign of «
must change at 7' = T,.. We consider a Taylor expansion of « around 7" = T
as

a(t)=d(t—1), (1.8)
where we have defined ¢t = T'/T,. The term which contains the vector po-
tential A and the gradient of ¥ in Eq.(1.4) is rewritten by using the order
parameter U = |U|e® as

2

L <7?V—6*A>\I’
2m* 7
2
1 . . .
= EV|xp|eZ¢+§,|\1/|e%v¢—e*A|\1/|el¢
2m* |1 7
1 |/n 2
= (,V\\m + h|¥|Ve — e*A|qu> el
2m* 7
L o s - A
~ ome | ¢
_ Lo 2 2 * A \2 2
= 5 [P(VIV)’ + (V6 — ' A) [T |- (1.9)
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Here the first term is the excess energy due to the gradient of the the intensity
of the order parameter, and the second term is the kinetic energy of the
gauge-invariant superconducting current.

1.6.2 Ginzburg-Landau differential equation

In this section, we consider minimization of the GL free energy (Eq.(1.4))
with respect to ¥ and A. [50, 51] Without any boundary conditions to mag-
netic field, current or the gradient of current, the free energy is minimum
at ¥ = W_. Under application of specific boundary conditions, the order
parameter ¥ is adjusted such that to minimize the total free energy as given
by the volume integration of Eq.(1.4). According to a variational principle,
an Euler differential equation of Eq.(1.4) is given by

9 Borgs L |(h * poH?
— U+ U —— || =V —e"A | U
Gy |0 TV A+ T +2m*'<iv e ) +—5
2 1 h * ’
= oV + [P T+ —(-V—-€eA|] V=0 (1.10)
2m* \ 1

The order parameter in a spatially inhomogeneous system is described by
solving the differential equation Eq.(1.10) with appropriate boundary condi-
tions.

A quantum-mechanical description of the current operator is derived by
minimizing with respect to the vector potential
A(A,(z,y,2), Ay(x,y, 2), As(2,y, 2)). An Euler differential equation is given
by

0 d of d of d of

where we define i = (z,y, ) and (Aiz, Aiy, Ai2) = (aa‘ii, aa’zi, aa’ii) [53]. The

partial derivative with respect to A is calculated as

(ﬁv — e*A) U
i

* *

he A + e
1 1

0 (1.11)

2

o[
O0A |2m*
1 8 2 *
1 [he*

UVI*A + (e*A)? xp\p]

(VU — U*VU) + ze*QAxIJ*\D] : (1.12)
]

2m*
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Other terms in Eq.(1.11) are zero for GL free energy function f except for the
energy from magnetic field H = iOV x A. The energy term from magnetic
field may be written except for the coefficient as

(VxA? = (Azy)2 —2(AyAy:) + (AyZ)2
+(Aye)® — 2(AyeAsy) + (Asy)? (1.13)

By using Eq.(1.13), the  component of Eq.(1.11) is calculated as

0 d 0 d 0 d 0
- - - - _ = A)?

d d
= ——(24,, —2A,,) — —(24,. — 24,
dy( Y Y ) dZ( )
d? d? d? d?
= 2|—A,+—A. —|—+— | A,
[d:cdy v dxdz (dy2 + d22> ]
= 2(VxVxA),. (1.14)

We have used a formula of vector analysis V x V x A = VVA — AA for
the last equation. y and z components may be calculated similarly. From
Eqgs.(1.12) and (1.14), Euler differential equation of GL free energy function
is given by

he* 6*2

1
(IVT* — T*VT) + — ATV + —V x V x A =0,

m* o

2m*i
Considering the relationship J = ﬁv x V x A, where J is the current density
of supercurrent, we obtain
he* 6*2

J=— (U"'VU - IVT*) —

2m*q m*

U*TA. (1.15)

This form is identical to the quantum mechanical representation of the cur-
rent induced by a particle with mass m*, charge e* and wave function W(r) [50,
51]. The current J may also be rewritten by

J:

P (V¢ — " A) = €[ U], (1.16)
m
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1.6.3 Ginzburg-Landau coherence length

In this section, we model a weak-link type Josephson junction using GL
differential equation Eq.(1.10). We consider one dimensional system with
A = 0 for simplicity [50, 51]. The order parameter ¥ is normalized by W,
which is the order parameter at the position far from the surface of a bulk
superconductor. By using the normalized order parameter f = %, Eq.(1.10)
can be calculated as

O‘xlioJrﬁ'%F \1?002(\1/@00)_5* <j;2\11> =0
G
of PP~ gl = 0
e d
af_&‘f|2f_2rr21*d:cz2 =0
“lalf + lallf7f — 5t f = 0
2
S E IR = 0

2
)i+ f- 1P = 0, ()

where we have used U2 = = > 0and o <0 at temperatures T" below the
critical temperature T,.. Here we define £(7T") as a length scale corresponding
to the spatial variation of the order parameter. {(7") is known as Ginzburg-
Landau coherence length.

h? 1
= x
2m*la| 1 —t

&(T)? (1.18)

1.6.4 DC Josephson effect

In the previous section, a one dimensional Ginzburg-Landau differential equa-
tion has been derived. By using Eq.(1.17), we will describe the relationship
between super-current and phase difference in a weak-link type Josephson
junction [50]. We assume that two bulk superconductor L and R are con-
nected with one dimensional bridge structure. A schematic illustration of
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the bridge structure is shown in Fig. 1.3 . The length of the bridge satis-
fies d < &, where € is a GL coherence length. We assume that the system is
made from a single type of superconductor. In the absence of a magnetic field
and at the temperature below T, the order parameter is given by Eq.(1.17).
We introduce a phase difference A¢ = ¢pr — ¢, where ¢ and ¢ are the
phases of the order parameter in bulk superconductor L and R, respectively.
Boundary conditions are set such that the phase difference is zero at z = 0
and A¢ at x = d. The normalized order parameter f satisfies

f=1 at z=0
f=e2 at z=d.

According to Aslamazov and Larkin [54], if the bridge length satisfies d < &,

2
(%) is much larger than 1. Because the absolute value of normalized order

parameter |f| is smaller than 1, the leading term in Eq.(1.17) is 52%][. We
rewrite Eq.(1.17) and obtain a Laplace equation

d2

—f=0. 1.19
dx? ( )

A conventional solution to Eq.(1.19) is f = a+ bz. Applying the above

boundary conditions, a and b are given by solving

f(0) = a+0=1

\ \ > €T
Fig. 1.3: Schematic illustration of a weak-link type Josephson Junction. Two

bulk superconductors L and R are connected through the junction indicated
by the dashed area with a width of d.
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f(d) = a+bd=e"?.

Then we obtain a normalized order parameter as

_ ing _ T Ty Tine
f=1+(e 1)d—(1 d)—l—de : (1.20)
This solution indicates that a superposition of penetrations of order param-
eters come from left and right sides of the bridge.

To develop the relationship between the phase difference A¢ and the
current density .J, we introduce a GL expression for current density as shown
in Eq.(1.15). Because the vector potential is negligible, one dimensional
current density is defined by

h (\If*(x)(ZC\I/(x) - \If(w);ixp*@)), (1.21)

where e*and m* are charge and mass of carriers in superconductor, respec-
tively. From Eq.(1.20), we know the form of the order parameter in the
bridge V(z) = ¥, x f. Thus we obtain the current density as

J(2) =5

e*h df  .df*
J — \I]oo 2 *
<$) 2m*i| ’ [ dx fdx]

e*h r T . 1 1.

— \11002{1_ Y —iApN 71A¢_"
il el (L7 g g e e

B e*h|\I] |21€iA¢ _ e—iAqS

- omr 2N d 2i

- ; Wf 0|2 sin(Ag). (1.22)

Then an expression for the current through the junction is given by

I, = Iysin(Ag), (1.23)
where [ is a supercurrent amplitude of the junction. I is given by
e*h S
Iy = Uoo*= 1.24
0= SHwL, (124)

where S is the cross-section area of the junction. Eq.(1.23) is known as
DC Josephson effect in weakly linked superconductor junction [50, 51]. The
supercurrent through the Josephson junction depends on the phase difference
A¢ and does not depend on the voltage difference between the electrodes [45].
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1.6.5 AC Josephson effect

The order parameter ¥, which is introduced in Ginzburg-Landau theory, is
considered as a pseudo-wave function to describe superconducting states. In
the bridge structure as described in the previous section, we assume two
order parameters for bulk superconductor L and R as

U, = /nper (1.25)
Up = /npe'*r, (1.26)

where ny and ng are local densities of superconducting electron pairs in L
and R, respectively. By using a very simple derivation due to Feynman [55],
we discuss time dependences of the phase in Josephson junction. Through
the bridge structure, these two order parameters satisfy

mgt\h = U0, + KUp (1.27)
mgt\pR = UpWp+ Ky, (1.28)

where K describes characteristics of the junction and Uy, (g is the minimum
energy of bulk superconductor L (R) [55]. In the case where K is zero, we
obtain the ground states of the bulk superconductor L and R. In the case
where the two superconductors are connected through the bridge, K is finite
and there is an interaction between L and R due to penetration of the order
parameter from one side to the other. The penetration is described by the
amplitude K.

Consider the case where a voltage V' is applied to the two superconductor
L and R across the bridge, i.e. U, —Ugr = ¢*V. By setting the energy at the
middle point of the bridge to zero, Egs. (1.27) and (1.28) are rewritten as

) 1%
iho = %@LJFK\IIR (1.29)
) 1%
ihoUr = —%@R+K¢L. (1.30)

In order to separate the real and the imaginary parts, Eq. (1.25) is calculated
by using Egs.(1.29) and (1.30) as

*

0 , V : ,
zh&( nLe’¢L) = q2 nLe'’t + K\/npe'r
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1 . . 1/ , A

ih (2 ™ e, + nLie’¢L¢L> = 7{]2 nLe't + K/npe'®r
ny — hyn =—\/n nre

N L LPL 5 L R

i (2%7% — K\/@cosAgb) + (—hﬁqﬂ — q;v\/ﬁ— K\/ngsin Ag

Eq. (1.26) may be calculated similarly. Finally we obtain the following four
equations

2
hL = +%\/TLL7LR sin A¢

2
ng = —%\/nLnRsinAqﬁ (1.31)
o = 7 n—LcosAqﬁ 5,
. K nr q*V
= ——,/—cosA ) 1.32
b = [ cos o+ T} (1.32)

By considering the geometrical symmetry of the bridge structure, we set the
origin of the axis to the middle point of the bridge. The local density of the
superconducting electron pairs satisfy n;, = ng = ng at the positions where
the distance from the origin is equal. Therefore \/% = \/% is satisfied at
the edges of the bridge (z = 0,d). From Eq. (1.32), the phase difference is
given by

dA¢  q'V
dat  h

(1.33)

Eq. (1.33) describes time evolution of the phase difference A¢ at a finite
voltage V' across the bridge and is known as AC Josephson effect.

1.6.6 Phase difference in dec-SQUID

A de-SQUID consists of two Josephson junctions which are connected in par-
allel. A schematic illustration of a de-SQUID is shown in Fig. 1.4. Charac-
teristics of phase differences in each Josephson junction are argued before dis-
cussing quantum interferences of superconducting current in a de-SQUID [2].
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From Eq.(1.16), the gradient of the phase V¢ is given by

*

Vo= v + < - ‘A (1.34)
First, we consider an integration of V¢ along the superconducting loop. The
integrals of Eq. (1.34) along the paths of integration b to a and a’ to ¥/, are
given by

m* re e* [a
— A 1.
h /b veds + h/b ds (1.35)

b/

/banbds .

b’ m*
d =
Vods ;

a’ a’

* 14
v, ds +%/ Ads. (1.36)

. \1/2
By using a superconducting current density j = n*m*vg and A\, = (#) / ,
Egs. (1.36) and (1.36) are rewritten as

o(a) — o0) = 5 2T A2 / jds + =X / Ads (1.37)
/ !/ 2 v 2
o) — p(a') = o2 | jds + =— Ads, (1.38)
CI) a’ q)o a’
where A\ is a London magnetic penetration depth [50]. and &, = 2£ is a flux
quanta. Here we add (2}% (fbli Ads + [© Ads) to both sides of Egs. (1.37) and

4
. 'l
A 3
x.blb;x @
N B
exr

Fig. 1.4: A schematic illustration of a de-SQUID with an applied external
magnetic field B.,. The dark gray areas indicate two Josephson junctions.
The dashed line indicates the integration path as described in the text.
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(1.38) and obtain

<¢<b’> —6(b) - Z / ' Ads) - (¢<a’) ~ é(a) - ﬁj; / . Ads)

2r o [ [e. b 27
- aoluo)\L (/b st+/al st) + %f;Ads, (1.39)

where the integration path s at the right hand side of Eq.(1.39) is the circum-
ference of the superconducting loop. The integration of A along s equals to
the magnetic flux ® = A,y B,, penetrating the superconducting loop. Here
Acgyp is the effective area of the superconducting loop surrounded by the
integration path s, and B,, is the perpendicular component of the external
magnetic field applied to the superconducting loop. A part of integrated cur-
rent density in Eq.(1.39) corresponds to a self-flux induced by the circulating
current [, [2]. Eq. (1.39) is rewritten as

5(b) — 8(a) = Dy, (1.40)

where §(a) and 6(b) are gauge-invariant phase differences of two Josephson
junctions. A gauge-invariant phase difference ¢ is defined by

2
5= Ap— <I>7; /Ads, (1.41)

where the integration path is taken to be one side of the Josephson junctions
from a to b. ®r in the left-hand side of Eq. (1.40) is the total magnetic flux
and is given by &1 = B, A.rr + LI, using the total inductance L [2, 50, 56].
According to Eq. (1.40), the phase difference varies with the magnetic field
applied to the de-SQUID.

1.6.7 A resistively and capacitively shunted junction
model

As described in the previous section, a magnetic field is related to the phase
difference at Josephson junctions by Eq. (1.40). The critical current I. of
a de-SQUID is modulated by the magnetic field. In order to model the
modulation of /. with magnetic field, we introduce an equivalent circuit as
shown in Fig. 1.5 based on a resistively and capacitively shunted junction
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(RCSJ) model for a Josephson junction [2, 57, 58]. In the two Josephson
junction A and B which are connected in parallel, the currents flow in A and
B are defined by i,(t) and i(t), respectively. The bias current I and the
circulating current I, of the SQUID are given by

I =i(t) + i(1) (1.42)

I, = W (1.43)

io(t) and i,(t) depend on the resistance R, the capacitance C' connected in
parallel to the Josephson junctions, and the voltage applied to the junctions.
1, and 7 are given by

V. dV,
io(t) = I,sin0,(t) + — + Cp—— 1.44
iq(t) sin ()+Ra+ i ( )
. ) Vi dV,
in(t) = I, sin 6,(t) + ﬁl; + ch;. (1.45)

where I,4) is the current through the junction A (B), R,p) is the shunt
resistance, Cy(p) is the shunt capacitance, V) is the voltage, and d,) is the
phase difference at the junction A (B).

From the AC Josephson effect, time evolution of the phase difference at

Irsinds(t)

Fig. 1.5: An equivalent circuit of a de-SQUID. Two Josephson junctions A
and B are modeled by a resistively and capacitively shunted junction (RCSJ)
model.
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each junction is given by

do,(t 2¢

= (1.46)
doy(t 2¢

;i ) _ 5V (1.47)

We assume that the inductance of each branch connected to the junction A
and B satisfies L, = L, = L/2, where L is the self-inductance of the SQUID.
We also assume that the mutual inductance is negligibly small. The total
voltage V' applied to the SQUID is given by using V, and V}, as

L di,(t)
V=V+— 1.48
o (148)
L diy(t)
= — . 1.4
V=Vi+g— (1.49)
From Egs. (1.48) and (1.49), the total voltage V (¢) is given by
1 Ld,
V() = 3 (Va + Vi + 5%(20, + Zb))
h d
= ——0(t 1.50
(), (1.50)

where we assume that the bias current I is constant. The phase difference
d(t) is defined by 6(t) = (04 + d)/2. In the case where the currents through
the junctions satisfy I, = I, = I, the bias current [ is rewritten as

I = Iy[sind,(t) +sindy(t)] + Yot W

R
B . [ 0a+ da — Op 2V (t) v (t)
= 2]Osm< 5 )cos( 5 >+ 7 +2C o
_ 2V (t) av (t)
= I .sind(t) + ——= +20——. 1.51
sind(t) + = +205 (151)
Here the critical current I, is defined by using Eq. (1.40) as
o
I. =21 |cos <7TT>‘ . (1.52)
Do

In the case where the self-inductance L is negligible, &7 ~ ®., holds, where
., is a geometrical applied flux. From Eq. (1.52), the critical current of
SQUID is a periodic function of ®., with a period of flux quanta &, =
2.07 x 10715 Tm?. Therefore, a SQUID can be used as a highly sensitive

magnetic field detector.
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1.6.8 On design of SQUIDs

In this section, we will review design guides for setting parameters in order
to achieve an appropriate operation of a SQUID. The conditions for the
parameters are introduced to avoid hysteresis in a current to voltage (IV)
characteristics and a magnetic flux, and to avoid unwanted effects due to
thermal fluctuations.

Hysteresis in current to voltage characteristics

According to the RCSJ model described in the previous section, we describe
the I'V characteristics of a single Josephson junction. From Eq.(1.44), a bias
current ¢ is rewritten as a function of a phase difference. ¢ is given by using
a dimensionless variable for time 7 = wt = @t as

! C—h w2@+7h wd—5+sin(5
Iy 2ely  dr?  2elyR dt
d*6  do

where . = wCR = % is a damping factor introduced by Mc Cum-
ber [58] and Stewart [57] independently. The dynamics of Eq.(1.53) are
qualitatively described by the dynamics of a particle experiencing a viscosity
resistance in a tilted washboard potential [50, 51, 2]. The mass of the particle

2 2
and the viscous force correspond to (&) and (&) L4
2e 2e R dt?

tilted washboard potential is given by

respectively. The

U(0) =—FEjcosd — 225, (1.54)
e

where E; = % is the binding energy of a Josephson junction. The particle

may move along d-axis in the potential. Fig. 1.6 shows schematic illustrations
of the tilted washboard potential.
We consider the dynamics of a particle at T" = 0 for simplicity. In the case

of © < Iy, the particle may stay in a local minimum of the potential and a

2
kinetic energy is described by %m (Z—‘z) = %C’V2 = 0. Because the voltage V
is zero, it is a zero voltage state. On the other hand, in the case of ¢ > I, the
particle may move along the potential slope. An averaged voltage V related

with the kinetic energy may become proportional to the bias current ¢, and

25



hence the I'V relation obeys Ohm’s law. Here, note that whether the I'V
characteristics exhibit hysteresis or not depends on the values of the inertia
moment and the viscous force. We consider the case where a particle starts
to move at ¢ = I, with increase in the bias current and then is trapped at
a local minimum at ¢ = I, by decreasing the bias current. In the case of a
large inertia moment and a small viscous force, I, may be different from I.
This hysteretic behavior of IV characteristics is characterized by a damping
factor 5.. When the damping factor 3. satisfies

7TI()CR2 <1

ﬁc: CI)O >~ 1,

(1.55)
a hysteresis in the IV characteristics can be avoided [50, 58]. This is called
an over damping state of a SQUID.

In the case of f. < 1, Eq. (1.53) is rewritten by

s 2l R < i >

=5\~ sin 0 (1.56)

By averaging the voltage over a period of 9, a time averaged voltage is given

1<Jo

0 210 411 6T O 2Tt 41t 6T O 2Tt 41 6T

Fig. 1.6: Schematic illustrations of a tilted washboard potential for ¢ < I
(a), 1 = Iy (b) and i« > Iy (c). A vertical axis is normalized by a binding
energy of Josephson junction.
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by
V = R(i* — I2)V2. (1.57)

The zero voltage state at i < Iy and an Ohmic state at ¢ > I are connected
smoothly through Eq. (1.57).

In the case where two Josephson junctions connected in parallel exhibit
identical magnetic response of a critical current as in Eq. (1.52), we may
apply the previous discussions to a de-SQUID [50]. In a weak-link type
de-SQUID, Eq. (1.55) is safely satisfied because the capacitance is usually
negligibly small.

Hysteresis in magnetic flux

We consider the condition for a self-inductance L, which is mainly determined
by the geometric design of a SQUID. The total flux @7 is a sum of an external
magnetic flux ®., and a self magnetic flux &, = LI, induced by a circulating
current [ as indicated in Eq. (1.43). We ignore the effects due to resistance
and capacitance for simplicity. From Eqs. (1.44) and (1.45), a bias current
I and a circulating current I are given by

I = Iy(sind, + sin dy) (1.58)
I, = [;(sinéb—sinéa). (1.59)

In the case of I ~ 0, the phase difference satisfies d, ~ —d,. Therefore
the circulating current [, is rewritten by using Eq. (1.40) as

o
I, = —Iysin (M) (1.60)
®

From Eq. (1.60), the external magnetic flux is given by

)
O, = Oy + Llysin <7TT> (1.61)
i
By using Eq. (1.61), ®7 can be expressed as a function of ®.,. In the case
of 5, = % < %, where [3,, is a magnetic shielding factor of a SQUID,
®7 becomes a single-valued function of ®.,, and hence there is no hysteresis

in a &7 — ®, relation. Computer simulations [9] showed that a magnetic
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flux sensitivity is optimized when [, takes a value just below the onset of
hysteresis and f,, = 1. Therefore a condition for self-inductance L is given
by

~ 1. (1.62)

Thermal fluctuations

In order to keep phase coherences in Josephson junctions, phase fluctuation
in the junctions must be smaller than the binding energy E;. From computer
simulations [59], quantitative condition is given by
E; = il > 5kT, (1.63)
2e
where £ is a Boltzmann coefficient.

On the other hand, by considering the effect due to thermal fluctuations
in the magnetic flux, a condition for the self-inductance L is given as follows.
According to the principle of equipartition of energy in statistical mechanics,
a mean-square noise of a magnetic flux in a loop with self-inductance L is
given by < ®3 >1/2= (kT L)"/2. If < ®3; >'/? is greater than a period of the
magnetic flux ®4/2, a periodic response of a SQUID may be smeared out by
magnetic flux noise. Then a condition for the self-inductance is given by

CI)2
L< ﬁ. (1.64)

Limit of a magnetic flux sensitivity

We consider the case where a SQUID is operated as a magnetic flux to voltage
transducer. The time-averaged voltage of a SQUID at a constant bias current
is given using Eq. (1.56) as

R P 271/2
The transform coefficient of magnetic flux to voltage at a bias current [
is given by Vo = |(0V/0®P);|. In the case of Eq. (1.65), the maximum
transform efficiency is Vg = 2[4 R/®y. The condition Eq. (1.62) is rewritten
as Vo < R/L.
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The magnetic flux resolution of a SQUID is given by the equivalent mag-
netic flux noise level with a spectrum density Se(f) at a frequency f. By
using the transform coefficient of magnetic flux to voltage Vo = 21y R/®Py and
the voltage noise spectrum density Sy (f) = 4kT'R due to the Johnson noise,
Sa(f) is given by

Sa(f) = Sy (f)/Va ~ 4kTL?/R. (1.66)

The magnetic flux noise spectrum density in Eq.(1.66) is rewritten as the
energy spectrum density by [9)]

e(f) = So(f)/2L ~ 2kTL/R. (1.67)

This indicates that the magnetic flux sensitivity is improved by reducing the
self-inductance L through miniaturization of the SQUID loop.

1.7 Organization of this thesis

The remainder of this thesis is organized as follows. In Chapter 2, T de-
scribe on the development of weak-link Nb-based nano-SQUID probes and
a newly developed scanning measurement system that can be operated at
low temperature. I also describe on targeted samples of GaAs/Al,Ga;_,As
modulation-doped single heterojunction and tungsten carbide films prepared
by focused ion-beam (FIB) induced deposition.

Characterizations of our weak-link Nb-based scanning nano-SQUID mi-
croscope system are described in Chapter 3. Characterizations of nano-
SQUID probes are examined.

In Chapter 4, I describe on measurements of magnetic flux induced by
current density in two-dimensional electron system. I also describe details
of the reconstruction method of two-dimensional current densities from the
measured magnetic flux distributions.

In Chapter 5, I describe on measurements of tungsten carbide thin films
and wires prepared by FIB induced deposition to investigate superconducting
properties of tungsten carbide samples. Meissner effect and current density
distribution in tungsten carbide samples are studied.

Concluding remarks are described in Chapter 6. In this thesis, weak-link
Nb-based scanning nano-SQUID microscope is shown to be a powerful tool
for investigations of magnetic flux induced by current in two-dimensional
electron systems, and Meissner effect and current distribution in tungsten
carbide thin films.
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Chapter 2

Experimental

2.1 Fabrication procedures of SQUID probes

2.1.1 A laser-lithography and a deep pulsed reactive
ion etching

We used a silicon (100) substrate with thickness of 100 pm. The size of
our nano-SQUID probes was 2 mmx0.6 mm. Fig. 2.1 shows a typical
structure pattern of nano-SQUID probe. We used a Nb/Au thin film as
superconducting layer. The Au film was prepared as a protective layer during
the FIB milling. The Au film was also served as a parallel shunt resistor and
a heat sink to reduce the effects of Joule heating. We use Bosch process
and FIB milling process to prepare the weak-link type nano-SQUID probes
positioned near the probe edge.

Lithography for superconducting electrode

First we employ a bilayer lithography for preparing superconducting four
terminal electrodes on a 100 pum-thick silicon substrate. A slit was prepared
near the edge of nano-SQUID probes as shown in Fig. 2.1 by the laser
lithography. The milling time of FIB process was significantly reduced by
this slit. Also there are several small patterns near the SQUID that assist
the alignment process before FIB milling.

First, as a bottom resist, MGI-SF3 was spin-coated at 3000 rpm for 60 s
and baked in 180 °C for 5 minutes. Subsequently, AZ5214E, as a top resist,
was spin-coated at 3000 rpm for 60 s and baked in 110 °C for 2 minutes.
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We use a laser-lithography system (DL-1000, Nano-System Solutions, Inc).
This laser-lithography system is a maskless lithography system and is useful
for improvements of electrode patterns and process conditions at a short
turn-around time. In the system, positioning and superposition accuracy
was about 1 ym. In our experiment, exposed dose was 140 mJ/cm? using
a 405 nm-semiconductor laser diode. Developer was tetramethylammonium
hydroxide (TMAH) with dilution rate 2.38%.

Deposition of superconducting film

We used a rf-sputtering system for depositing 23 nm thick niobium super-
conducting film. Base pressure was typically 1.0 x 10~° Pa and the pressure
during sputtering was about 1.3 x 107! Pa. The RF power was 100 W and
the deposition rate of niobium film was 0.2 nm/s. Without breaking vac-
uum, a gold film with thickness of 70 nm was prepared by an electron-beam
deposition at the rate of 0.1 nm/s. After preparing a Nb/Au (23 nm/70 nm)
film, the electrode patterns were lifted off in N-methylpyrrolidone (NMP) at
80 °C for 40 minutes.

(a) (b)

0.6 mm

20 un

2 mm

Fig. 2.1: Schematics of a typical structure pattern of nano-SQUID probe.
(a) and (b) indicate a whole pattern and a magnified image of the probe tip,
respectively. The orange indicates pattern for Nb/Au film deposition, and
the gray indicates pattern for a deep pulsed reactive ion etching.
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Deep silicon etching

Next, we used a AZ-P4620 for deep silicon etching process hereafter called
Bosch process. Deep silicon etching area is indicated by gray pattern in
Fig. 2.1. By using a viscous resist of AZ-P4620, a film with thickness of 5
pm was prepared by spin-coating at 5000 rpm. This thick resist prevented
the sample surface from unintentional etching during reactive ion etching
(RIE) process. Bosch process is a variant of the RIE process. The main
difference between Bosch and other RIE processes is repeating procedure of
etching and passivation of lateral side. We used a MUC-21 manufactured by
Sumitomo Precision Products. We used SFg and C4Fg for reactive etching
process and passivation process, respectively. After 200 cycles of etching
and passivation, silicon substrate with thickness of 100 ym was completely
etched. Probes with high aspect ratio was formed.

After Bosch process, an O, plasma cleaning process was done to remove
hardened AZ-P4620 resist due to heating and passivation procedures. This
cleaning is required for removal of AZ-P4620 resist using NMP. Several dozens
of probes were fabricated at single cycle of fabrication process.
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2.1.2 Mechanical polishing at the apex of a probe tip

In the fabrication process, during silicon deep etching, there was an unavoid-
able degradation of niobium superconductor film placed around a probe sub-
strate edge, Thus we developed a mechanical polishing process for SQUID
probe to remove the deteriorated niobium area.

Polishing slurry

First, we prepared a polishing slurry (abrading agent diluted with some sol-
vent). Almost all commercially available slurries contain water and several
chemical compounds in their solution. In order to prevent unnecessary ex-
posure of a niobium film to water, we prepared slurry with aluminum oxide
nano-particles as abrading agent and n-octanol CgH;50 as solvent. Because
the degradation area was several micrometer from the probe substrate edge,
precise polishing with sub-micrometer range were needed. We selected high
purity alumina particle TM-DAR (Taimei Chemicals Co.,Ltd.) with average
particle diameter of 100 nm. A low volatile solvent was necessary for a con-
centration control of slurry during polishing. An n-octanol is a low volatile
alcohol which is easily removed by washing with isopropanol. After blending
n-octanol and TM-DAR with a mass ratio of 2 to 1, the slurry were agitated
by ultrasonic dispersion for about 1 hour.

Fixing jig

In order to obtain a constant load and fixed angle during polishing, we used
a fixing jig as shown in Fig. 2.2(a). A long support rod achieved a constant
load polishing utilizing see-saw mechanism. Typical value of a loading was
0.4 g which was measured by digital weighing machine. Because several
heavy supersonic washing processes for the probe substrates were needed to
remove the slurry, we fixed the substrate by gluing to a brass rod with two-
component epoxy adhesive as shown in Fig. 2.2(b). By heating the brass rod
to 80 C°, we could remove the adhesive.

Mechanical polishing process

Utilizing the fixing jig with a slide glass, we polished the probe substrate
manually. After putting a few drop of slurry on a slide glass, the probe
substrate was mounted on the drop. The slide glass was slowly moved in
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Fig. 2.2: A photographic image of a fixing jig for polishing (a) and a fixed
substrate to a brass needle(b). (c¢) Schematic image of polishing process. At
first a bare probe substrate (i) was polished to remove the degradation area of
Au/Nb film (ii). A residual substrate edge was polished from the bottom (iii).
Right hand pictures indicate side views of polishing and polishing directions
(blue arrow).

certain direction. Schematic illustrations of typical polishing process are
shown in Fig. 2.2(c). At first we removed the degradation area by polishing
from the topside of probe (ii). In this time, to prevent from unexpected
residual film, one way polishing was applied as shown in the right panel. A
blue arrow indicates the polishing direction. A polishing angle and a sliding
length of the glass was 45° and less than 30 mm respectively. This short
polishing length was enough to remove the degradation film which touched
to the glass surface directly. After supersonic washing in isopropanol for
10 minutes, we checked polished area by optical microscope at 1000-fold
magnification. For second process, an otiose part of the probe substrate was
polished from bottom side(iii). During the tilted polishing, we found that
a polishing rate was changing caused by widening area where touched to
the glass slide. From a test polishing, we obtained a rough indication for
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polishing rate which was quite empirical. Thus we had to check a remaining
substrate length by optical microscope frequently.

Optical image of a test polishing are shown in Fig. 2.3(a) and (b). In this
test, a round trip polishing from bottom side were applied with angle of 70°
as shown in the inset of Fig. 2.3(b). We found that an unexpected residual
film (red arrow) turned outward. In order to avoid the residual film, several
types of polishing were tried. As already mentioned, one of a solution was
one way polishing from topside.

Fig. 2.3(c) shows a optical image of polished surface. We can see a flat
surface on left side in a silicon substrate with a width of 100 ym. In Fig. 2.3(d)
we show a magnified view indicated black rectangular in (c). We can see
many horizontal lines which were produced by repetition Bosch procedure of
reactive ion etching and passivation. Comparing with the surface from Bosch
process, mechanically polished surface is sufficiently flat. On the other hand,
we should mention that the optimal condition of our slurry changed with
time. A long time polishing, typically over 20 minutes, made a rough surface
caused by a concentration change of the slurry. Thus we frequently changed
the slurry to achieve a flat surface polishing.
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(b)

i B

Fig. 2.3: An photographic image from top side of the tentatively polished
probe edge (a) and a perspective (b). Inset shows a schematic illustration
of polishing configuration from bottom side. Red arrows indicates a residual
film which was turned outward. A photographic image of polished flat surface
and a magnified view are shown in (c) and (d) respectively. Horizontal lines
in (c) was produced by Bosch process.
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2.1.3 Resistance-temperature characteristics of Nb films

R-T characteristic of our SQUID probe was evaluated by PPMS (Quantum
Design, Inc.). First, we measured R-T' characteristic of a probe before FIB
milling. Second, R-T" measurement was done after forming a slit as shown
in Fig. 2.5 (b) and (e). After this milling, a small region of superconducting
film was left near the substrate edge. Thus superconductivity of Nb/Au thin
film positioned close to the probe top was characterized. Fig. 2.4 indicates
FIB milling fabrication steps in two probe samples with different length of
slit near the sample edge. Fig. 2.5 shows correspondent R-T' characteristics
of the probes in Fig. 2.4. These two probe samples were fabricated on the
same substrate by single cycle of fabrication process. The R-T' characteristics
indicates the critical temperature (T.) of 6.1 K. After FIB milling, T. of the
probe with the deeper slit in Fig. 2.4(b) fell off to 5.6 K, while T of the probe
with shallower slit was 6.1 K. This result suggests that the degradation of
superconductivity of Nb/Au film by the Bosch and Oy cleaning process was
located in the region about 2.2 ym from the edge of Nb/Au film.
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Fig. 2.4: Optical microscope images of two probes at each stage of SQUID
fabrication. Left panels (a), (b), and (c¢) show deeper slit than the right
panels (d), (e), and (f). (a) and (d) show optical micrographs of scanning
probes, which were fabricated at single cycle of fabrication process on the
same Si substrate. (b) and (e) show scanning ion microscope (SIM) images
after slit formation by FIB milling. The widths of the remaining Nb/Au film
at the tip in (b) and (e) were 2.2 um and 5.5 pum, respectively. (c) and (d)
show typical SIM images after SQUID fabrication.
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2.1.4 Fabrication of SQUIDs by FIB process

Before FIB process, we attached a nano-SQUID probe to a quartz tuning
fork (TF) as described in next chapter. A nano-SQUID probe was glued
to a side of a TF by two-component epoxy adhesive. Superconducting four
terminal electrodes were connected to external circuit with aluminum thin
wires by wedge bonding.

Finally, weak-link type dc-nano-SQUIDs were fabricated by FIB milling
similar to the method in the literature [13]. The superconducting loop and
weak-link junctions were milled by the FIB process with typical beam voltage
and current of 31 kV and 5 pA, respectively. The SQUID loop with the
size of 1 pm was located within 4.8 pm from the tip of the Si probe. The
dimensions of the SQUID loop and the weak-link width were 1.0 pm and
80 nm, respectively. Figs. 2.6 (a) and (b) show scanning ion microscope
images of SQUID probes without mechanical polishing and after mechanical
polishing of the tip of the probe. The geometrical inductance L = 51,C/16,
where C' is the inner circumference of the SQUID [46] was 1.6 pH. The effect
of the self-induced field as given by f,, = 2LI./®, was 0.32.

(a) (b)

Fig. 2.6: (a) Scanning ion microscope images of SQUID probes without me-
chanical polishing and (b) after mechanical polishing of the tip of the probe.
SQUID loop and weak link junctions were fabricated by an FIB milling sys-
tem.
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2.2 Measurement apparatus for nano-SQUIDs

At first we describe our measurement system for current to voltage (I —
V)characteristics of a nano-SQUID in the temperature range of *He cryogen-
free refrigerator. Before measuring I — V' curves, the sample stage was sep-
arated from the SQUID probe. A nano-SQUID was current biased through
a 3780 (-bias resistor. We used a function generator (DF1906, NF Corpo-
ration) as a voltage source in Fig. 2.7. Voltage shift of the SQUID V,, was
amplified using a differential preamplifier located at room temperature. The
gain of the differential amplifier was typically 500. We applied a continuous
triangular wave current at the frequency of 0.1 Hz to the SQUID probe and
measured Vi, with a digital multimeter (34401A, Agilent) at the interval of
10 ms. After measurements for 10 s, we obtained a current-voltage curve
corresponding to a cycle of the applied triangular wave. This method was
used to obtain current-voltage curves in the external field B.y.

In our nano-SQUID, I-V characteristics near the superconducting transi-
tion was rounded and no hysteresis was observed as shown in Fig. 2.8. Thus
we could use a lock-in detection for SQUID voltage measurement under a
constant current bias Iy,. Fig. 2.7 shows a typical setup for ac flux distri-
bution measurement induced by ac current flowing in a Hall-bar sample. A
programmable dc voltage source (GS200, Yokogawa) was used as a constant
voltage source in Fig. 2.7. During ac current was applied to Hall-bar sam-
ple, the ac magnetic field was detected as SQUID voltage change with high
signal-noise ratio using a lock-in amplifier (LI5640, NF Corporation) at syn-
chronizing frequency was 1873 Hz. A bias resistor for Hall-bar sample was
10 and 100 k€2 for applied current of 70 uA and 2.8 pA, respectively.
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Fig. 2.7: Schematics of setup for ac flux distribution measurement induced
by ac current flowing in a sample. Black lines and gray lines show a primary
circuits and control connections, respectively. Constant current bias Iy, is
applied to the SQUID probe by a voltage source Vi, through a bias resistor
of 3.78 k2. The output voltage signal from the SQUID Vi, is amplified
at room temperature by a differential preamplifier, and is detected using a
digital multimeter and a lock-in amplifier synchronously at f = 1873 Hz.
The synchronizing frequency is the same with sinusoidal current frequency
in Hall-bar sample applied by a function generator.
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2.3 Scanning system in a ‘He cryogen-free re-
frigerator

We constructed a scanning nano-SQUID microscope system in a *He cryogen-
free refrigerator. In this section, we describe several components which are
used for scanning measurements. We will describe the evaluations of our
system in Chapter 3.

Cryogenic environment

A “He cryogen-free refrigerator is a closed-cycle refrigerating system that can
maintain a cryogenic environment without liquid *He. A cryogenic stage,
called 4 K-plate, was large enough to accommodate a scanning stage, a su-
perconducting magnet and thermal anchors for electrical measurement wires.
The base temperature was measured by a calibrated celnox thermometer to
be 3.6 K. The temperature was controlled by a temperature controller (Model
340, Lake Shore) using a heater on the 4 K plate. We also introduced a ther-
mometer and a ceramic heater on the scanning stage. A home-made NbTi
solenoidal superconducting magnet was introduced on the 4 K-plate and was
connected to an external current source.

Scanning stage

A schematic illustration of our scanning nano-SQUID system in *He cryogen-
free pulse-tube refrigerator is shown in Fig. 3.1 (a). A nano-SQUID probe
was attached to a quartz tuning fork. A sample stage was placed on a
triaxial piezoelectric inertial stages described below. The SQUID probe and
the piezoelectric inertial stages were housed in a stainless cage. In order to
decrease vibrations from the compressor, the cage was connected to the 4 K
plate of the cryostat with four springs. A sample stage and the 4 K plate
were thermally connected by a bundle of copper wires.

Piezo triaxial inertial stages

We used a triaxial piezoelectric inertial stage with resistive position en-
coders(ANPx101/RES and ANPz101/RESs, Attocube systems). The range
of travel and coarse positioning accuracy were 5 mm and 100 nm, respectively,
at 4 K. The repeatability of the resistive position encoders were estimated

44



to be about 200 nm at 3.4 K. The stainless housing was placed in the bore
of a home-made superconducting magnet with the bore size of 50 mm.

Quartz tuning fork for tip-sample distance control

For scanning probe measurements, control of the distance between probe tip
and the sample surface is important, and a variety of techniques has been
developed. We have constructed a setup to precisely control the tip-sample
distance using a quartz tuning fork in cryogenic temperatures. [60] By using
a functional generator (DF1906, NF Corporation), we applied a sinusoidal
voltage with typical amplitude of 20 mV and detected the displacement cur-
rent by a lock-in amplifier . To achieve high signal-noise ratio, coaxial cables
with impedance matched connections were used.
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Chapter 3

Evaluation of scanning SQUID
microscope system

3.1 A scanning operation system in “He cryogen-
free refrigerator

In general, scanning probe microscopes (SPMs) utilized height feed back
technique. The optical lever technique is widely used at room temperature
operation. However, optical system is often incompatible with measurements
at low temperatures. In near-field optical microscopy, a quartz tuning fork
has been utilized as a non-optical height feedback sensor. It can be applied
for scanning measurement in dilution refrigerator system [61, 62].

We used a commercially available quartz tuning fork as a height feed
back sensor in *He cryogen-free refrigerator. A cooling time and a typical
base temperature of our system were 20 hours and 3.6 K. The large space
on the 4 K stage and rapid cooling repetition rate enables us to improve the
system configuration at a short cycle.

Fig. 3.1(a) shows a schematic illustration of scanning nano-SQUID system
in a cryogen-free *He refrigerator. A triaxial piezoelectric inertial stage was
placed in a stainless cage. Sample was fixed on the stage by a copper block. A
nano-SQUID probe was attached to the quartz tuning fork above the sample
surface. From optical micrographs, the angle between the sensor surface and
the sample stage was estimated to be 51".
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Fig. 3.1: (a) Schematic illustration of a scanning nano-SQUID system in
a cryogen-free “He refrigerator. Upper green part indicates a holder for a
scanning SQUID probe attached to a quartz tuning fork. A sample stage
is placed on triaxial piezoelectric inertial stages. The SQUID probe and
the piezoelectric inertial stages are settled in a stainless housing which is
connected to the 4 K plate with four springs. (b) Optical image of a SQUID
probe attached to a tuning fork and a sample chip carrier. (c¢) Optical image
of probes fabricated by a laser-lithography and deep etching of a silicon
substrate. After detaching each pieces, a nano-SQUID was fabricated at the
tip of the probe by an FIB.
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3.1.1 Characteristics of piezoelectric stages

A piezoelectric inertial stage is one of a linear actuator that is often used
at low temperatures. It utilizes static friction and impulsive force caused by
rapid displacement of a piezoelectric actuator. Piezoelectric actuator is ex-
tended by application of high voltage. When the applied voltage is switched
off instantaneously, the actuator makes rapid contraction of the stage, which
is placed on the actuator, and stays at nearly the same position. This mecha-
nism is similar to “table-cloth-trick”. A sawtooth wave is applied to achieve
rapid displacement. We use this method of piezoelectric inertial stage for
translation of z- and y- axis stages. The absolute positions were detected by
resistive position encoders. Fluctuations of position reading value from the
averaged values in each axis are shown in Fig. 3.2(a). Assuming a Gaussian
distribution, the accuracy of the reading values of the position was esti-
mated to be £38, +22, and +£17 nm for z-, y- and, z-stage, respectively. We
developed a control program for stage positionings using LabVIEW. In the
program, stepping motion of x- and y- axis were repeated until reading values
from the resistive encoder fell in the specified condition. Typical amplitude
and period of applied sawtooth waves were 40 V and 50 ms, respectively.
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Fig. 3.2: (a) Histogram of reading position detected by resistive encoders.
(b) Typical displacement of z-axis stage induced by dc voltage V. at 4 K.

In order to avoid unexpected crash of SQUID probe with sample surface,
we avoid application of sudden sawtooth wave to the piezoelectric actuator

for z-axis stage. Displacement of z-axis stage induced by applied dc voltage
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Vie at 4 K is shown in Fig. 3.2(b). The maximum displacement of 600 nm
was archived at V;. = 55 V. If a sudden displacement happens in range of
several hundred nanometer, it is enough to make fatal destruction in the edge
of SQUID probe Instead of the simple piezoelectric inertial stage driving, the
z-axis stage was scanned by monitoring the signal of the quartz tuning fork
in the fine positioning mode.

(@) (b)

Fig. 3.3: (a) Schematic illustration of a scanning probe utilizing a quartz
tuning fork. A and B are glass epoxy board with copper electrodes. A
quartz tuning fork is glued on the side of the board B and the both stems
are free-standing. (b) Photographic image of scanning nano-SQUID probe.
A nano-SQUID substrate is glued on one side of stems.

3.1.2 Characteristics of quartz tuning fork

We employed a commercially available quartz tuning fork as a height feed-
back sensor of our probe in cryogenic environment. The resonance frequency
of a commercial tuning fork in a metal cylindrical package was 32.768 kHz
with a Q-factor ~ 1,000,000 at room temperature.

A commercially available quartz tuning fork has two electrodes. For fre-
quency characteristic measurement, we applied AC voltage to one side of
the electrodes and detected piezoelectric signal as displacement current by
a lock-in amplifier. In our system, we mainly measured the amplitude of
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the displacement current (Irp) for resonant frequency shift detection. To
achieve a high signal to noise ratio, coaxial cables with impedance matched
connections were used.

Schematic illustration and photographic image of our probe are shown in
Fig. 3.3. At first, we unpacked a quartz tuning fork from cylindrical package
and glued on a side of glass epoxy board B indicated in Fig. 3.3(a). After
complete gluing, board B was fixed on a glass epoxy board A which had two
electrodes for the quartz tuning fork. At this time, a down side stem of the
fork should spread from a surface of board A. In other words, we utilized
the quartz tuning fork in free-standing. After soldering the two electrodes,
we glued a SQUID probe substrate to the top of the quartz tuning fork by
two-components epoxy adhesive. Finally, we connected four electrodes of the
probe substrate to the board B by aluminum wire of 30 ym in diameter.

Fig. 3.4(a) indicates typical frequency-I7r characteristics of a tuning fork
in each step of assembling, gluing on the board B (i), with the probe substrate
(ii) and after wire bonding(iii). All the measurements in Fig. 3.4(a) were
carried out under atmospheric pressure at room temperature. The applied
voltage was 7 mV. After gluing a tuning fork to the substrate of a SQUID
probe, the resonance frequency decreased and the Q-factor was degraded to
several hundred at room temperature.

A frequency-Irp characteristics at 4 K is shown in Fig. 3.4(b). At cryo-
genic temperature, the resonance frequency typically increased to around 30
kHz, and the Q-factor increased to over 10,000. These improvements in the
resonance characteristics are mainly caused by rigid gluing at low tempera-
ture. With this high @Q-factor, a tuning fork can be used in a phase-locked
loop circuit.
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Fig. 3.4: (a) Typical frequency-Irp characteristics of tuning fork without a
nano-SQUID substrate (i), with the substrate (ii) and with four aluminum
wires (iii) under atmospheric pressure at room temperature. The estimated
Q-factors were 480, 100 and 130 for (i), (ii) and (iii), respectively. (b) Typical
frequency-Irp characteristic of a nano-SQUID probe at 4 K. Q-factor was
about 10,000.
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3.1.3 Operating procedures for height and scan control

Height control procedure was achieve by successive measurement of the quartz
tuning fork current during stepwise increment of the applied voltage to the
z-axis piezoelectric stage. As shown in Fig. 3.2(c), the length of the piezo-
electric actuator increases by application of static voltage V.. The relation
between a shift of z-axis and applied voltage is approximately expressed as
12737,

A schematic diagram of the height are shown in Fig. 3.5(a). We applied
incremental voltage to a piezoelectric actuator of z-axis stage with a step size
d. In each step, we measured Iy with waiting time ¢. If the edge of the probe
touched to the sample surface, visible change in I7rp was detected. When
a change of Irp was larger than threshold value, the increment process was
stopped immediately and V. was decreased to zero. The threshold value was
empirically determined. In a typical height control procedure, the increment
voltage step d, the maximum applied voltage max(Vy.), and the delay time
for Irtrp measurement t were 0.5 V, 50 V, and 40 ms, respectively. With
these parameters, the increment shift step was about 6 nm. As mentioned
earlier, application of a sawtooth wave may cause sudden crash of the nano-
SQUID probe to the sample surface with several hundred nanometer range.
As Compared with the case of sawtooth modulation, our procedure more
precisely controls the height.
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Fig. 3.5: (a) Schematic diagram of height control procedure. During step-
wise increment of applied static voltage V., displacement current Irp of a
tuning fork was measured successively. If a sudden shift of Iz is detected,
increment procedure is stopped immediately and V. will decrease slowly. A
corresponding position of z stage is shown in (b). Typical value of the step d,
the maximum V., and the delay time t were 0.5 V, 50 V and 40 ms, respec-
tively. (c) Typical behavior of Irp during height control procedure. Three
curves were measured using the same parameters.
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3.1.4 Calibration of solenoidal superconducting mag-
net

We used a home-made solenoidal superconducting magnet for SQUID mea-
surements. An photograph and a schematic configuration are shown in
Figs. 3.6 (a) and (b), respectively. The length and the diameter of the super-
conducting magnet are 60 mm and 40 mm, respectively. The magnet is fixed
to the 4 K plate of our *He cryogen-free refrigerator through four copper rods.
Triaxial scanning stages and a SQUID probe are suspended by four springs to
reduce low-frequency vibrations caused by the cooling cycle. A nano-SQUID
probe was positioned at the center of the magnet. The displacement of the
nano-SQUID was small.

The home-made solenoidal superconducting magnet was calibrated by a
linear output Hall effect transducer (SS94A1F, Honeywell Co., Ltd.) with
a magnetic sensitivity mpgqy of 250£5 mV/mT. The transducer was fixed
at the center of the magnet and the output voltage V. was measured at
room temperature by digital multi meter (34410A, Agilent Co., Ltd.) and
the magnet current I,,,, was supplied by a current source (GS200, Yokogawa
Co., Ltd.). From the measurement, we obtained a proportional relation
of Vigau = alpmeg. By using a least square linear fitting, the slope a was
determined to be 1.28240.002 mV/mA. Vi, follows the relation Vi =
muanptoH. Consequently, the proportional relation of the magnet was given
by poH = ﬁ]mag By considering the propagation of errors, a proportional
coefficient —¢— was estimated to be (5.13+0.10)x10~ 3 mT/mA. Assuming
the diameter of superconducting wire is much smaller than the diameter of
the magnet, magnetic field at the center of the single-layered solenoidal coil
with a length [, a diameter d and the number of turns in unit length n is
approximately given by

/2
(1/2)? + (d/2)?
The number of turns n was counted from optical micrographs of the magnet

as 7100 turns/m. Consequently, a proportional constant of the pgH-I g
relation at the magnet center was estimated to be 4.95x107% mT/mA.

(3.1)

MOH = NOnImag
\/
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Fig. 3.6: (a) Optical image of triaxial piezoelectric inertial stage accommo-
dated in a copper enclosure and a superconducting magnet in a *He cryogen-
free pulse tube refrigerator. The SQUID probe is located at the center of
the bore of the superconducting magnet. (b) Schematic illustration of the
stage and the magnet. Orange line indicates a home-made solenoidal su-
perconducting magnet suspended by four copper rods from the 4 K stage
of the refrigerator. Black arrow indicates the position of a SQUID probe.
Triaxial piezoelectric inertial stage and a SQUID probe accommodated in a
copper enclosure are suspended by four springs from the 4 K plate to reduce
vibrations due to a pulse tube refrigerator.
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3.2 Characteristics of SQUID probes

SQUID readout circuit based on standard four-terminal measurements were
constructed in *He cryogen-free refrigerator. We used a differential voltage
amplifier at room temperature. DC voltage measurements using a digital
multimeter and ac voltage measurements using a lock-in amplifier and a
functional generator were conducted simultaneously.

3.2.1 Temperature dependences of current-voltage char-
acteristics

Figs. 3.7 (a), and (b) show -V characteristics of nano-SQUID probes without
and after mechanical polishing, respectively, at temperatures between T =
3.6 and 6.8 K at zero applied magnetic field. The current was swept in both
negative and positive directions, and no hysteresis was observed in the I-V
characteristics in Figs. 3.7 (a), and (b). The Dayem nano-SQUID was shown
to exhibit a hysteretic behavior for Lgq /& > 3.5, [45] where Lgq is the Dayem
nano bridge size and £ is the Ginzburg-Landau coherence length, which is 38
nm for Nb. [2] The constrictions of the nano-SQUID were milled to wedged
shape by the FIB process with the weak link width of w = 80 nm. Although
the model by Likharev [45] is not directly applicable to the geometry of our
nano-SQUIDs, the nonhysteretic behavior of I-V characteristics is explained
by small w/¢ = 2.1. Furthermore, we reduced the effects of Joule heating
by reducing the critical current I. and preparing Au film above Nb film for
heat conduction, which is also important for the nonhysteretic behavior of
1-V characteristics of our nano-SQUIDs.

The critical temperature T, of the nano-SQUID without mechanical pol-
ishing was 6.0 K, which is reduced from typical T, of Nb of 9.2 K due to
small thickness of the Nb film and the proximity effect between Nb and
Au. [13] Fig. 3.7(a) shows a typical I-V characteristics of the nano-SQUID
probe without mechanical polishing (Fig. 2.6(a)) at applied magnetic fields
between 0.1 and 0.5 mT at 4.2 K. The critical current I. is seen to change
with the applied magnetic field.

The SQUID loop of the probe after mechanical polishing of the tip of
the nano-SQUID probe (Fig. 2.6(b)) was located very close to the edge
of the Si substrate and the probe did not exhibit zero resistance as shown
in Fig. 3.7(b) above 3.6 K because of the damage of Nb film during the
fabrication process. Nevertheless, the change of the voltage with the applied
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magnetic field was observed as shown in Fig. 3.8(b), indicating that this
nano-SQUID probe is useful as a magnetic field sensor. The nonhysteretic
behavior of our nano-SQUIDs enables us to measure the voltage of a nano-
SQUID (Vsq) at a constant bias current to obtain magnetic flux threading
the SQUID loop. This is particularly advantageous to use a nano-SQUID
as a magnetic sensor for a scanning microscope. If a nano-SQUID shows a
hysteretic /-V characteristic, I, has to be measured by sweeping [ at each
point.

a b
1000 - : 600 .
(XI(Vx)iii) (ix)(x) (i)
(xii) 400 t (wiii)
500 (%)X /i) (vii) 7
s W | s 200 | (vi) ',':'I,
N 72 /- wiii)/ Jyii | G) | = -200f (i)(“)
-500 4 Vi) (v) (i
/ (vii) -400 [
T1000-256 -q'oo 0 100 200 B0 20 0 0 10 20 30
Current (uA) Current (UA)

Fig. 3.7: (a) Current-voltage characteristics of a SQUID probe without me-
chanical polishing at T = (i) 3.6, (i) 3.8. (iii) 4.0, (iv) 4.2, (v) 5.0, (vi)
5.2, (vii) 5.4, (viii) 5.6, (ix) 5.8, (x) 6.0, (xi) 6.2, (xii) 6.4, (xiii) 6.6, (xiv)
6.8 K. The current was swept for both negative and positive directions, and
no hysteresis in the -V characteristics was observed. (b) Current-voltage
characteristics of a SQUID probe after mechanical polishing at 7' = (i) 3.6,
(i) 3.8. (iii) 4.0, (iv) 4.2, (v) 5.0, (vi) 5.2, (vii) 5.4, (viii) 5.6, (ix) 5.8, (x)
6.0, (xi) 6.2 K. No hysteresis in the I-V characteristics was observed.
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3.2.2 Magnetic filed dependences of current-voltage char-
acteristics

Fig. 3.8 (a), and (b) show typical current-voltage characteristics of nano-
SQUID probes without and after mechanical polishing, respectively, at ex-
ternal magnetic fields between 0.1 and 0.5 mT. We applied a continuous
trianguler wave current at the frequency of 0.1 Hz to our SQUID through
a bias resistor and measured the voltage between the two SQUID terminals
with a digital multimeter at the interval of 10 ms. After measurements for 10
s, we obtained a current-voltage curve corresponding to a cycle of the applied
triangular wave. This method was used to obtain current-voltage curves in
the external field B.,.

3.2.3 Ciritical current modulation in a magnetic field

The current-voltage curves are seen to change with the external magnetic field
(Bext) as shown in Figs. 3.8 (a) and (b). Typical critical current modulations
in a magnetic field are shown in Figs. 3.9(a) and (b). Here we plotted the
current at threshold voltage Vi, as critical current I.. The effective area of
the SQUID loop was estimated to be 2.24 ym x 2.24 pym from the modulation
period of I..

3.2.4 SQUID voltage modulation in a magnetic field

Typical voltage-magnetic field (Vsq-Bext) characteristics in Figs. 3.8(c) and
3.8(d) show oscillations of SQUID voltage Vsq with Bey at constant current-
bias. The noise of the probe without mechanical polishing was estimated to
be 3.1 nT/ VHz at 2 kHz. The noise of the probe after mechanical polish-
ing was degraded to 40 nT/ vHz at 2 kHz while the spatial resolution was
improved.
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Fig. 3.8: (a) Typical current-voltage characteristics of a nano-SQUID probe
without mechanical polishing and (b) after mechanical polishing of the tip
of the probe at applied magnetic field of (i) 0.5, (ii) 0.3, and (iii) 0.1 mT. No
hysteresis in the /-V characteristics was observed. (¢) Modulation of SQUID
voltage (Vsq) by Bext at current-bias of (i) 196.2, (i) 198.1, (iii) 200.0, and
(vi) 201.9 pA for a nano-SQUID probe without mechanical polishing. (d)
Modulation of SQUID Voltage (Vsq) in Bex at current-bias of (i) 8.0, (ii)

10.0, (iii) 12.0, and (vi) 14.0 pA for a nano-SQUID probe after mechanical
polishing.
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3.3 Magnetic field sensitivity of SQUID probe

As described in Sec.2.2, we used a lock-in detection for SQUID voltage (Vi)
at a constant current bias (Iy,). Because of current-voltage characteris-
tics without hysteresis and rounded superconducting transition as shown in
Fig. 3.8(a) and (b), Vs, was measured continuously by sweeping the exter-
nal magnetic field. In a typical measurement, the magnitude of the current
was set such that the slope of current-voltage characteristics is maximum in
sweeping the external magnetic field. Higher sensitivity to the external mag-
netic field may be achieved by optimizing the SQUID current. Fig. 3.10(a)
shows a typical magnetic field dependence of SQUID voltage. The red line
indicates the slope of the curve. We assume a linear dependence of V,, on
magnetic field for small deviation from the magnetic field indicated by the
arrow. The slope was estimated to be 2.01 V/T. We also measured noise
spectra of the output voltage from a differential preamplifier (LI7T5A, NF
Corporation) with a voltage gain of 100. Fig. 3.10 (b) shows magnetic field
noise spectra of our system. Using the magnetic sensitivity estimated from
Fig. 3.10(a), the output voltage noise was converted to magnetic field noise.
From the noise spectra, minimum magnetic field sensitivity was estimated
to be 3.1 nT/Hz'? at 2 kHz. Normalized minimum magnetic flux sensitiv-
ity by ®, was estimated to be 7.5 u®,/Hz"/? at 2 kHz. Here we used an
effective SQUID loop area of 2.24 um x2.24 pm, which was derived from
modulations of critical current in external field (Fig. 3.9). From Eq.(1.66),
an optimal magnetic flux sensitivity ~ (4kTL?/R)'/? was estimated to be 4.5
n®,/Hz'/2, where the inductance L of 1.6 pH, temperature T of 3.7 K and
the normal resistance R of 3.6 €2 was used. The difference of the sensitivities
was mainly caused by the electrical noise from a preamplifier at room tem-
perature. However, the magnetic flux sensitivity of our system is comparable
to previous works for scanning SQUIDs which was coupled to the measuring
objects directly [5, 32, 34].
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Fig. 3.10: SQUID voltage and magnetic field noise spectra of scanning nano-
SQUID probe. (a) Magnetic field dependence of SQUID voltage (V,,) at
a constant current bias of 210 pA. (b) Magnetic field noise at the external
magnetic field of 0.19 mT at 3.7 K.
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3.4 Spatial resolution and magnetic coupling
of scanning nano-SQUID microscope

In local magnetic measurement for small samples, a spatial resolution of
magnetic image and an efficiency of magnetic coupling which is given by the
highest detectable magnetic signal from samples are important features of
measurement, system. The spatial resolution and the efficiency depend ex-
tensively on a distance d between samples and magnetic sensor [5]. One of a
challenging approach in developing of our scanning nano-SQUID microscope
system was reducing the distance. In this section, at first, we introduce some
reports for a spatial resolution of scanning SQUID microscope and explain
about our evaluation of the resolution. Second, we mention a magnetic cou-
pling efficiency using the result of height dependent scanning measurement.

3.4.1 Evaluation of spatial resolution

There are several schemes for evaluation of spatial resolution in scanning
SQUID microscope measurements in the literatures. One method is to simply
define the spatial resolution of a scanning SQUID microscope as the size of the
SQUID loop [32]. Faley et al. measured line profiles of magnetic field induced
by current carrying wires [15]. The distance d and the inner diameter of their
SQUID were 400 pm and 50 pm, respectively. From the maximum horizontal
gradient of a magnetic field profile and the magnetic field resolution, they
estimated the spatial resolution to be 25 um. For a self-aligned nano-SQUID
on tip, Vasyukov et al. demonstrated a minimum spatial resolution of 20
nm based on a simulation for single spin oriented in the plane of the SQUID
loop. [31] In their simulation, the distance d and the diameter of the loop were
assumed be 10 nm and 160 nm, respectively. Baudenbacher et al. measured a
spatial distribution of remnant magnetization of a 50 pm-thick geological thin
section taken from a meteorite [14]. From the magnetic image, they estimated
the spatial resolution to b 80 pum. In their experiment, the distance d and
the effective area of SQUID were 100 ym and 86 pum x 86 pm, respectively.

We evaluated the spatial resolution of our scanning nano-SQUID micro-
scope system from a magnetic field image around Nb/Au superconducting
electrodes as shown in Fig. 3.11(a). The designed width and the spacing
between the electrodes were 2 pm and 7 pm, respectively. The thicknesses
of Nb and Au films were 600 and 30 nm, respectively. The superconducting
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critical temperature of the Nb/Au electrode was 8.6 K. To evaluate the spa-
tial distribution of our system, we used a mechanical polished nano-SQUID
probe that was used for measurements in Fig. 4.3. We measured the SQUID
voltage V,, under a constant current bias I, of 13 pA in a constant applied
magnetic field of 1.1 mT at 4 K. The estimated distance d between the near-
est JJ and a sample surface was 1.2 ym. V;, was measured by ordinal digital
multimeter. The voltage to magnetic field transfer function was 30 mT/V
which measured just before this scanning operation. An magnetic field im-
age of niobium superconducting electrode is shown in Fig. 3.11(b). Scanning
direction was shown by the black arrow. One can recognize a visible depres-
sion of magnetic field corresponding to the niobium electrode. Line profiles
of each y-axis are shown in Fig. 3.11(c). We evaluated the full width at half
maximum (black dashed line) of the magnetic field depression induced by
perfect diamagnetism of single niobium electrode. From this evaluation, we
concluded that a spatial resolution of our microscope system was better than
2 pm.
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Fig. 3.11: ITmage and mapping of magnetic field distribution of Nb/Au strips.
(a) Scanning electron microscope image of Nb/Au strips with a width of 2 ym
and a spacing of 5 pm at applied magnetic field of 1.05 mT at 4 K. Scanning
area is shown by black line. (b) Mapping of magnetic field distribution of
Nb/Au strips. (c) Line profiles of magnetic field distribution along (i) y =
10, (ii) 15, and (iii) 20 pm.
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Chapter 4

Local measurement of magnetic
flux induced by current density
in two-dimensional electron
system

4.1 Background: local magnetic flux imaging
and 2-dimensional current density distri-
bution

Imaging of current distribution is a common problem in not only physics but
also biology and industry. In many situation, noninvasive and nondestructive
measurement technique is desired. Reconstruction technique for current dis-
tribution based on local magnetic imaging is one of a solution. In general, a
correspondence relationship between magnetic field and current distribution
is too complex to deal with analytically. However, in two dimensional system,
we can obtain a unique solution for the inverse problem. Bradiey ,et al. in-
vestigated a mathematical algorithm for imaging of two-dimensional current
distribution from local magnetic field imaging. They used a Fourier trans-
form and green function as a spatial filtering to obtain a two-dimensional
real space current distribution from local imaging of normal component of
magnetic field. With considering about V - J(r) = 0 where J(r) is a current
in real space, we can also obtain a current distribution in arbitrary angle of
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geometrical configuration of SQUID. In above section, we discussed in detail.

Ideal two-dimensional electron system is formed in GaAs/Al,Ga;_,As
modulation-doped single heterojunction. In the system, current flowing
through the sample is consisted of high-mobility electrons. Differently from
ordinal metal electrode, a current distribution caused by high-mobility car-
riers is not trivial. Thus it is expected that an imaging of such a current
distribution reveals a behavior of ballistic carriers in detail.

At first, we will explain properties of our Hall-bar structure sample formed
in GaAs/Al,Ga;_,As modulation-doped single heterojunction. Next, we will
show results of local imaging of magnetic field induced by current flowing
in the Hall-bar structure with using two different type of SQUID probe.
Finally, we will discuss about current distributions obtained from magnetic
field imaging.

4.2 Samples

4.2.1 A Hall-bar structure of GaAs/Al,Ga;_,As modulation-
doped single heterojunction

GaAs/Al,Ga;_,As modulation-doped single heterojunction is widely used to
host high mobility 2DEG. We fabricated a Hall-bar structure and measured
the magnetic flux distribution due to current in the Hall-bar structure by
using our scanning nano-SQUID system. Scanning nano-SQUID microscope
is expected to be useful in investigating unknown current distributions in
two-dimensional systems. The sample GaAs/Aly 3Gag7As modulation-doped
single heterojunction consists of a GaAs/AlAs superlattice buffer layer, 200
nm-thick undoped GaAs layer, 40 nm-thick undoped Aly3Gag7As layer, 30
nm-thick Si-doped Aly3Gag7As layer, and 10 nm-thick Si-doped GaAs cap-
ping layer. The density and the mobility of the two-dimensional electron gas
were 3.3 x 10> m™2 and 91 m?/Vs at 2.8 K, giving the mean free path of
electrons of 8.7 um. A Hall-bar structure of the width and the length of 25
and 300 pum was fabricated by photolithography. Figs 4.3 (a) and (b) are a
schematics and an optical micrograph of the Hall-bar sample. Mesa of Hall-
bar structure was defined by a wet chemical etching using HyO, /citric acid
solution. The etching depth was about 100 nm. The distance between the
voltage probes was 100 pm. Current between ohmic contacts of the Hall-bar
structure was modulated at 1873 Hz. The voltage of a SQUID probe at a
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constant current bias changes due to magnetic field created by the current in
the Hall-bar structure. This voltage change was detected synchronously with
a lock-on amplifier at a time constant of 1 s by scanning the nano-SQUID
probe on the surface of the sample.

4.2.2 Characterization of GaAs/Al,Ga;_,As modulation-
doped single heterojunction sample

To investigate properties of GaAs/Al,Ga;_,As modulation-doped single het-
erojunction sample, we performed Hall-bar measurements at 320 mK and 2.8
K using a 3He cryogen-free refrigerator. From results measured at 320 mK
and 2.8 K with bias current I,;,s = 9.9 nA, the electron mobility was 97.7 and
90.6 m*V~1s7!, respectively. We also evaluated the bias current dependence
of Hall resistance and longitudinal resistance. In our sample, the Shubnikov-
de Haas oscillations of longitudinal resistance disappeared for s > 10 pA.
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4.3 Mappings of flux distribution in
GaAs/Al,Ga;_,As modulation-doped
single heterojunction sample

In this section, scanning probe measurements of flux distribution on the
surface of a Hall bar structure are described. All of the results in this section
were measured under geometrical configuration as schematically shown in
Fig. 4.1.

H

Fig. 4.1: Schematic configuration of scanning measurement of a Hall-bar
structure. (a) Top view (b) and side view are shown. A Hall-bar structure
is indicated by blue in (a) and (b). A SQUID probe is indicated by black
thick line. A de-SQUID is illustrated by red line in (b). Diamonds at the
both sides of the red line indicate the positions of weak link type Josephson
junctions (JJ). We define the height h of the probe as the distance between
the nearest JJ and the sample surface as shown in (b).
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Height dependence of flux signal

As described in Chapter 2, degradation of superconductivity on the top of
the probe makes it difficult to fabricate a nano-SQUID structure within 2.2
pm from the substrate edge.

We performed scanning probe measurements using one of a nano-SQUID
probe without polishing called No. 04. In the probe No. 04, a Josephson
junction was fabricated 5.5um from the probe tip of the nano-SQUID struc-
ture. After several scanning experiments using a prototype of touch down
procedure, the tip of No. 04 was ground down and the distance between
the JJ and the probe edge became 3.1pum. In the following measurements,
we used improved touch down procedure and constant height scanning pro-
cess. Thus we could assume that the distance between the nearest JJ and
the probe top was unchanged. For the mounting angle of 51° to the sample
surface, the minimum value of the height A was 2.4 pm.

Height dependence of flux signal for sample current (Isampie) of 7, 35, and
70 pA is shown in Fig. 4.2.
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Fig. 4.2: Height dependence of magnetic flux at Igmple = (i) 70, (ii) 35, and
(iii) 7 pA.
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Mappings of flux distribution

Results of mappings of magnetic field created by ac current between the
voltage probes 1 and 2 of the Hall-bar structure (Figs. 4.3 (a, b)) at Jsample =
70 and 2.8 pA are shown in Figs. 4.3 (¢) and (d), respectively, at T = 4
K at the applied magnetic field by a superconducting magnet of 0.0 mT
using a probe after mechanical polishing. The distance between the nearest
JJ and the probe top is 1 um, and the minimum height from the sample
surface, in our configuration of scanning measurement, is estimated as 700
nm. We will show some results of local magnetic field measurement using
this nano-SQUID probe.

The measurements were performed in unshielded laboratory environment,
and hence the sample and the nano-SQUID probe were subject to the en-
vironmental magnetic field. The size of the scanning area was 80 x 80 pm?
with a step size of 2 pm for x- and y-directions. The height of the SQUID
probe from the sample surface was zg = 1.5 um. The voltage of a SQUID at
a constant current bias of 12 pA changes due to magnetic field created by
the current in the Hall-bar structure. This voltage change was synchronously
detected with a lock-in amplifier at a time constant of 1 s by scanning the
position of the nano-SQUID probe on the surface of the sample. The bias
current of [gmple = 70 and 2.8 1A corresponds to current density of 7.0 and
0.28 A/m, respectively. The mapping in Fig. 4.3 (c¢) (Fig. 4.3 (d)) corre-
sponds to the case of the current density above (below) the condition for the
breakdown of the quantum Hall effect. [63, 64] The maximum source-drain
voltage (Vsp) was 8.0 mV at Igample = 70 pA. The Fermi energy of the elec-
trons is ez = 12 meV at the electron density of the sample of n, = 3.3 x 10'°
m~2, which gives eVsp < er. The positive and negative magnetic fields are
observed near the edges of the stem of the Hall-bar structure with the width
of 10 pm as shown in Fig. 4.3(c). The magnetic field distributions are seen
to be broadened in the center region where the 10 ym width stem crosses
with the bar with the width of 25 pum. Similar structures are seen in the
magnetic field distribution at Igmple = 2.8 pA (Fig. 4.3(d)) although the
signal-to-noise ratio was degraded.

We demonstrate two mapping results measured at different current di-
rections. Fig. 4.4 indicates mappings of flux distribution in same sample at
T = 3.8 K for current Iy = 70 pA flowing (a) straight from downward to
upward, and (b) from left to upward. The height of the SQUID probe from
the sample surface was 1.5 pm.
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Fig. 4.3: (a) Schematic structure of a sample Hall-bar. (b) Optical micro-
graph of a sample Hall-bar structure. Red square indicates the scanning area
of 80 um x 80 pm for (c). Mappings of magnetic field distribution induced
by current in a GaAs/Al,Ga;_,As modulation-doped single heterojunction
sample at T' = 4 K for current (¢) Isample = 70 and (d) 2.8 A at the applied
magnetic field by a superconducting magnet of 0.0 mT using a nano-SQUID
probe after mechanical polishing of the tip of the probe. The height of the
SQUID probe from the sample surface was 1.5 pm.
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Fig. 4.4: Mappings of flux distribution in GaAs/Al,Ga;_,As modulation-
doped single heterojunction sample at 7" = 3.8 K for current Iy,ppe = 70 A
flowing (a) straight from downward to upward, and (b) from left to upward.
The height of the SQUID probe from the sample surface is 1.5 pm.
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Height dependence of flux distribution

We describe on the height dependence of scanning image of local magnetic
field induced by current flowing in 2DEG. Figures 4.5 and 4.6 show line
profiles of magnetic flux and scanning images measured at different height.
Sample current was 70 pA as in the case of Fig. 4.3 (c¢). Magnitude of
magnetic flux decreases with increasing the distance from the sample surface.
As clearly seen in Fig. 4.6, the distance between the negative and the positive
peaks is wider with the increase in the height. These results demonstrate
that the minimum detectable magnetic flux and the spatial resolution are
improved with decreasing the distance between the nano-SQUID and the
sample surface.

74



(b) m®o

o N B OO ©

y (um)

20 30
X (um)

(c)

y (um)
y (um)

10F -8 10+ -8

: : -10 - : -10
20 30 20 30

X (um) X (um)

Fig. 4.5: (a)-(d) SQUID height dependence of mappings of flux distribution in
GaAs/Al,Ga;_,As modulation-doped single heterojunction sample induced
by sample current Igumple = 70 pA applied between the voltage probes 1 and
2 of the Hall-bar structure. The height of the SQUID probe from the sample
surface was (a) 1.0, (b) 1.5, (¢) 2.5, and (d) 3.5 pm.
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Fig. 4.6: Height dependence of line profiles of flux distribution in Figs. 4.5
(a), (b), (c) and (d) at X = 20 pm. The height of the SQUID probe from
the sample surface was (i) 1.0, (ii) 1.5, (iii) 2.5, and (iv) 3.5 pm.
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4.4 Reconstruction of two-dimensional cur-
rent density distribution

We use the algorithm to obtain two-dimensional current distribution from the
measured flux distribution based on Fourier analysis. [47] Two-dimensional
current distribution is shown to be reconstructed from the magnetic flux
distribution uniquely, although no algorithm is known to reconstruct three-
dimensional current distribution from the magnetic flux distribution mea-
sured using a SQUID probe at a constant height scanning.

Magnetic field B(r) = (B,, By, B.) induced by the current density J(r) =
(Js, Jy, J,) is given by the law of Biot and Savart

B(r):/”LO/J( r') x (r — >d3/ (4.1)

47 v — /|3

The Green’s function is defined by

pod 1
z
I Ta— 2+ =y + 2P

Glx—2y—1y, z2) = (4.2)

where d is the thickness of the current. By using G(z — ',y — v/, 2), B, is
given by

B,(r) = ~/—m/ Glx -2y =y, 2)J, (2, y)dz'dy . (4.3)

—00

Two-dimensional current density distribution J(x,y) can be reconstructed
from the measured magnetic flux distribution B(z,y, z) based on a Fourier
analysis. [47] The two-dimensional Fourier transform of the current density
and magnetic field is defined by

iy (kg ky) /OO/ (z, ) e B=m+kay) oy (4.4)

and

o (Ks, Ky, 2) /m/ (Y, 2) e FeThy) gy, (4.5)

respectively. By using the two-dimensional Fourier transform of the Green’s
function

glks, iy, 2) = “;de—'foa (4.6)
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we have
bo(ks, ky, 2) = g(ks, ky, 2) 5y (ks, ky),s (4.7)

where d is the thickness of the current and we defined ko = ,/kZ + k2. Simi-
larly, b, is given by

by 2) = by 2) () = k) ) (49
0 0

We assume quasi-stationary current density V - J(z,y) = 0 in real-space

and —ik,j,(ky, ky) — ikyjy(ks, ky) = 0 in k-space. A nano-SQUID probe

facing 6 to the surface of the sample detects By (x,y, z) = B.(x,y, 2)sinfd +

B.(z,y, z)cosf. Because a nano-SQUID detects magnetic field averaged over

the square SQUID loop, the Fourier transform of measured magnetic field

bas (ko ky, z) should be divided by [47]

Sin(k‘xLSQ/Z) sin(kyLSQ/Q)

kg, ky) = :
( v) k.Lsq/2 kyLsq/?2

(4.9)

where Lgq is the size of the SQUID loop to take into account the finite size of
the SQUID in - and y-directions. In the case of our nano-SQUID, h(k,, k)
does not introduce noticeable difference because Lgq is smaller than the step
size of the measurement. For the z-direction, we assume a SQUID probe
detects the average magnetic field B,y at the effective height z.g satisfying

MOI 1 20+Lgqsind d z B HOI 1

Bive = — - = )
e on Lgqgsing Jz, z 2T Zeft

(4.10)

For zyp = 1.5 pm, Lgqg = 1.0 pm, and 6 = 51°, we obtain z.s = 1.86 pum.
We substitute j, = —Z—ij, into Eq.(4.8), and using Eq.(4.7), we obtain

k
bar (kgy by, Zet) = Gk, Ky, Zett) (sin@ — ikocos€> Jy(kz, ky). (4.11)
The current density can be readily obtained as
2 sinf + iZ—SCOSH

] k2
(ks Ky, Zeft) sin26 + k—QCOSQH

jy(l{?x,k}y) = g bM(kr,ky,Zeﬁ‘) (412)

in k-space and

J(@:9) = G [ e ke i, (413)
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in real-space. J,(x,y) may be similarly obtained by using j, = —:—z Jy- For
the case of k, = k, = 0, j,(0,0) and j,(0,0) cannot be determined from
bar(ks, ky, zesr). The obtained J, and J, have ambiguity by uniform current
density distribution. In the following analysis, we set this uniform current
density as zero. Figs. 4.8 (a), (b), (c), and (d) show reconstructed current
density distributions J,(z,y) and J,(z,y) from the measured magnetic flux
in Figs. 4.3 (¢) and (d) at Lgmpe = 70 and 2.8 pA, respectively, for § =
51°. Calculations were performed on a mesh of 128 x 128 in the x and
y directions. Figs. 4.7(a), (b) and (c) show reconstructed current density
distribution J,(x,y) from the magnetic flux in Fig. 4.3(c) by using different
type of window functions. J,(x,y) using a Hanning window [47, 65]

2 (1 + cos (7k/kmaz)) k<k
o 2 maz)) » max
W(k) = { 0, k> ko (4.14)
is shown in Fig. 4.7(a). J.(x,y) using a Parzen window [47, 65]
k/kmaz7 k< kmaz
{ 0 e (4.15)
was shown in Fig. 4.7(b). J,(x,y) using a Welch window [47, 65]
1— k/kmam 5 k< kmam
{ 0 b (4.16)

LS M =
[ -]
Jx (pAlpm)

NN
[ =

Fig. 4.7: Reconstructed current density J,(x, y) of magnetic field distribution
shown in Fig. 4.3(c) with using a Hanning wiondow (a), a Parzen window
(b) and a Welch window (c).
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was shown in Fig. 4.7(c). In all the cases, we chose Ky = 1.5 x 106 m™*.

The image using a Welch window seems to contain the most high-spatial-
frequency components. On the other hand, a Hanning widow seems to be
the narrowest filter. In the following discussions, we used a Parzen window
to eliminate high-spatial-frequency components of measured mappings [47].
We empirically chose kpax = 1.5 x 10% and 6.9 x 10° m~! for Tsample = 70
and 2.8 pA, respectively, so that high-spatial-frequency noise is effectively
reduced with minimum loss of spatial resolution. In the center region, where
the 10 pm-stem crosses the bar with the width of 25 pum, the current density
J(x,y) is seen to spread to the wider bar. This can be more clearly indi-
cated in J,(z,y) in Fig. 4.8(b) by the positive and negative current density
near the corners of the mesa structure of the Hall-bar. At smaller current
of Isample = 2.8 A, the main features of the current densities can still be
resolved as shown in Figs. 4.8(c) and (d). Although the signal-to-noise ra-
tio of the mapping of magnetic field in Fig. 4.3(d) is heavily degraded as
compared to the case of Iympe = 70 pA in Fig. 4.3(c), the current den-
sities are recovered at the expense of degraded spatial resolution by using
Emax = 6.8 x10° m~! used for the Parzen window. The mappings of the mag-
netic field (Fig. 4.3(c)) and the reconstructed current density distributions
(Figs. 4.8(a), (b)) using the nano-SQUID probe after mechanical polishing
show remarkably better spatial resolution as compared to the mappings using
the nano-SQUID probe without mechanical polishing (Figs. 4.9(c),(d)).This
shows the advantage of the nano-SQUID probe after mechanical polishing
over the unpolished nano-SQUID probe although the zero resistance was not
observed due to the damage of Nb film in the polished nano-SQUID probe.
The current obtained by integrating current densities J,(x,y) on the white
bars in Fig. 4.8(a) is 84 and 91 pA for the crosssection A-B and C-D, re-
spectively, in reasonable agreement with Igmple = 70 pA. Similarly, current
across the white bars in Fig. 4.8(c) is 4.5 and 4.6 pA for the crosssection A-B
and C-D, respectively, for lgampie = 2.8 pA.
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Fig. 4.8: (a) Reconstructed current density distributions J,(z,y) and (b)
Jy(z,y) from the measured magnetic flux in Fig. 4.3 at Lampie = 70 pA. (c)
Jo(x,y) and (d) Jy(x,y) reconstructed from the measured magnetic flux in
Fig. 4.3 at Lample = 2.8 pA. (e) Pattern of Hall-bar structure assumed for
o(x,y). Blue and white indicate area with o(z,y) = 0¢ and o(x,y) = 0, re-
spectively. (f) Calculated current density J,(z,y) and (g) J,(x,y), assuming
isotropic conductivity o(x,y). The white arrows indicate the direction of the
current.
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Fig. 4.9: (a) Mappings of magnetic field distribution induced by current in a
GaAs/Al,Ga;_, As modulation-doped single heterojunction sample at T = 4
K using a nano-SQUID probe without mechanical polishing, at the applied
magnetic field by a superconducting magnet of 0.25 mT. The current was
Lsample = 70 pA and the height of the SQUID probe from the sample surface
was 4.0 pm. (b) Reconstructed current density distributions J,(z,y) and (c)
Jy(x,y) from the measured magnetic flux in (a) using kpax = 6.0 x 10° m™~*
for the Parzen window.
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4.5 Comparison of the measured current den-
sity with results of a numerical calcula-
tion

Two-dimensional quasi-stationary current density is calculated by assuming
that the current density instantaneously responds to the electric field at the
position of the electron as given by [66]

J(:Ea y) = —U(iﬁ, y)ng(x, y)7 (417)

which is applicable to a low mobility limiting case. Clearly, this model is not
directly applicable to high mobility electron gas, nonetheless this model is
useful to assist the understandings of the observed current density mappings
by our SQUID microscope. One may refer to semiclassical [67, 68] or quan-
tum mechanical [69] ballistic electron transport theories for more realistic
descriptions. The measured current density J(z, y) may be described by the
statistical or quantum mechanical average of the local electric current opera-
tor, which is described by the momentum p and the position x of an electron.
Then ballistic electron transport theories take into account the scatterings of
the electron from p to p’ by such as the external electric field, the impurities,
and the phonons. The description implied by Eq. (4.17) ignores these effects,
in particular, the inertial motion of the current carrying electrons.

We also assume slow modulation frequency of the current with negligible
displacement current |e0E/0t| << |J| and isotropic conductivity o(z,y) =
022(2,y) = 0yy(z,y). Then we solve numerically

V- (o(z,y)Ve(z,y)) =0 (4.18)

by a finite-difference method on a mesh of 400 x 400 with o9 = 0.05 S,
where ¢(x,y) is the electrostatic potential. Conductivity was assumed to
be o(x,y) = oo inside the Hall bar structure and o(x,y) = 0 elsewhere
as shown in Fig. 4.8(e). Dirichlet boundary conditions were applied for z-
direction, and the voltage was set to be -0.798 and 0 meV at x = 0 and
80 pm, respectively. A periodic boundary condition was applied to the y-
direction. The electrostatic potential ¢(z,y) was converged to an accuracy
of less than 1076 V.

Figs. 4.8(f) and 4.8(g) show calculated current density. The observed
main features in Figs. 4.8(a) and 4.8(b) are reproduced in Figs. 4.8(f) and 4.8(g).
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In particular, the spread of J,(x,y) to the wider stem of the Hall-bar in
Fig. 4.8(a) is reproduced in Fig. 4.8(f), and the local maxima and minima in
Jy(z,y) near the corners of the mesa structure of the Hall-bar in Fig. 4.8(b)
are reproduced in Fig. 4.8(g). The distances between the local maxima and
minima in Jy(x,y) are w,; = 16 pm in Fig. 4.8(b) and w, = 25 pm in
Fig. 4.8(g), indicating a sizable disagreement with w,; < w,s, whereas the
difference in w,; in Fig. 4.8(b) and w,, in Fig. 4.8(g) is small. This disagree-
ment is not explained by the finite k,,,, for the truncation of high-frequency
components in the Fourier analysis. We calculated the magnetic field due
to the calculated current density as given by Eq. (4.17), and reconstructed
the current density distributions by changing k,,.. by the method described
by Egs. (4.1)-(4.15) and checked that wxs and wys did not depend on kyuqq-
Consequently the disagreement between the observed and the calculated dis-
tances between the local maxima and minima in J,(z,y) is understood by
the finite length that the electrons travel before they change momenta fol-
lowing the direction of the gradient of the electrostatic potential ¢(x,y). The
difference w9 —w,; = 9 pm is reasonably explained by the mean free path of
the sample of 8.7 ym. Thus the disagreement between w,; and w,, is a man-
ifestation of ballistic transport of the electrons. The reconstructed J,(z,y)
in Fig. 4.8(a) is nearly symmetric and four main peaks in 20 < x < 50 pym
in Fig. 4.8(b) are nearly antisymmetric with respect to the center of the 25
pm-width bar, because ac bias current was applied to the Hall-bar structure
and the magnetic field was detected synchronously using a lock-in amplifier.
The effect of the limited spatial resolution due to small k., is observed in
Fig. 4.8(a) where the current density is larger at the center of the Hall-bar
than the edge unlike the case in Fig. 4.8(f) where the current density is nearly
homogeneous across the stem of the Hall-bar with the width of 10 ym. The
depletion layer thickness was estimated to be 134 nm [62, 70] for similar
GaAs single heterojunction sample with the electron density of 4.6 x 10%°
m~2. The height of the mesa structure of the sample was about 100 nm.
Thus the depletion layer thickness of the two-dimensional electron gas and
the widths of the lateral etching are too small to explain the measured cur-
rent density distribution. Improvements in the signal-to-noise ratio of the
magnetic flux measurements are required to increase k., to obtain better
spatial resolution.
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4.6 Summary of local measurement of mag-
netic flux induced by current density in
two-dimensional electron system

In this Chapter, we have described on our development of a weak-link nano-
SQUIDs scanning microscope with small hysteresis in I-V curve and on re-
constructions of two-dimensional current density vector in two-dimensional
electron gas from measured magnetic field. We have constructed a weak-link
scanning nano-SQUID microscope using a SQUID probe with small hystere-
sis in I-V curve suitable for a magnetic sensor for scanning measurements.
We have measured magnetic field distribution created by the current in the
Hall-bar structure. Two-dimensional current density components J,(z,y)
and J,(z,y) were reconstructed from measured B based on a Fourier anal-
ysis. The reconstructed two-dimensional current density reproduced most
of the features of current density calculated by solving Laplace equation,
however, a significant deviation was found near the corners of the Hall-bar
structure and was explained by ballistic electron transport.

85



Chapter 5

Local measurement of magnetic
flux of tungsten carbide wire
film sample

5.1 Background: tungsten carbide supercon-
ductor produced by FIB-CVD

FIB-CVD [71, 72, 73] with Gat beam and tungsten hexacarboxyl (W(CO)g)
precursor [74, 75] is a promising technique to prepare superconducting films.
FIB-CVD deposition of superconducting films has been acquired much inter-
est as a template-free method to fabricate nano-SQUIDs that enables precise
control of deposition, for example, at the apex of a probe tip of a scanning
nano-SQUID microscope. A superconductor /normal metal/superconductor
Josephson junction was fabricated using FIB-CVD and Fraunhofer oscillation
of the critical current was observed [76]. FIB-CVD also provides a method
to repair or modify superconducting circuits [77].

Thin films prepared by FIB-CVD of W(CO)g are amorphous with typical
atomic concentrations of W: C: Ga = 40%: 40%: 20%, [74, 75] and are
often called as tungsten-carbide (W-C) films. W-C nanowires were reported
to exhibit superconductivity at a critical temperature 7, of 5.2 K, [74] which
was much higher than the critical temperature of bulk crystalline tungsten of
0.01 K [78]. High T, of W-C nanowires is associated with their amorphous
structure [74, 79] . It has been shown that T, of W-C wires was fitted well
by a theory as a function of a parameter for the level of disorders [80, 81].
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Superconductivity of W-C nanowires critically depends on the concentra-
tion of W. It was reported that W-C nanowires were superconducting for W
concentration between 17.5 and 40% [81]. A tunneling spectroscopy mea-
surement indicates that a W-C film has a superconducting gap of A = 0.66
meV following s-wave BCS theory [82], while the melting transition in a vor-
tex lattice was observed below T, by scanning tunneling spectroscopy [42].
The current-voltage properties of W-C strips in high magnetic fields were re-
ported to follow the quasi-three-dimensional vortex glass to liquid transition
theory [83].

In this chapter, we investigate magnetic filed distribution in the vicin-
ity of W-C films in an external magnetic field by a Nb weak-link scanning
nano-SQUID microscope to explore superconducting properties of W-C films.
Magnetic field distribution created by current flowing in a W-C strip is mea-
sured and the current density distribution in the W-C strip is reconstructed.

5.2 Tungsten carbide wire film sample

5.2.1 Fabrication of W-C samples

We used a dual-beam FIB-scanning electron microscope system (NB5000,
Hitachi High-Technologies) to deposit W-C films. The acceleration voltage
of Ga® ion beam was 40 kV and the base pressure was 1x10~* Pa. We
used tungsten hexacarboxyl (W(CO)g) precursor. W-C films with thickness
of 300 nm were grown with Ga' ion beam current of 700 pA at 1x1073
Pa on a p-Si substrate. Nb/Au electrodes were fabricated by electron beam
lithography with thicknesses of Nb and Au of 600 and 30 nm, respectively.
Fig. 5.1(a) shows an optical micrograph of a deposited square W-C film with
the size of 20 pm x 20 pm. On the left side of the square W-C film, two
Nb/Au wires with a width of 2 um were deposited. Fig. 5.1(b) shows an
optical micrograph of a W-C strip with the size of 60 ym x 4 ym. Nb/Au
wires were prepared for four-terminal electric transport measurements. In
the vicinity of the W-C films, yellow blurred regions are seen in Fig. 5.1(a)
and (b), due to unintentional deposition of W-C by the scatterings of ion
beams. A part of the yellow blurred regions were milled by the FIB process
as seen in the right half part in the dashed square in Fig. 5.1(b).
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Fig. 5.1: (a) Optical micropraph of FIB assisted tungsten carbide film. The
thickness and the size of tungsten carbide film was 300 nm and 20 pmx 20
pm, respectively. Two niobium wires are seen on the left part of the optical
micrograph. (b) Optical micropraph of FIB assisted tungsten carbide wire
with the size of 60 ym x 4 pm. Niobium wires were also deposited for four-
terminal transport measurements. Dashed gray boxes indicate scanning area.
Measurement configuration of a nano-SQUID probe is shown by red line.
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5.2.2 Characteristics of W-C sample

An optical micrograph of a W-C film is shown in Fig. 5.1(a). The deposited
W-C is seen to spread about several ym outside of the designed pattern of
a square of 20 um x 20 gm. This contrasts with the sharp edges of Nb/Au
wires fabricated by EB lithography as seen in the left of the square W-C in
Fig. 5.1(a). Temperature dependence of the four-terminal resistance (R) of
the W-C wire sample is shown in Fig. 5.2(a) at an excitation current of 10uA
at 0 T. Figure 5.2(a) indicates that the W-C sample is zero resistance below
5.5 K. The superconducting transition temperature 7, as defined by 10% of
resistance drop from the resistance at the normal phase R, (R/R, = 0.9)
is 5.9 K, which is comparable to the reported values of T, = 4.8-6.2 K for
W-C samples fabricated by FIB deposition [74, 75, 81, 82, 83]. Figure 5.3
shows current-voltage characteristics of the W-C wire sample without apply-
ing external magnetic field. The critical current density was estimated to be
J. = 1.3x10% and 2.1x10° A/cm? at 2.0 and 4.0 K, respectively, which is
slightly larger than the reported value for thin film of 1.5x10% A/cm? at 3
K [74] probably because of differences in the film thickness and the growth
condition. Figure 5.2(b) shows perpendicular magnetic field dependence of
resistance of the W-C wire sample at 2.0-5.0 K. The upper critical field B, is
plotted in Fig. 5.2(c) as a function of T/T,. . The Ginzburg-Landau coherence
length [50] is estimated to be {5 (0) = 5.8 nm by using

Q)

Ba = 5o <1 - ;) . (5.1)
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Fig. 5.3: Current-voltage characteristics of a tungsten-carbide wire shown in
Fig. 5.1(b) at T"= (i) 2.0 and (ii) 4.0 K.
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5.3 Mappings of flux distribution in W-C films

5.3.1 Measurement apparatus

We used the scanning nano-SQUID system to measure real-space imaging of
magnetic field at surface of tungsten carbide film shown in Fig. 5.1(a). We
investigate superconducting properties of tungsten carbide films. We used a
SQUID probe without mechanical polishing, which was evaluated in Chapter
3 and the basic characteristics were shown in Fig. 3.7(a) and Fig. 3.8(a).

First, we describe the measurement apparatus for detection of wide range
shift of magnetic filed. Because of screening by supercurrent, magnetic field
on the surface of superconductors is expected to be reduced. In a measure-
ment technique which we used in previous section, we had fixed the external
magnetic field and current bias for achieving the maximum magnetic sen-
sitivity. However, under the wide range of the change in magnetic field,
it is difficult to keep the optimum conditions of SQUID operation for the
maximum magnetic sensitivity.

To detect a large change in magnetic field with optimal sensitivity, we used
a method to keep the magnetic flux penetrating the nano-SQUID constant
while changing the external magnetic field B, applied by a superconducting
magnet Figure 5.4 shows a schematic measurement circuit. A programmable
dc voltage source (GS200, Yokogawa) was used as a constant voltage source
Vin. Constant current bias I, was applied to the SQUID probe by a voltage
source Vj, through a bias resistor of 3.78 kf). The output voltage signal from
the SQUID V,, was amplified at room temperature by a differential pream-
plifier (LI7T5A, NF corporation), and was detected using a digital multimeter
(34401A, Agilent). The magnet current I,,, was supplied using a current
source (R6142, Advantest). Iy, was set at the value for the maximum slope
of Viq-Bext curve, which was measured by the method described in Sec. 3.2.4
before a scanning operation. In this measurement, the voltage to magnetic
field transfer function was 497 mT/V for I, of 209 pA at 3.7 K. On the
sample surface, we measured a Vyq-Bey curve with the constant current bias
Is,. We set a reference voltage Vi, and a reference magnetic field Begyo for
the maximum slope of the curve. During the scanning measurements, Vi,
was adjusted to be within Vo £ 0V, where we set 6V = 0.5 pV, giving the
resolution of the magnetic field 0B = 0.12 u T. The magnetic field distribu-
tion on the sample surface was given by the feed back current 0/, to the
superconducting magnet.

91



3.78 kQ

Diff:arential
Amplifier

' Digital
' Multi
1 Meter

|

<'—Isq

“"1 Voltage
: Source

|

<

<

L pc H

control

Tungsten
Carbide film
(20pmx=20pm)

<'__[mag

=

N
©

urrent
ource

Magnet

Fig. 5.4: Schematics of setup for mappings of magnetic field distribution in
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connections, respectively. Constant current bias I, is applied to the SQUID
probe by a voltage source Vi, through a bias resistor of 3.78 k2. The output
voltage signal from the SQUID Vj,, which is amplified at room temperature
by a differential preamplifier, is detected using a digital multi meter. The
magnet current ;.. is controlled from PC in order to keep Vi, constant.
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5.3.2 Mapping of magnetic field change by W-C films

The scanning nano-SQUID microscopy was performed at a constant height
mode with the distance between the SQUID probe and the sample surface
of 3.5 pm. The scanning direction was parallel to the y-axis. Mapping
of magnetic field normalized by magnetic field Beygo of 0.171 mT is shown
in Fig. 5.5(a). Reduction of magnetic field due to Meissner effect of the
superconducting niobium wire with a width of about 4um is clearly seen,
however, the reduction of magnetic field on the square W-C film of 20 pym
X 20 pm is small as shown in Fig. 5.5(a). A line profile of magnetic field
change in Fig. 5.5(b) shows reduction of magnetic field due to niobium wires
in the region —13 < x < —17 pm and at —11 < z < —7 pum. Reduction of
magnetic field due to the W-C film was 0.9%.

5.4 Calculation of magnetic field distribution
by a finite element method

Magnetic field distributions around Nb and W-C films were calculated by
numerically solving the London equations by a finite element method. From
Eq. (1.34), a kinetic momentum of an electron pair is given by

p=hVp=mrvs+e*A. (5.2)

By considering rotation of the momentum V x p = AV x V¢ = 0, Eq. (5.2)
is rewritten as

m*V x vg + €'V x A =0. (5.3)
By using superconducting current Js = nle*vs, Eq. (5.3) becomes
AV xJs)+B=0, (5.4)

where A = % is a phenomenologial parameter. Eq. (5.4) is known as
the second London equation and is a constitutive equation for the relation
between superconducting current Js and magnetic field B in superconductor.
Considering a stationary state under constant magnetic field, we assume
that electric field and the normal conducting current are zero. Using the
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superconducting current Js =V x V x A = iv x B, Eq. (5.4) is given by

LAV XxVxB)+B = 0

Ho
A
——V’B+B = 0
Ho
1
VB = =B (5.5)

Here )X is known as the penetration length of magnetic field and is defined by

A2 m* >1/2
A= — = . 5.6
<N0> <M0"§€*2 (5:6)

From Eq. (5.3), differential equations of the vector potential A and the
superconducting current Jg are similarly given by

1

VA = ﬁA, (5.7)
1
Vi, = 27 (5.8)

We assume that the vector potential A satisfies the following conditions

(inside of a superconductor)

(outside of a superconductor) (5.9)

1
VA = poJ, = { (?
Under this condition, Eq. (5.7) was numerically solved by a finite element
method, and the vector potential A was obtained. We used a commercially
available package (Comsol Physics).
Nb wires with 2 gm x 20 gm x 0.6 pm and a W-C film with 20 pgm x
20 pm x 0.3 pm were assumed in the calculation. The London penetration
depth A for Nb wires was fixed to be 1 pum, while A for a W-C film was
varied between 0.85 and 1.6 pm. Figures 5.6(a) and (b) show calculated
perpendicular magnetic field distribution (B,) on the surface of Si substrate
and a crosssection of at y = 0 um and z = 3.0 um at an external magnetic
field of 0.171 mT. Figures 5.6(a) and 5.6(b) indicate that the reduction of
the magnetic field is larger in the region above the W-C films than in the
region above Nb wires, contradicting with our observations in Fig. 5.5. This
result suggests that A much larger than 1.6 pm for a W-C film should be
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assumed to reproduce our result, or alternatively vortices are penetrating
through the W-C film. X and &, (0) for a W-C film with a thickness of 200
nm was estimated to be 850 and 6.25 nm, respectively [42]. It is unlikely
to assume A much larger than 1.6 pum because T, = 5.9 K of our sample is
larger than 7. = 4.15 K in the literature [42]. The external magnetic field
of 0.171 mT is strong enough to allow penetration of vortices into the W-C
film because we have ®/®; = 33.1, where & = BA is the magnetic flux
penetrating an area A = 20 x 20 pm?. Consequently, we consider the latter
is more plausible, and calculated magnetic field distributions around Nb and
W-C films by assuming 9 vortices are present in the square 20 ym x 20 pym
W-C film as shown in Figs. 5.6(c) and 5.6(d). It has been shown by solving
a linearlized Ginzburg-Landau equation [84, 85 that the Ginzburg-Landau
free energy is lower for a square lattice of vortices than for a triangular lattice
due to the square shape of the W-C film [86]. The lineprofiles in Fig. 5.6(d)
for A = 1.4 pm qualitatively reproduces our observation in Fig. 5.5.
Guillamon et al. performed low temperature scanning tunneling mi-
croscopy (STM) [82, 42] and spectroscopy measurements in W-C thin films,
and they observed absence of hexagonal vortex lattice below about 0.2 T, in-
stead they observed bunching of vortices close to linear depressions observed
in a topographic STM image. The spacing between linear depressions was
100-300 nm, below the spatial resolution of our SQUID microscope. More-
over, they found that vortices at smooth and very flat regions change their
position easily. The incomplete cancellation of the external magnetic field in
the W-C film in our measurements is consistent with their observations.
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in the W-C sample. (d) (b) for the case of 9 vortices in the W-C sample.
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5.5 Current density mapping

In order to estimate the current flow in the yellow blurred regions as shown
in Fig. 5.1(b), we have conducted a measurement of the magnetic flux dis-
tributions due to current flowing in the W-C strip with the scanning area as
shown in Fig. 5.1(b). We applied AC current of 70 pA to the W-C strip at
the frequency of 1873 Hz at the external magnetic field of 0.17 mT. The AC
current was well below the critical current of the W-C strip of 400 pA at 4.3
K. The height of the SQUID probe was 3.5 um from the surface of the Si
substrate. The obtained magnetic flux distribution is shown in Fig. 5.7(a).
Current density distribution is reconstructed by a Fourier analysis by assum-
ing two-dimensional current density distribution and is shown in Fig. 5.7(b).
Figs. 5.7(a) and 5.7(b) indicate that the current flows primarily in the de-
signed area of the W-C strip, and the current density in the unintentionally
deposited W-C by scatterings of the ion beam is small.
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Fig. 5.7: (a) Magnetic field distribution due to current flowing in tungsten
carbide wire at 4.3 K and at 0.2 mT. Applied current was ac 70 pA at
frequency of 1873 Hz. (b) Reconstructed current density j.(x,y).
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5.6 Summary of local measurement of mag-
netic flux of tungsten carbide wire film
sample

In this Chapter, current density and magnetic flux imaging by scanning nano-
SQUID microscopy have been presented on W-C films fabricated using FIB-
CVD. First, reduction of magnetic field on Nb/Au wires and a W-C film
has been measured. We have found that the reduction of magnetic field
above the W-C film was 0.9%. The numerically calculated magnetic field
distribution with vortices penetrating the W-C films qualitatively reproduces
the measured magnetic field change. Second, current density distribution
in a W-C strip has been reconstructed from the measured magnetic flux
distribution flowing in the W-C strip. We have found that the current density
in the unintentionally deposited W-C by scatterings of the ion beam is small.
Our results indicate that FIB-CVD deposition of superconducting films is a
promising template-free method to fabricate superconducting nano-devices
such as nano-SQUIDs [7, 13].
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Chapter 6

Conclusions

In this thesis, I have described development of a novel Nb weak-link nano-
SQUID probe fabricated by a Bosch process and FIB milling technique, de-
velopment of a novel scanning nano-SQUID microscope system, and its ap-
plications to characterize properties of semiconductors and superconductors.

First, I have demonstrated that the novel scanning nano-SQUID micro-
scope system meets the required magnetic flux sensitivity and the spatial
resolution to characterize properties of semiconductors and superconductors.
The spatial resolution and the magnetic field sensitivity have been estimated
to be less than 2 pm and 3.1 nT/Hz'/? at 2 kHz, respectively.

Second, I have successfully mapped magnetic field created by currents
flowing in a Hall-bar structure of GaAs/Al,Ga;_,As modulation-doped single
heterojunction. Current density distributions in the two-dimensional electron
gas have been reconstructed from the measured magnetic flux distributions,
and good agreement has been obtained with the current distribution cal-
culated by solving a Laplace equation. The reconstructed current density
distributions have revealed ballistic nature of conductance in the 2DEG in
GaAs/Al,Ga;_,As modulation-doped single heterojunction.

Third, the scanning nano-SQUID microscope system has been demon-
strated to be a powerful tool to characterize a tungsten carbide wire that
has been attracting much interests recently because of potential large appli-
cations as nano-scale superconducting devices. Mappings of magnetic flux
created by currents flowing in tungsten carbide wires and Nb/Au wires has
been obtained and the current density distribution has been reconstructed.
Meissner effect in tungsten carbide thin films has also been investigated by
mappings of magnetic flux, indicating penetration of vortices in tungsten
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carbide thin film.

I expect that the newly developed scanning nano-SQUID microscope sys-
tem should further play large roles in characterizing a wide variety of semi-
conductor and superconductor nanostructure devices.
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