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Chapter 1

Introduction






Superconductivity is arguably one of the most fundamental physics discoveries
in the last century. This field still remains extremely active due to its great poten-
tial in both academia and industry. Among various theoretical and experimental
work, two dimensional systems turn out to be particularly intriguing as they pro-
vide a playground for the interplay between superconductivity, which causes the
resistance to drop, and disorder, which by contrast enhances the resistance.

The study of the superconductor-insulator transition (SIT) arose from the study
of metal-insulator transition (MIT) in two dimensional limit. It is a typical exam-
ple of a quantum phase transition (QFT) which involves the change of quantum
ground state. This transition is realized in several different systems with lots of
rich physics involved. In our lab, thin films are prepared on anodic aluminum oxide
(AAO) substrates. The special film morphology imposed by the substrate enables
us to conduct unique investigation into the nature of the SIT.

In this chapter, | will give a historical view of this field. | will show some important
concepts related to the SIT. Main results discovered by previous members in our

lab are also presented as the foundation for my projects.



1.1 Superconductivity

Superconductivity was discovered along with advances in refrigeration techniques.
With continuous improvement of liquefaction systems, oxygen (7" = 90 K) was lig-
uefied by Raoul Pictet and Louis Paul Cailletet using different methods in 1877.
In 1883, Zygmunt Wroblewski successfully liquefied nitrogen (7' = 77 K). In 1898,
James Dewar liquefied hydrogen (7" = 20 K), and made his far-reaching invention
of the vacuum flask 'Dewar’. Heike Kamerlingh Onnes won the last competition to
liquefy the 'permanent gas’ helium (7" = 4.2 K) in 1908. This is crucial for his dis-
covery of superconductivity three years later in 1911 when he observed the sudden
drop of mercury electrical resistance when the temperature was below 4.2 K[1, 2].
As was established later, superconductors show dissipationless transport below a
critical temperature T.. The transition temperature for most Type | superconductors
is below 10 K.

For many years after the discovery of superconductivity, it had been thought
of as simply a resistance vanishing phenomenon. A major breakthrough came
in 1933 when Messiner and Ochsenfeld found that superconductors were perfect
diamagnets [3]. The magnetic field was excluded from entering the superconduc-
tors beyond a very thin penetration region. This so-called 'Messiner effect’ cannot
be explained by perfect conductance and it is actually a more fundamental fea-
ture of superconductivity. Later people found that superconductors were classified
into two distinct groups , namely Type | and Type Il superconductors[4], by their
magnetic properties.

Theoretical studies were carried out along with the discoveries of these intrigu-
ing behaviors. Initially, without sufficient understanding of the microscopic mech-
anism, most of the theories were phenomenological. Based on superconductors’

electrodynamic properties, F. London and H. London proposed two equations [5].



Combining them with Maxwell equations, they were able to show the phenomena
of diamagnetism and penetration depth. Pippard[6] generalized their theory to the
nonlocal case and proposed a parameter called the superconducting coherence
length &. The coherence length represents the size of a superconducting wave
packet. It is of the order of um for pure metals. More comprehensive studies were
carried out by Ginzburg and Landau [7] based on their studies of second order
phase transitions and later by Bardeen, Cooper, and Schrieffer [8] who focused

more on the microscopic mechanism of superconductivity.

1.1.1 Ginzburg-Landau Theory

Because of the discontinuity in the heat capacity, a superconducting phase transi-
tion is classified as second order phase transition. Landau’s theory for continuous
phase transition is based on a minimization of free energy. In terms of supercon-

ductivity, the free energy density can be written as [9],

(EA—fA)¢
(3 C

where 1 is a complex number representing the superconducting order parameter.

1 2 p2
. + o (1.1.1)

2m

f=ﬁﬁmWF+§M“—

Originally, it was written as a function of local charge carrier n, density and phase

&,
v(r) = n;/Q(T)eid’(T) (1.1.2)

ns and ¢ are conjugate variables obeying uncertainty principle in quantum field the-
ory. Thus, large phase fluctuations indicate localized charge carriers while explicit
superconducting phase indicates large uncertainty of the charge carrier numbers,
corresponding to extended states in transport. Upon the discovery of BCS theory,
people found n, is proportional to the superconducting gap A. Thus, it can also

be written as ¢ = A'/2¢. In this context, the amplitude of the order parameter is

6



equal to the BCS gap.

The parameters « and 3 in Eq. [T.1.9] vary at the transition. 5 must always be
positive since the free energy needs to have a minimum. In fact, it is approximately
a constant. The value of o depends on the temperature. When o > 0, f has a
single minimum located at ¢» = 0, corresponding to the normal state. If o < 0, there
are two minima occurring at |¢)|> = —a/3, indicating superconducting state. Thus,
with lowering the temperature near the transition, o changes sign from positive to
negative.

The superconducting current can be calculated by taking the derivative of Eq.

and plugging in the expression for the order parameter.

nee*

J, = (hw - e—A) — ne*v, (1.1.3)
m* c

where v, = (hVy — £ A) /m* is the supercurrent velocity. As we will see later,
this expression helps us understand the Little-Parks experiment which is used as
a probe to detect Cooper pairs in our lab.

GL theory also introduces a new coherence length &g, = Since

h
[2m*a(t)|1/2 "
a(t) goes to zero at the transition, the GL coherence length diverges at 7.. In
the low temperature limit, £, equals the Pippard coherence length &,. GL theory
also introduces an important dimensionless parameter x which is the ratio of the
penetration length and coherence length. « determines the magnetic properties of
superconductors so that Type | superconductors show a single critical field B, while
Type Il superconductors have two critical field B.; and B.. Interestingly, GL theory
was totally based on intuition without understanding the microscopic physics but it
was able to capture many features of the superconducting phase. It did not attract
much attention in the beginning but later it was found to be a limiting case of the

microscopic theory. Since the theory is straightforward, it is still widely used to

show the macroscopic picture of superconductivity.

7



1.1.2 BCS Theory

BCS theory proposed by John Bardeen, Leon Cooper, and John Robert Schrieffer
in 1957 [10, 18] explains the microscopic physics behind superconductivity in simple
metals. Before it was published, there were already some experiments implying the
existence of a energy gap [11},[12,[13,/14]. To explain the energy gap, L.N. Cooper
showed the Fermi sea is unstable against any arbitrary small attractive interactions
between the electrons, creating energy lower than the Fermi energy [15]. The
question is how can the Coulomb interaction between electrons be attractive. We
can think of two electrons moving in the ion matrix. The motion of the first electron
distorts the ion lattice, making it attractive for the second electron. This attractive
potential is maximized when the two electrons have opposite momenta. Therefore,
the binding energy comes from electron-phonon interaction. With the attractive

interaction, one can write down the Hamiltonian for the system,

H = Z €LNko + Z WZCZTCt]wC_uCZT (1 A 4)
ko kl

where c_; ¢4 is the annihilation operators for the paired electrons (—! |,! 1) and
Vi is the interaction matrix element. For s-wave superconductors, it is not strongly
momentum-dependent. Following Cooper’s method [15], we can assume V}, is a
negative constant within cutoff frequency, i.e. |e;| < hw., and zero otherwise. The
Schrodinger equation can be solved by a variational method to find the ground

state energy. Following the standard procedure, one can find,

_ hew. - —1/N(0)V
A= RN~ 2huwee (1.1.5)




Eq.[1.1.4]can also be solved to find the excited states using a Bogoliubov transfor-
mation [16, [17].
Crt = UpVko + Uk Vi1 (1.16)
Cry = —URYRO T Uk Vi1
where the coefficients satisfy |ux|> + |vx|* = 1. Substituting the operators in Eq.
[1.1.4] one can calculate the gap with a specific choice of coefficients that diago-

nalize the Hamiltonian.

Ay = Z Vieujvy < 1 — %0 — Vi1 > (1.1.7)
!

Continuing with Cooper’s approximation that A, is a constant, we get the self con-

sistency equation that determines the temperature dependence of the gap.

By = (& +A2)17

1 lztanh(ﬂEkﬂ) (1.1.8)

V Zk Ey

where &, = ¢, — p is the energy relative to the Fermi surface. One of the most
important results from Eq. is the relation between zero temperature gap and
the superconducting critical temperature T.. T, can be calculated when A = 0. The

numerical result gives,
20
kT,

= 2me 9577 = 3.53 (1.1.9)

In fact, A(T) is a flat function when 7" <« T,. Thus, the above relation is still valid
even we cannot reach zero temperature. It should be noted that the value 3.53 is
not universal. It is 3.5 for weak-coupling limit, while in strong coupling regime, the

ratio can be increased to 4.0 or more[18].
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Figure 1.1.1: Little-Parks effect. (a) Experimental setup. A constant DC current (~
10 pA) is applied while measuring the voltage across the cylinder. (b) Experiment
result. The upper trace is the field sweep line. The lower one trace is the variation
of resistance.

1.1.3 Little-Parks Effect

The Little-Parks experiment [19] showed electron pairing and thus was one of the
earliest experiments that support BCS theory. The effect was observed with a thin
cylinder of tin (see Fig. [1.1.7). For a magnetic field oriented along the cylinder axis,
the resistance oscillates with period of hc/2e. The parabolic background shows the
weakening of the binding in magnetic field.

This effect can be well understood from GL theory and BCS pairing. Consider
the superconducting order parameter, it should remain unchanged after traveling

along a closed loop. Thus, the phase of the order parameter must change by 27n.

}I{Agb-ds:%m (1.1.10)
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Combining with the supercurrent velocity in Eq. [1.1.3, we get,

f(m*%ﬁA) ds = ndy (1.1.11)
(&

where @, = % is the flux quantum. We know e* = 2e from BCS theory. Thus,

P, = 2.07 x 107> Wh. Solving the equation above,

vsz%(n—fb/fbo) (1.1.12)

m

where ® = § A-ds = nR?B. The integer n is chosen to minimize v,. Therefore,
vs reaches a minimum when ®/®, is an integer, and a maximum if ®/®, is a half
integer. A maximum in v, indicates the Cooper pairs are more likely to stay at
the origin. The resistance is maximized in this case. More fundamentally, v? o

—AT.(®). Specifically,

2
53 P . .
AT.(D) 0.552% (n — —(I)(]) Clean Limit (1.1.13)

2
0.73%! (n . 20) Dirty Limit

The oscillation of T,. has been observed in various experiments. Since transport
measurements are relatively easy to do, the Little-Park effect is widely used as a

tool to detect Cooper pairs [20, 21].

1.1.4 Josephson Effect

In 1962, Brian David Josephson [22] made a remarkable predication that in a
system where two superconductors coupled by a weak link, the current can flow
through the link without applying a voltage. The weak link can be a normal metal,

an insulator or a weak superconductor. Later, the theory was generalized as two
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equations governing the current and voltage across the junction [23],

I(t) = I.sin(¢(t))

(1.1.14)

where ¢(t) is the phase difference across the junction. The first equation is called
DC Josephson effect and the second one is the AC Josephson effect. Combining
those two equations, we can see the current oscillates with frequency 2eU /i when

applying a DC voltage across the junction.

S I

Figure 1.1.2: Josephson junction. Two superconducting electrodes connected by
an insulator.

There are two characteristic energy scales associated with Josephson junction,

[9, 24].

2
p_ 20
20
Mo hA (A (1.1.15)
B, = —¢ =
7= % T 3R, M (2kBT)

where R, is the normal state resistance. E is the charging energy, representing
the energy barrier for tunneling. E; is the Josephson coupling energy that aids the
transport. At sufficiently low temperature, E; ~ gA because the hyperbolic tangent
is approximately equal to 1.

The behavior of a Josephson junction at low temperature depends on the ratio
of Ec and E; (see Fig. [1.1.2). With Ec > E,, the Cooper pair numbers on
the two electrodes are well defined while the phase fluctuates. Thus the junction

becomes a Mott-like insulator. In the other limit, the phase difference is a well
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defined parameter while the charge number fluctuates. Then the Cooper pairs
are delocalized. The Josephson junction shows wide applications, including the
recent hotly studied quantum computing. Researchers are able to generate several

coherent qubits using Josephson junctions in both two limits [25].

1.1.5 Finite Size Effect

The BCS theory applies for bulk materials where mean field theory applies. Many
novel features appear with lowering dimension, which lead to either enhancement
or suppression of superconductivity.

In two dimensional systems, the film thickness is typically several monolayers,
which is lower than the superconductivity coherence length. It has been observed
in many materials, like Pb [26], InOx [27], Nb [28], that T, reduces with decreas-
ing thickness or increasing normal state resistance. The change of 7. is either
attributed to the reduction of the superconductivity gap or the increased phase
fluctuation which leads to Cooper pair localization.

The studies of one dimensional system are usually carried out in nanowires
with width below 50 nm [29]. The dependence of T, on the size of the characteristic
dimension is quite complicated. In granular films of indium [30], aluminum [31], 7. is
reported to increase with decreasing size. On the contrary, MoGe [32, 33|, Pb [34]
show suppression of T, with decreasing size. The origin of the size dependence
remains an open question so far [35] and it may due to several factors, including
different phonon spectrum or even the morphology of the film. A distinct feature
in one dimensional superconducting systems is the quantum phase slip (QPS). In
the course of a phase slip, the superconducting order parameter fluctuates to zero
at some point along the wire. It can be either thermally activated near 7. (LAMH
theory) [36, 37] or driven by quantum fluctuation at low temperature [38]. The

superconducting phase across the point changes by +27, resulting in a resistive
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voltage. Therefore, the system shows a finite resistance tail below T.. It is unclear
whether 1d-QPS is related to 2d-SIT. People have found that QPS are actually
dual to Josephson junction tunneling, which is a widely used model to study 2d-
SIT [39, 40].

Zero dimensional superconductivity studies are carried out in nano-grains. For
bulk materials in a normal state, the energy level spectrum is almost continuous.
Upon decreasing grain size, the energy level spacing ¢ is enlarged. According to
Anderson’s criterion [41], superconductivity ceases to appear when § is greater
than the superconducting gap A. Thus, the minimum critical size for superconduc-
tivity to exist is [42],

bsc = (goA)~'/? (1.1.16)

where gy is the density of state near the Fermi surface in bulk material. For typical
materials, Er ~ 10 eV, A ~ 5 K. Thus, bsc is in order of several nanometers.
The evolution of T, before the size reaches bs- is more complicated. For most
elementary materials like Al, Ga, Sn, In, etc, T, is enhanced with decreasing grain
size whereas Pb does not show significant change [43, 144]. T, for nanostructured
Nb grains is suppressed with decreasing size [45]. Different factors may contribute
to the change of T.. Primarily, they can be related to either the surface effect which
is due to the larger surface volume ratio in nano-grains, or the quantum size effect

which enlarges the energy level spacing [46].

1.1.6 Impurity Effect

One of the most distinctive features of superconductivity is that it is insensitive to

enormous amounts of non-magnetic impurities [47]. The scattering term from the
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non-magnetic impurity can be written as [48]

Himp = / AU (1) U (1) W (1) (1.1.17)

Note that the spin is preserved during the scattering. It simply adds a constant term
to the electron-electron interaction which does not change the basic assumption of
BCS theory. Thus, as long as local time reversal symmetry is preserved during the
scattering, the density of states is unchanged and T. is barely affected. One thing

that will be modified in presence of impurity scattering is the coherence length.
- ==+ (1.1.18)

where [ is the mean free path. It decreases with increasing amount of impurities.
The superconductor becomes ’dirty’ when | < &,. However, [ cannot be arbitrarily
small. Based on uncertainty principle, loffe and Regel [49] pointed out that the
usual electron conduction theory breaks when the mean free path [ is comparable

to the atomic spacing a. This idea is generalized as,
kpl ~1 (1.1.19)

Eq. is known as loffe-Regel limit. When the system reaches this limit, the
superconductivity is strongly affected by the disorder. In fact, in disorder tuned SIT
(d-SIT), most experiments are carried out in this regime.

Another important kind of impurity is the magnetic impurity (Ml). In contrast to
non-magnetic impurity, the conduction electron spin is coupled to the impurity spin,

known as Kondo effect [50]. The hamiltonian can be written as,
Himp = ) / drJ (r) Ul (r)S - 0asVs(r) (1.1.20)
B
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Note the exchange of spins. For superconductivity, this coupling breaks time re-
versal symmetry. In 1960, Abrikosov and Gor’kov (AG) [51] showed a strong de-
pression of 7. and modification of the density of states by tiny amounts of MI.
They made the startling prediction of a gapless superconductor. Assuming the
pair breaking strength is «, which is proportional to MI concentration. The change

of T.. follows the self consistent equation,

lnTCT(’j) :¢<%>—¢(%+m) (1.1.21)

where ¥ (z) = 4 In(I'(z)) = %2 is a digamma function. The relation is plotted in

dx T'(z)
Fig. 1.1.3}

0 1 1 1 1
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ZQ/AO

Figure 1.1.3: Depression of 7, with increasing pair breaking strength. A, =
1.76kgT,, is the BCS gap.

T. goes to zero at a. = Ay/2. However, the spectral gap closes at o/ =

Agexp(—m/4) [48]. Thus in a small regime where o/ < a < a., a gapless su-
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perconductor appears.
In the other limit, when the pair breaking strength is weak, the digamma function

can be expanded around 1/2.
kn(Too — Tola) = (1.1.22)

As a result, we get the simple linear relationship between T, and o when « is small.

1.2 Metal Insulator Transition

In classical theory, an insulator has a gap between the valence band and the con-
duction band, and the Fermi level is in the gap. For a metal, there is no gap
between them and the electron states are partially filled. The metal insulator tran-
sition can happen through the change of the band structure. More interestingly, in
addition to the band structure change, other major mechanisms that can drive a
metal insulator transition include electron-electron interactions and disorder. The
electron interaction induced MIT is called a Mott transition and the disorder induced

MIT is called Anderson transition.

1.2.1 Mott Transition

While the band theory is successful explaining many properties in solids, it ignores
the electron-electron interactions which made some materials insulating although
their bands are only partially filled. Mott [52] first considered the effects of the inter-
actions and pointed out that a gap opens at the Fermi level due to strong coulomb
repulsion between electrons at the same site. As a result, the initially partially filled
band becomes fully filled in the lower band of the gap and the system turns into

an insulator. The theoretical understanding of the Mott transition is achieved by
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Hubbard model[53],

Hy =—t Z(cggcjo + h.c.) + UZ(nﬁ — %)(nw — %) — ,uZm (1.2.1)
<ij> i i
The first term represents nearest neighbor hopping between site i and ;. The
second term is the repulsive coulomb interaction at the same site. The electronic
property is given by the relative size of t and U. The last term is the chemical
potential controlling the filling of the band.

For superconductors, the charge carriers are bosons. The spinless boson ver-

sion of Hubbard model is given in a similar form,

U

_ t
<i7> 7 7

This Bose-Hubbard model is found to be very useful understanding the superfluid-

insulator transition [94].

1.2.2 Anderson Transition

Another driving force for MIT is the random disorder of the system. The pioneer-
ing work was done by Anderson [55] who pointed out that with sufficiently strong
disorder, all electrons will be localized, resulting in an insulating state even though

the band structure is unchanged. Consider the Hamiltonian,

H=- Z (tijcjgcjo + hC) + Z €;1; (1 23)
<ij> %

The first term is the hopping to the nearest neighbor and the the second term is

the on-site potential. With disorder, ¢, is a random distribution function centered

at Fermi level with width . The transport behavior depends on the value of .

It is metallic if W small. With large W, the wavefunction of nearby sites no longer
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overlaps and system becomes insulating. In this case, the transport is governed
by the ‘'mobility edge’ beyond which the electrons are delocalized. The resistance

shows Arrhenius form of dependence on temperature,
R = Ryexp(E,,/T) (1.2.4)

where E,, is the activation energy from Fermi level to the mobility edge.

In real system, disorder and coulomb interaction can coexist. The Hamilto-
nian is a combination from Eq. and This kind of transition is called
Mott-Anderson transition. The transport behavior depends on the relative size of
coulomb repulsion U and distribution width 1. In fact, those two effects are not
independent. Intuitively, in the presence of disorder, electron density is high in

certain areas, which further increases the electron-electron interaction.

1.2.3 Weak Localization and Weak Antilocalization

Weak localization is a phenomenon that the electrons tend to stay in one spot
rather than traveling away. Comparing to the strong localization , i.e. the Anderson
localization, weak localization takes place at lower disorder and the electrons are
able to hop from site to site without losing coherent phase.

Weak localization provides the quantum correction to the electron conductance.
Consider the possibility that an electron returns to its origin after several coherent
scattering events, we need to calculate all the paths that forms a closed loop. For
every path returning to the origin, there is a symmetrical loop as shown in Fig.
. Classically, the probability is the sum of the amplitude P.issicat = |A,> +
|Ay|? = 2]A]2. From the quantum viewpoint, these is constructive interference
between those two coherent trajectories so that the possibility should be P,,q1um =

|A§+Ap/\2 = 4]AJ%. Therefore, the possibility for the electrons staying at the origin is
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Figure 1.2.1: Two symmetrical loops starting from node 0.

doubled from the interference. This leads to the decrease of overall conductance.

As we can see, coherent scattering plays a central role here for the weak lo-
calization to happen. It needs to be more frequent than inelastic scattering where
the electron loses coherence phase. Thus, the condition for weak localization is
7, > T, Where 7, and 7 are the inelastic and elastic scattering time intervals, re-
spectively. Or equivalently,

L,~h/1,/T>1 (1.2.5)

where L, is the phase breaking length and [ is the mean free path.
Our interest is on the two dimensional case. The conductance correction from

weak localization can be explicitly calculated as [S6],

2

AGay = — (z;h) In (Ti> ~ In(T) (1.2.6)
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It has weaker dependence on temperature than the strong localization. With in-
creasing amount of disorder, the system will be strongly localized. The crossover
takes place at G ~ Gy where Gy = 5%; = 1/81kQ [57].

In weak localization, two symmetrical paths interfere constructively. The situa-
tion can be reversed with spin-orbit coupling. The coupling strength < L - S > is
proportional to Z4, and the spin-flip time 750 o« Z~*. Here Z is the atomic number.
Thus, for heavy metals, when 750 < 7,, we need to include the spin term into
the interference calculation. The result can be destructive and the conductance is
enhanced from the quantum correction [58]. This effect is called weak antilocal-
ization. The magnetoresistance (MR) can be used to separate weak localization
and weak antilocalization. In magnetic field, the electron gains a random phase
when traveling along the path. It breaks the symmetry between the two paths (see
Fig. [1.2.1), which weakens the interference effect. Thus, for weak localization, the

system shows negative MR while it is positive for weak antilocalization.

1.3 Superconductor Insulator Transition

The study of the superconductor insulator transition borrows a lot of ideas from
metal insulator transition. Moreover, it adds in the pairing interaction, making the
phenomena more complicated and more interesting. It is also one of the best ex-
amples of a quantum phase transition, in which the transition from one ground
state to another is tuned by the parameters of the Hamiltonian. Strictly speaking,
the transition takes place only at 7' = 0, which is unreachable in experiment. How-
ever, at finite temperature, we can observe the "tails" of the transition that indicate
the quantum critical point (QCP) at zero temperature [59]. Specifically, for the SIT,
the most interesting platform is the two dimensional system. The controlling pa-

rameters include disorder, magnetic field, charge density and magnetic impurity
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[42] 60, 61]. Among them, disorder can be further divided into several different
sources, including thickness disorder [62], compositional disorder [63], or more

recently discussed gauge disorder in magnetic field [64].
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Figure 1.3.1: R(T) for a-Bi films with varying thicknesses [62].

Fig. [1.3.1]shows a typical thickness tuned SIT (d-SIT). The Bi films were quench
condensed onto a Ge underlayer. They were considered to be amorphous and
homogeneous. The superconducting state is characterized by dR/dT > 0 while
the insulating side is characterized by dR/dT < 0. In the vicinity of the transition,

the R(T') curve becomes very flat. Thus, with increasing Bi thickness, the film
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undergoes an insulator superconductor transition. Another salient feature of this
transition is the critical resistance at the QCP. The normal resistance decreases
with successive depositions. The separatrix of the superconducting phase and
insulating phase occurs very close to the quantum resistance for 2 electrons: Ry =

h/4e® = 6.45 kL.

1.3.1 Experimental Platform

SIT experiments are performed in many different systems. Here we only focus
on two dimensional thin films, but it is still possible in 3D materials [65, 66]. The
behavior strongly depends on the morphology of the film. The systems can be
generally divided into two groups, granular films and homogeneous films.
Granular Films

A granular film consists of large grains with electron properties similar to bulk ma-
terials. It is usually made by directly evaporating metals (like Pb[67], Sn[68]) onto
the substrate without wetting layers. Below the bulk critical temperature 7., super-
conductivity is established in the grains. The SIT is tuned by the coupling between
the grains. On the superconducting side, the coupling is strong enough to en-
able coherent tunneling of Cooper pairs. With decreasing coupling, the inter-grain
repulsive Coulomb interaction builds a large charging energy that creates phase
fluctuation. Thus the long range phase coherence is broken and the film turns into
the insulating state.

Fig. shows an example of an SIT on granular Pb films. It is tuned by
decreasing film thickness that reduces the inter-grain coupling. The transition
is broadened near the SIT critical point. Note that in the weak superconducting
phase and insulating phase, the temperature that corresponds to the onset of su-
perconductivity is almost the same as the 7. on the thickest film. This observation

indicates the superconductivity inside the grain is unaffected, which is a distinctive
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Figure 1.3.2: R(T) curves for a series of Pb films quenched condensed on flat
glass substrates [67].
feature for granular films.
Homogeneous Films
Homogeneous films show uniform structure down to the atomic scale. Experimen-
tally, this can be realized in many systems with various film making techniques,
such as quench condensation, sputtering or etching. The most common materials
under study include Bi/Ge[62], PbBi/Sb[69], Pb/Ge[70], InO[71], TiN[72], Ta[73],
MoGe[74]. Note that Pb or Bi films are made homogeneous by depositing a layer
of Ge or Sb as an intermediate layer. Those materials could wet the substrate
which prevents grain formation.

Fig. [1.3.1]shows the thickness tuned SIT in a homogeneous system. In contrast
to the granular case, T, on the superconducting side is reduced with decreasing

thickness. This behavior indicates that the suppression of the amplitude of the
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order parameter becomes important.

Unlike the granular system, the picture for the SIT in this category is far more
complicated. The experiment results in different systems are sometimes contra-
dicting with each other although they all show the same uniform structure. For
example, the electron tunneling measurement on Bi/Sb film [75] shows the super-
conducting gap reaches zero at the transition , which contradicts the STM mea-

surement on InO film [76] that shows that the gap persists into the insulating state.

1.3.2 Theoretical Studies

The crucial question to answer in SIT studies regards the nature of insulating
phase. There are generally two distinct frameworks. One considers the suppres-
sion of the superconducting gap and the other one focuses on the phase fluctua-
tions.

Fermionic Picture for SIT

In this scenario, disorder and Coulomb interactions play an important role. They
are responsible for driving the pairing amplitude and critical temperature to zero
at the transition. On the superconducting side, the superconductivity is gradually
suppressed toward the transition and disappears at the boundary. In Finkel’stein’s
work [77], they treated the system using a diagrammatic renormalization approach.

This theory suggests that the critical temperature changes as

1A/2t

T,
To = exp(—1/7)

where v = 1/InT,7, 7 is the mean free path time. ¢ = (e?/27?h)R is the dimen-
sionless resistance. The equation fits very well to the experiment data (see Fig.
1.3.3).

Eq. provides the mechanism for the suppression of 7.. Tunneling mea-
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%e 1.3.3: Suppression of T, in a-MoGe film. The solid curve is a fit with Eq.
surements can directly show how the superconducting gap changes near the criti-
cal point. Valles et al [26, [75] conducted electron tunneling measurement on amor-
phous Pb and Sn films by making Al/oxide/disordered film junctions. The supercon-
ducting gap decreases at the same rate as 7. As T, goes to zero at the transition,
the gap also closes (see Fig. [1.3.4).

Bosonic Picture for SIT

The Fermonic picture is not always valid. There is extensive experimental evidence
that shows the existence of preformed Cooper pairs on the insulating side of the
transition (see Fig[1.3.5). In this scenario, the superconducting gap remains finite

across the transition and the Cooper pairs are localized by strong phase fluctuation.
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Figure 1.3.4: Tunneling measurements on Sn (open circle) and Pb (closed square)
samples. The superconducting gap to critical temperature ratio remains a constant
with increasing disorder.

In the early 1970s, Kosterlitz et al [80] did a theoretical study of 2d phase tran-
sition based on the topological degree of the system. In this framework, the super-
conducting state and insulating state are dual to each other. On the superconduct-
ing side, the Cooper pairs are condensed and vortices are localized, while on the
insulating of the transition, Cooper pairs are localized and vortices are condensed.
The movement of vortices gives rise to the resistivity at finite temperature.

Mean field theory is widely used in condensed matter physics. According to the
Ginzburg criterion, it requires that the fluctuation in the order parameter is much
smaller than the actual value of the order parameter, i.e. ((6®)?) < ((®)?). This

condition does not hold near the transition. In this case, scaling theory is a useful
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Figure 1.3.5: Experimental evidences that show the onset of superconductivity
on the insulating side of the transition. (a) Resistance reentrance with lowering
temperature [78]. (b) Little-Parks oscillations [20]. (c) STM measurement of the
superconductivity gap [76]. (d) Positive magnetoresistance resistance and giant
MR peak [79].

tool to study continuous phase transitions. The idea is that some quantities are
scale-invariant at the critical point. For a quantum phase transition, fw,./T is scale-
invariant. Here hw, ~ &1 is the characteristic energy scale. From the correlation
length £ = &|6|~" and the correlation time &, ~ & ~ |6|7"%, we can see |0|"*/T
is scale invariant. vz is a constant that determines the universality class of the

transition and |4] is the distance to the critical point. Fisher et al [81] did finite

size scaling analysis for an SIT based on the dirt-boson model, which produces an
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electronically inhomogeneous insulating state. He pointed out that the resistance

should be a function of the scale invariant quantity in 2d system. Thus,

R=R.F (Tlf;/') (1.3.2)

In addition, he predicted a universal resistance at the transition Ry = h/4e? = 6.45

k2, which was verified by various experiments (see Fig. [1.3.6).
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Figure 1.3.6: Critical resistance for various InO samples [82].

Another theoretical approach to study the Bosonic SIT is by numerical simula-
tion, primarily quantum monte carlo simulation. This method involves writing down
the Hamiltonian of the system, generating random parameters that correspond to
the amount of disorder and solve the HamiltSonian using numerical techniques.
The widely used Hamiltonian is the 2D+1 XY model [83], which borrows the idea

from Josephson junction array (JJA) model.
H = EC ZTL? — Ej Z COS(QZ' - 6]' - AU) (1 33)
% ij

The first term is the coulomb blockade and the second term is the nearest neighbor

Josephson coupling. The transition is tuned by the relative size of the two terms
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similar to the granular scenario.

Obviously, the Bosonic picture assumes local superconductivity survives at the
transition and the film is inhomogeneous. A question is how is that possible for
geometrically homogeneous films. The Bogoliubov-de Gennes (BdG) analysis by
Ghosal et al shows that with increasing disorder, the pairing amplitude be-
comes spatially inhomogeneous. The large A areas remain superconducting in
the insulating side of the transition. As a result, it behaves like superconducting

islands embedded in the insulating matrix.

1.4 Study of SIT on AAO Substrate

d=d,cos0

T T T
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Figure 1.4.1: Morphology of film deposited onto AAQO. (a) Atomic force microscope
(AFM) image of the substrate. (b) Thickness variation in the film deposited onto
AAO. (c) Superconducting island model. The black dots represent robust super-
conductors connected by resistive links.

Studies of the SIT using films on AAO provided the first direct evidence of
Cooper pairs on the insulating side of the transition [20]. Films deposited on AAO
cannot be simply categorized as homogeneous or granular. Fig. [1.4.1] shows the

morphology of AAO and a film deposited on it. The AAO substrate has ordered
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hexagonal nano-pore arrays with six peaks and six valleys around each pore. In
quench condensation, the film thickness is uniform along the evaporating direc-
tion. For electron transport, however, the height in the direction perpendicular to
the surface is the most crucial factor, which is proportional to cos ¢ as shown in Fig.
[1.4.1)b). Thus, the normal thicknesses at the peak and the valley are higher than
the thickness on the slope. The superconducting critical temperature depends on
film thickness as [83],

T, =T"*(1 —d,/d) (1.4.1)

Thus, the thicker areas shows stronger superconductivity. The general model for
this system is shown in Fig. [1.4.7fc), where there are twelve superconducting
islands. They are connected by resistive links. This system provides a good exam-
ple for the Josephson junction array model (see Eq. where the inter-island
links control the Josephson coupling. In this section, | will present some main re-
sults from SIT study. Some additional features are discussed in Chapter five and

Chapter six where | will show the magnetic impurity doping experiments on AAO.

1.4.1 Little-Parks Oscillation

Because of the ordered nano-pore structure, Little-Parks oscillation appears when
Cooper pairs are formed and the localization length is greater than the pore size.
Fig[1.3.5(b) shows the h/2¢ oscillations at low fields. The size of the oscillation
depends on the temperature. It increases with decreasing temperature as thermal
fluctuations tends to reduce the supercurrent around the pores. The period of the

oscillation corresponds to one flux quantum,

Hy = ®0/S (1.4.2)
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where s is the unit cell area. For substrates with 100 nm inter-pore spacing, Hy, =
0.21 T. The field frustration is defined as f = H/H),.

The number of oscillations depends on the ordering of the pores. Assume that
the unit cells have an area distribution with standard deviation 65. It creates a
gauge disorder [64, [86] in the vector potential A4;; (see Eq. [1.3.3). A is propor-
tional to f6S. The result can be simply modeled using a Gaussian distribution.
The frustration term becomes cos(2r f) exp(— (27 fD)?), where D represents pla-
quette area disorder. Thus, we can see the oscillation weakens at higher f, and D

determines the decrease rate.
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Figure 1.4.2: Vortices configuration for f = 1,1/3,1/4 and 1/7 in nanohoneycomb.
The blue filled circles represent the locations of the vortices.

Ideally the resistance should also oscillate at fractional frustration [87]. This
phenomenon can be explained in terms of the configuration of the vortices. Vor-

tices exert repulsive forces on one from another, forming Abrikosov vortex lattice.
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When they are in stable equilibrium configuration, the resistance reaches a mini-
mum. Fig. shows four stable configurations corresponding to fractional frus-
trations. To observe those effect, the AAO substrate needs to be highly ordered
and the superconductivity needs to be strong. Fig. [1.4.3shows the first two oscilla-
tions on an insulating film in Jan2017 experiment. The kink structure may indicate
the fractional frustration effect, although it is a little bit hard to tell whether it corre-

spondsto f=1/3or f =1/4.
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Figure 1.4.3: Resistance oscillation in Jan2017 experiment. Notice the kink on the
halfway between the minimum and the maximum.

The period of the oscillation implies that the carriers are Cooper pairs. Thus,
the MR oscillations are a probe to detect local Cooper pairs through an easy trans-
port measurement. The facts that we have not observed the oscillation deep in
the insulating state or in high magnetic fields are consistent with the expectation

that superconductivity is destroyed in those regimes. The more thing interesting
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is whether the thickness variation is crucial to localize the Cooper pairs. Experi-
ments on a nano-patterned Si substrate do not show any sign of oscillations
on the insulating side of their SIT(see Fig. [1.4.4). Unlike the AAO substrate, the Si
substrate is flat, thus the films on it have uniform thickness. The transition tends to
be fermionic with no sign of preformed Cooper pairs on the insulting side. It raises
another question that how much inhomogeneity is necessary to have a bosonic
transition. Several other experiments on substrates, with roughness between 100
nm AAO and Si, are performed to answer this question. The result shows the

oscillation still appears on the insulating side but it is much weaker [89)].
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Figure 1.4.4: a-Bi film deposited on flat nano-patterned Si substrate. (a) R(7T)
with increasing film thickness. No resistance reentrance behavior observed on the
insulating side. (b) Isotherms in field sweeps. Note only the superconducting films
show Little-Parks oscillations.
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1.4.2 Giant Magnetoresistance

Another outstanding feature is the giant MR observed in the insulating phase. The
first giant MR was observed on a-InO film by Gantmakher et al [90]. Nguyen et al
[78] studied the magnetoresistance on films deposited onto AAO (see Fig. [1.4.5).
The MR peak emerges on the insulating side of the transition and grows from zero
field. With increasing thickness, the peak becomes larger and also moves to a
higher field. The insulating film shown in Fig. is very close to the transition
and the resistance at the peak is one order magnitude higher than the resistance
at zero field when the temperature is kept at 100 mK. The position of the peak,
Break weakly depends on the temperature. With lowering T, the magnitude of the
peak goes up and concomitantly, BP¢** moves to lower value.

The origin of the peak seems to be related to the breaking of Cooper pairs,
which reduces E; in Eq. [1.3.3] With increasing thickness, the superconducting
binding energy increases. Then it needs higher pair breaking effect to destroy the
superconductivity. As a result, B,.., increases as shown in fig. [1.4.6]

Since the peak is a result of Cooper pair transport, bosonic picture can be distin-
guished from fermionic picture by whether peak appears or not. The film deposited
on flat Si substrate (see Fig. does not show positive MR and resistance peak
on the insulating side. More details about the magnetoresistance will be discussed

in Chapter six where we use magnetic impurity to study the evolution of the peak.

1.4.3 Activated Transport

Film deposited on AAO shows simply activated transport behavior,
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Figure 1.4.5: Surface plot of R(T,H) for the lasting insulating film. Note the Little-
Parks oscillations at low fields and the giant MR peak near 1.5 T.
where the activation energy T; is the energy barrier for Cooper pair transport and
the prefactor R, is a measure of disorder. If we plot of R versus 1/T on semi-log
scale, the linear fit in the low temperature region indicates the activation energy
(see Fig. [1.4.7](a)).

T, is also the the vanishing energy scale on the insulating side of the transi-
tion as shown in Fig[1.4.7] (b). Deep in the insulating state, 7, is very high. In

fact, that regime is dominated by quasiparticle transport. With increasing thick-
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Figure 1.4.6: The peak moves to higher fields with increasing superconducting
pairing temperature.

ness, T, decreases. There is a crossover from fermion insulator to boson insulator
where Little-Parks oscillation and positive magnetoresistance appear. With further
increase of the thickness, T, decreases approximately linearly to zero with thick-
ness. Thus, it is the characteristic energy scale on the insulating side of SIT while
T, is the characteristic energy scale on the superconducting side. We will have
more discussions about the activation energy in Chapter Five where we try to un-

derstand the microscopic origin of Tg.
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Figure 1.4.7: Activated transport. (a) R versus 1/T for f = 0,1/2,1, respectively
[20]. (b) T, decreases to zero at the the critical point. Data are from different
experiments [85].

1.5 Outline of the Remaining Chapters

This thesis aims to describe two projects | have done. One is a study of film growth
on AAO substrates. The experiments were performed at room temperature and
above. Lots of microscope and image analysis techniques are used. The second
project is an investigation of the Cooper Pair Insulator (CPI) phase using magnetic
impurity doping. Specifically, we studied the origin of the activated transport be-
havior and revealed that fermionic degrees of freedom play a role in Cooper pair
transport. In addition, doping experiments gave further insight into the magnetore-
sistance behaviors, especially the emergence of MR peak.

For the following chapters, Chapter Two introduces AAO and its fabrication pro-
cess. Chapter Three talks about the film growth experiments and discusses how
temperature influences the film morphology. Chapter Four is a description about
our experimental equipment and techniques for low temperature transport mea-
surement. Chapter Five and Six present the magnetic impurity doping experiments

along with theoretical explanations. The last chapter is a summary of the results
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and a discussion of some possible future experiments.
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Chapter 2

AAO substrate fabrication and

characterization
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Porous AAO templates can be fabricated through electrochemical methods.
Self-assembled nano-pores form on the surface of Aluminum with specific com-
binations of anodizing voltage, acidic electrolyte, concentration and temperature.
This material has attracted increasing attention in recent years due to its wide ap-
plication to create ordered nano-crystal arrays, nano-tube with tunable diameters
and high density magnetic recording, etc [1}, 2, [3]. Moreover, the straightforward
fabrication process and low cost make it preferable to lithography for large scale
industry use. In this chapter, | will discuss the fabrication process for AAO with
different parameters. | will show scanning electron microscope(SEM) and atomic

force microscope(AFM) images to characterize those templates.
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2.1 Introduction

The method of surface oxidization has a long history of being used to create a
protection layer. The commercial use of Aluminium oxide can be dated back to
as early as 1923 [4]. In 1953, Keller, et al. [5] reported the formation of nano-
pores by anodizing aluminum in acidic electrolyte. Masuda et al. further developed
this method by using a two-step anodization. They successfully fabricated highly
ordered AAO with 100 nm pore spacing using 0.3M oxalic acid and applying 40 V
constant voltage. Later on, various methods based on two-step anodization have
been employed to make highly ordered AAO with pore spacing ranging from 30nm
to 500nm [6, 7,8, 9].

Table 2.1: Conventional Two-step Anodization

Electrolytes Concentration Voltage Temperature Time Spacing Porosity

H,50, 0.3M 25V 10°C 7.5h  60nm ~ 10%
CyH50, 0.3M 40V 10°C 16h  100nm  ~ 10%
H3PO, 0.3M 195V 0°C 16h  500nm  ~ 10%

The three most commonly used acidic electrolytes are sulfuric acid, oxalic acid
and phosphoric acid. The corresponding anodizing conditions and AAO pore spac-
ings are listed in Table The porosity is a measure of pore area relative to the
surface area, and it can be calculated as

2

where r is pore radius and D,,, is inter-pore spacing. As we can see in the table,
the porosity is approximately independent of the specific anodization conditions
("10% porosity rule").

Another important parameter of AAO is the inter-pore spacing. For conventional
two-step anodization, the inter-pore spacings increases linearly with the anodic

voltage (see Fig. [2.3.2) with roughly d = 2.5U,. This formula agrees well with the

54



numbers in Table 211

500 —m—————
e  gsulfuric acid

oxalic acid
| 4 phosphoric acid
— ¢=-1.7+2.81U
- a A

250

Interpore distance d (nm)

50 100 150
Anodic voltage Ua (V)

Figure 2.1.1: Inter-pore spacing increases linearly with voltage in different anodiz-
ing conditions for sulfuric, oxalic, and phosphoric acid. [7]

A significant drawback of conventional two-step anodization(also called Mild
Anodization) is the slow oxide growth rate, which is usually around 1 ~ 2um/h.
To get ordered nano-pore structures, it usually requires at least 10 hours. WOO
LEE et al. developed a method anodizing at much higher voltage than the values
in Table [2.1] calling it Hard Anodization [10]. For oxalic acid, they found a highly
ordered regime at 110 ~ 150V instead of the conventional 40V voltage. Because
of the additional heat generated by high current and voltage, this method requires
lower temperature and more efficient heat dissipation. The oxide growth rate was
increased to 50 ~ 70um/h depending on the exact voltage applied, and the porosity

is around 3%, which is smaller than the result in mild anodization.
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2.2 Fabrication Process

The general processes for conventional two-step anodization are the same al-
though the specific conditions differ for different electrolytes (see Fig. 2.2.7). | will
take oxalic acid as an example below. For other types of mild anodization, we only
need to replace the electrolyte, change the corresponding temperature and time
as shown in Table [2.1] After each step, the aluminum strip should be ultrasonically

cleaned to avoid contamination of the solution from the previous step.

| Firsc Anodization W

W | I I I I I TI Ipori OIPeInini \
Etchlng

bbby  Second Anodization

Figure 2.2.1: General procedures for two-step anodization. Cleaning before and
after each step is not shown.

* Pre-cleaning. High purity aluminum sheet (0.5" by 2", 5N purity) is ultra-
sonically degreased and cleaned in acetone, methanol and distilled water,

respectively.

» Annealing. Insert the pre-cleaned aluminum sheet into a CVD furnace and
anneal it under Nitrogen or Argon ambient at 400°C' for 3 hours to remove

mechanical stress.
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+ Electropolishing. Hang the sheet in a mixture of perchloric acid and ethanol(1:5)
and maintain the solution temperature at 7' = 0°C. Apply 15V voltage for 15

minutes.

« First anodization. Hang the sheet in a 0.3 M oxalic acid at " = 10°C. Apply
40V DC voltage for 16 hours. Keep the magnetic stir running to dissipate
extra heat. Initially at this stage, the pores are disordered in terms of size
and location. As the anodizing time increases, the deeper part of the oxide

layer becomes more and more ordered.

» Etching. The first oxide layer is etched away in a mixture of 6% phospho-
ric acid and 1.8% chromic oxide at 7" = 60°C. This step takes at least 3
hours, leaving ordered nano-patterned shallow pores on the aluminum sur-
face. Those notches provide the nucleation for oxide layer growth in the sec-

ond anodization.

» Second anodization. The aluminum sheet is anodized again under the same
conditions as the first time. The anodization time depends on how much

depth of the oxide layer we need.

» Separation of oxide layer. Depending on the purpose for the AAQO, the oxide
layer can be removed from the aluminum base using mercuric chloride(H gCls)
solution. This step is skipped in our research for the ease of handling the

template.

» Pore opening. If necessary, the pore size can be adjusted by submerging it

in 5wt% phosphoric acid at 7" = 30°C.

Hard anodization is similar but more tricky to deal with because we need to be
extremely careful about heat dissipation. The magnetic stir needs to be set at the

maximum speed and the temperature should preferably be set below 0°C' (—1°C'in
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my experiments). Before the first anodization, regular 40 V voltage is applied for 30
minutes to build a protective layer. This oxide layer helps prevent instant burning
when the voltage increases. Next, the voltage is slowly increased to 110 ~ 150
V but stopped if the current jumps up. Some oxygen and hydrogen bubbles can
appear at the two electrodes. That must be allowed away. Since the oxide growth

rate is much higher, 2 hours is sufficient to grow an ordered oxide layer.

2.3 AAO Characterization

Key parameters of AAQO include the inter-pore spacing, pore diameter, ordering
and roughness. Oxide layer thickness can be estimated using the growth rate(1 ~
2um/h) or exactly measured using cross-sectional SEM images, but it is less rele-

vant to our research so | will skip the discussion of that.

2.3.1 Inter-pore Spacing

We fabricated AAO by both mild anodization and hard anodization with varying
voltages and electrolytes. As shown in the SEM images in Fig. the inter-pore
spacing significantly increases as we increase the anodizing voltage and change
the corresponding type of electrolyte. The inter-pore spacings can be estimated
by counting the number of pores in each image, or more quantitatively, using an
autocorrelation technique. In signal processing, autocorrelation is the correlation

with the signal itself but with a time delay. In our context, it can be defined as,

Corr(r) = Elp(R)p(R — 1)] (2.3.1)

The expectation is calculated as the average over the whole image and r is aver-

aged over all directions. When r equals one period of the images, the correlation
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Figure 2.3.1: AAO substrates with various inter-pore spacings. They are coated
with 1nm Germanium(Ge) and 10nm Silver(Ag) to avoid blurring in the SEM im-
ages. (a) 12V in 8M H,S0, at 40°C for 1 min, following the procedures in Ref. [11].
(b) 25V in 0.3M H,S0O, at 10°C. (c) 40V in 0.3M C,H,0, at 10°C'. (d) 120V in 0.3M
CyH,04 at —1°C (Hard Anodization). (e) 165V in 0.3M H3 PO, at 0°C. The right
panels are the autocorrelation calculations which show the inter-pore spacing. See
the text for detalils.
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is expected to have a local maximum. By the Wiener-Khinchin theorem[12], the
autocorrelation is equal to the inverse Fourier transform of the power spectral den-
sity(PSD), which is the square magnitude of Fourier transform of the original signal.
Therefore, it can be simply calculated as Corr = ifft(abs(fft(x))?), where fft is the
2 dimensional Fast Fourier transform and ifft is the inverse FFT. Then, since we
need to take the average of all directions in r, it is more convenient to use a polar
coordinate system and calculate the average over all angles at a specific r.

The right panels in Fig. [2.3.1]show the autocorrelations calculated for the corre-
sponding AAO templates. Please note the images used for calculation have lower
magnification than the left ones so that we can see larger scale correlation. The
peaks correspond to the multiples of the periods. The data cursor indicates the
inter-pore spacing for each substrate. For well ordered substrates, e.g. (b,c,d), we
can observe multiple peaks, while the other two only have one or two peaks. For
Fig. [2.3.1)(a), both the acid concentration and temperature are very high and the
anodizing time is only 1 min, making the whole process hard to control. For Fig.
2.3.1)(d), as we can see in Table [2.1] the ideal anodizing voltage is 195V, but it
requires highly efficient heat dissipation. We can only reach 165V without burning
the Aluminum strip in our lab, making it less ordered.

As we discussed in the last section, the inter-pore spacing increases linearly
with anodic voltage. Fig[2.3.2 shows the relation between inter-pore spacing cal-
culated using autocorrelation function and voltage applied. It agrees well with the
generally accepted value 2.5 nm/V [5], 113, [14] for mild anodization. As reported in
Ref.[10], the coefficient for hard anodization is closer to 2 nm/V due to the reduced
voltage dependence of the pore diameter and the barrier layer thickness of anodic
alumina under high current density.

Another method for characterizing the inter-pore spacing is the Fourier trans-

form(FT) of the original image. For images with periodicity, the signal peaks in
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Figure 2.3.2: Inter-pore spacing increases linearly with anodic voltage. The error
is smaller than the marker size. The solid line is d = 2.5U,.

Fourier space. The first peak corresponds to the inverse period in real space. Fig.
uses two substrates with significantly different inter-pore spacings as exam-
ples to show how the FT works. Both show rim structures in Fourier space, and
the periods agree with the values found using autocorrelation technique. Due to
the high ordering in Fig. [2.3.3(a), we can even see hexagonal structure. Since
the hexagonal lattice is dual to itself in FT, we can prove that the original lattice is
hexagonal (although it is obvious). In contrast, Fig. [2.3.3(b) is less ordered and
the rim is vague, making the relative estimated error high. The disordering smears

the inhomogeneity in different directions, resulting in circular rims.

2.3.2 Pore Diameter

To locate the pores, it is necessary to first convert the original image to binary

format. Otsu’s method[15] is applied to find the threshold for conversion. The
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Figure 2.3.3: Fast Fourier Transform(FFT) of the SEM images corresponding to a
(a) 100 nm and (b) 450 nm inter-pore spacing AAO. Those are the same substrates
asin c, €) except the magnification is lower. The inner rim of the FFT image
indicates the periodicity. The inter-pore spacing of the upper one is 95 + 2nm and
the lower one is 450 + 100nm.

threshold is chosen to minimize the variance within the class (o2(t) = wo(t)oa(t) +
w1 (t)o3(t), where o2 and o7 are the variance of black and while regions. w, and w,
are their corresponding weights). The pores are separated as black regions(’0’) in
white background(’1’). Then the goal is to find the distribution of the black regions.
Fig [2.3.4b) plots circles with equivalent area at each recognized pore. The diam-
eters show an approximate Gaussian distribution with 27.4 4+ 1.2nm. The relative
error is only 4%, indicating highly ordered pore sizes. Plugging those values into
Eql2.1.1] the porosity equals 7%.

The pore diameter can be changed by the extra "pore opening" step. The AAO
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Figure 2.3.4: Pore size distribution. (a) Original 100nm AAO substrate used for
analysis. (b) Pore recognition using MATLAB built-in functions. See the text for de-
tails. (c) Pore diameter distribution with mean value 27.4nm and standard deviation
of 1.2nm.

is submerged in 5wt% phosphoric acid at 30°C. The final pore size depends on the
etching time. For substrate shown in Fig. [2.3.5 it takes 50 min. Using the same
method discussed above, we found that the enlarged pore size is 83.1 &+ 3.1nm.
The relative error is still around 4%, but the porosity has significantly increased

to 66%. This process makes AAO highly versatile for making make nano-wires or

nano-tubes with tunable diameters [16, 17, 18].

2.3.3 Ordering

The ordering of the nano-pore structure can be quantified using the pore size dis-

tribution shown above. However, for many application on the surface, e.g. the
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Figure 2.3.5: Pore size distribution after 50 min pore opening process. (a) 100nm
AAO substrate with enlarged pores. (b) Pore recognition marked by red circles.
(c) Pore diameter distribution with mean value 83.1nm and standard deviation of
3.1nm.

electron transport measurements and gauge disorder experiments[19], the unit
cell distribution is more relevant. In essence, it is a measure of pore displacement
while the previous one is a measure of pore size disorder. Therefore, the ordering
in this context is solely dependent on the location or the centroids of the pores.

To find the unit cell size distribution, the first step is to identify of centroids of
pores. We can use the same trick as before. Again, we need to convert the original
image to binary format and find the centroids for each black region. The next step
is to partition the whole area by those centroids. We employ a Voronoi diagram for

partitioning. Each subset area contains exact one pore center and every point in

that subset is closer to the pore center contained than any other pore centers. The
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last step is to calculate the area for each subset.
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Figure 2.3.6: Unit cell size distribution of (a) highly ordered and (b) less ordered
substrates. The red dots indicate the centers of pores. The whole area is parti-
tioned using Voronoi diagram. The right panels show the area distribution of the
cells. For (a), the mean is 8600nm? and the standard deviation is 430nm while the
less ordered sample has a mean of 8500nm? with standard deviation of 530nm.

As shown in Fig. [2.3.6), both of the samples have unit cell area around 8600nm?2.
The highly ordered sample has a slightly smaller relative error of 5% while the
other one has an error of 6%. If we consider it as close-packing hexagonal array,

the nearest center-to-center distance can be calculated as 2%‘9& = 100nm. This

agrees very well with our previous analysis.
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2.3.4 Roughness

The surface of AAO is not smooth. As we can see in the SEM images, especially
in Fig. [2.3.1]c), there are ordered bright dots around each pore. The principle of
SEM is detecting secondary electrons or back-scattered electrons. For the same
material, brighter parts usually indicate closer to detector and thus at high position.
In that sense, we can roughly conclude there are six peaks around each pore.

Actually, this roughness is crucial for the formation of superconducting islands in

our research|[20, [21].

Figure 2.3.7: Viewing the substrate with an angle. It is a snapshot of a 3d AFM
image.

Although the brightness of SEM images can act as a clue to show that the
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Figure 2.3.8: Linescan around the pore. The x axis is the angular distance in polar
coordinate system. At each specific angle, the height is calculated as the mean
value along the rim.
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surface is not smooth, it is not reliable to quantify the roughness. AFM data gives
us the extra dimension to reveal height change on the surface. We usually use the
’AC Air’ mode with scanning rate set to 0.5 Hz or 1 Hz. The scanning area ranges
from 1pm down to 300nm, and the resolution is set to 256 or 512 points.

Fig. [2.3.7] shows the AFM image of a typical 100nm substrate. The roughness
has been exaggerated to have a clear view of the six peaks and valleys around
each pore. The cells form a close-packed hexagonal array and each peak is shared
by three nearby pores. Another thing to note is that the pore walls are tapered near
the upper surface. Using the etched sample as an example, a pore tapers down
from about 80 nm diameter at the upper surface to less than 50 nm diameter below
the upper surface [22].

Fig. shows the line scan around the pore. For the 100nm AAQ in the
example, the peak to valley difference is around 10nm. That is across a distance
of 50A/3 nm, so the average angle is arctanf/3/5) = 20°. The angle at the steepest
part, however, can be around 45°. We have used the pore opening process. It has
little effect on the surface roughness, which is surprising to us.

For other inter-pore spacings, the roughness can be quite different. See Fig.
for the results. First, the ranges in x directions are different. The length
between the two nearest peaks equals D;,; /3, where D,,, is the inter-pore spac-
ing as shown in the previous discussions. Those values are consistent with each
other. Second, the peak-valley height differs a lot for different substrates. It is
around 5nm on 60nm AAO, 10nm on 100nm AAO, 35nm on 250nm AAO and
65nm on 450nm AAO. The corresponding average angles are 0(60nm) = 16°,
6(100nm) = 20°,0(250nm) = 26°, and §(450nm) = 27°. Those values come from a
very rough calculation. Better estimates require calculation for all the peak-valley
pairs. But from what we observed, there is a general trend that AAO with larger

inter-pore spacing is rougher than the ones with lower inter-pore spacings. The
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Figure 2.3.9: Linescans of AFM images for different substrates. The curves are la-
beled with their inter-pore spacings. Refer to Fig{2.3.1] The two peaks correspond
to two nearest peaks on the surface.

reason behind this variation still remains a mystery.

In quench condensation, the thickness undulation depends on the surface height

variation of the substrate [23]. The thickness of the film is given by,

d(x) = d*P cos ) = e (2.3.2)
1+ (Vh(x))?

where Vh(z) is the surface gradient. Fig. [2.3.10| shows the thickness maps. As
expected, the substrate with larger inter-pore spacing shows rougher surface struc-
ture. Since the slope is zero at the peaks and the valleys. There are twelve islands

formed around each pore.
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Figure 2.3.10: Thickness maps for films deposited on the substrate using quench
condensation.

2.4 Conclusion

We have shown different methods, including mild and hard anodization, to make
AAO substrates with various inter-pore spacings. The inter-pore spacing grows
linearly with increasing anodizing voltage. One thing needs to mention is that we
skipped the discussion about the chemical reaction behind those fabrication pro-
cesses. That is beyond the scope of this thesis and there are still many unsolved
questions. We also discussed various techniques to characterize the substrates,
including SEM and AFM image analysis. Those substrates show different inter-

pore spacings, pore sizes, ordering and roughness. Those parameters may be
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related to the anodizing conditions, including temperature, electrolyte type, con-
centration, anodizing time, etc. To fully understand those questions, more system-

atic study is needed.
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In this chapter, | will discuss an application of Anodic aluminum oxide (AAO)
templates to make nano-scale materials, especially nanocrystal arrays in my re-
search. The content of this chapter has been published in Ref. [1]. AAO substrates
with a self-ordered triangular array of nanopores provide the means to fabricate
multiple forms of nano materials, such as nanowires and nanoparticles. This study
focuses on nanostructures that emerge in thin films of metals thermally evaporated
onto the surface of AAO. Previous work showed that films of different evaporated
metals assume dramatically different structures, e.g. an ordered triangular array
of nearly monodisperse nanoparticles forms for Lead(Pb) while a polycrystalline
nanohoneycomb structure forms for Silver(Ag). Here, we present investigations of
the effects of substrate temperature and deposition angle that reveal the processes
controlling the nano particle array formation. Our findings indicate that arrays form
provided the grain nucleation density exceeds the pore density and the atomic mo-
bility is high enough to promote grain coalescence. They introduce a method for
producing films with anisotropic grain array structure. The results provide insight
into the influence of substrate nano-morphology on thin film growth energetics and

kinetics that can be harnessed for creating films with other novel nano-structures.
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3.1 Introduction

Materials formed with nanoscale dimensions, such as nanoparticles, nanowires,
nanotubes and nanorods, have been used in many applications because of their
novel properties. They have been employed for high density magnetic recording,[2]
efficient photovoltaic devices,[3], and as effective catalysts and catalyst supports.[4]
Approaches to nanomanufacturing are characterized as "top down" and "bottom
up". Within those methods, self-assembly on nano patterned templates is one of
the facile and inexpensive synthetic "bottom up" strategies for producing nanos-
tructures of well controlled size, shape and arrangement.[5, 6, [7] Anodic aluminum
oxide(AAO) is a commonly used template due to its high degree of ordering and
straightforward fabrication process. Its structure is characterized by a triangu-
lar array of nanoscale pores (Figs. and b) that individually taper down
from about 80 nm diameter at the upper surface to less than 50 nm diameter
below the upper surface. Each pore is surrounded by a hilly surface with six
peaks and six valleys. Demonstrations of the growth of carbon nanotubes,[8] Tin
nanotube arrays[9] and Ni nanowires[10] inside the pores, and Gold nanoparti-
cles [11] on the surface are examples of AAO’s usefulness for the synthesis of
nano structured materials with tunable dimensions. Of particular relevance here
is the creation of nanostructure through the deposition of thin films onto AAO
substrates.[12,[13,[14,15,[16,[17,/18,[19, 20, 21] Some show particular promise for
Surface Enhanced Raman Scattering applications[12, (13, (14} [15] [16] and others
for investigating quantum phase transitions in superconductors.[19), 20} 21]
Previously, we reported that some metals deposited on AAO substrates spon-
taneously form an ordered array of uniformly sized nanoparticles that align with the
underlying pore arrangement.[22] Fig. [3.1.7c and d compares scanning electron

microscope(SEM) images of equivalent Pb film depositions on an AAO and a flat
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Figure 3.1.1: (a) AAO template fabricated using two-step anodization followed by
pore opening by acid etching. The template was coated with a thin Ag/Ge con-
ducting layer (see Materials and Methods) to prevent blurring of the SEM image
due to charging effects. The inter-pore spacing is 97 + 4 nm. (b) Atomic-force mi-
croscopy(AFM) image of the substrate. 15 nm Pb films were deposited on (c) an
AAO substrate and (d) a flat alumina substrate. (e) Line scan of the AFM image
shows around 10 nm height variations on the upper AAO surface (e.g. between
the dashed lines at 100 and 200 nm). The line scan becomes inaccurate toward
the middle of the pores due to the finite width of the AFM tip. The dashed lines
indicate the relative locations of pore boundaries on the SEM image. The position
of grains are also drawn. (f) Normalized size distribution of Pb grains. For Pb on
the flat substrate, the mean diameter is 68 nm and the standard deviation is 22 nm,
while on AAO, the mean diameter is 80 nm and the standard deviation is 12 nm.
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alumina substrate. While both films have granular structures, the grain diameter
distribution on AAQO is narrower by a factor of 4 to 5 compared to the distribution on
the flat substrate. Also, the mean diameter of the Pb grains on AAQO is very close to
the pore size and much larger than the mean diameter of Pb grains on the flat sub-
strate. This observation strongly suggests that the AAO pores constrain the grain
growth to produce grains with lateral dimensions comparable to the size of the pore
openings. We previously speculated that surface energies drive the grains into this
registry with the pores.[22] Here we present measurements that provide a more
detailed view of this process. We propose a model for the nanostructure formation
that we test by exploring the influence of deposition angle and temperature on the

film structure.

3.2 Materials and Methods

The AAO templates were fabricated using the well established two-step anodiza-
tion procedure[23] 24, 25, 26| 27, 28]. See the previous chapter for more details.
To begin, an ultrapure aluminum sheet is cleaned and electropolished to a mirror
finish before the first anodization. It is anodized subsequently in 0.3 M oxalic acid
kept at 10 °C under a constant voltage of 40 V. Next, the oxide layer is removed us-
ing a mixture of phosphoric acid and chromic oxide. A second anodization is then
performed under the same condition as the first one. Finally, the sheet is rinsed in
5wt% phosphoric acid at 30 °C to open the pores. Fig. [3.1.Ta shows the template
used in these studies. The standard deviation of the inter-pore spacings is about
4% of the mean value, and the pore arrays are well ordered over many lattice spac-
ings. Those qualities enable the production of highly ordered nano patterned films
on the surfaces.[29]

To produce the granular films various chemical elements were thermally evap-
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Figure 3.2.1: Homemade sample holder with a NiCr heater and a Pt thermometer
installed

orated onto the AAO substrates in a vacuum chamber pumped down to 10~ Torr.
The evaporation rate was kept near 1 A/sec to eliminate the influence of variations
in evaporation rate on the film structure. The nominal thickness was monitored
by a quartz crystal microbalance in situ. To explore the effect of substrate tem-
perate, T,, a homemade heater using Nichrome wires and a Platinum resistance
thermometer(see Fig. [3.2.1) were installed on the sample holder right above the
substrate. The sample was held at the same temperature for several minutes after
each evaporation and then slowly cooled to room temperature in vacuum to avoid
effects from sudden temperature changes. To prepare the bare templates for scan-
ning electron microscopy imaging they were coated by a thin conducting layer. The
layer was deposited by thermal evaporation of a 10 nm film of Ag on top of a 1 nm

film of Ge that promoted wetting of the Ag.
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Figure 3.2.2: SEM of Pb films with thicknesses (a) 5nm, (b) 10nm, (c)15nm,
25nm. The AAO substrates were held at room temperature In addltlon to the
big grains centered at each pore, there are also six small bright dots at the ’peak’
positions around each of them. (e) Proposed mechanism for film growth. Each
cartoon corresponds to each of the SEM images on the top.

3.3 Results and Analysis

3.3.1 Model Description

To present these studies it is helpful to first review the prevailing model of the
early stages of film growth on flat inert substrates that has been verified through
extensive studies.[30, 31}, 132, [33] The parameters that control grain formation in-
clude the surface energies, the rate of deposition from the vapor, the diffusion of
adatoms along the substrate and grain surfaces, and the desorption of atoms from
the substrate. Consider an isolated grain on the surface in equilibrium. Accord-
ing to Young’s equation, the contact angle between the grain and the surface is
determined by the surface energies|34] v,, = 7¢s + 701 cos 0 (see the inset of Fig.
B.1.1d). Here .., 74, and ,, are the surface energies of substrate-vapor, film-
substrate and vapor-substrate interfaces, respectively. For grain growth to occur
the deposited films must not wet the substrate. In other words, the contact angle
6 must be larger than zero, namely v,, < 75 + 7.7.[22] Pb films deposited at room

temperature satisfy this requirement. The adatom mobility and deposition rate con-
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trols the density of grain nuclei. The nuclei form through the collision of adatoms.
The higher the adatom mobility, the greater the distance an adatom moves before
colliding with a partner. Thus, the nuclei density decreases with increasing adatom
mobility. Once nuclei have formed, they grow as adatoms collide with them or evap-
orated atoms hit them directly. These grains grow independently until they come in
contact with neighbors. This contact can lead to grain growth through coalescence
provided the mobility of the atoms on grains is sulfficiently large. It is important to
point out that this model presumes that atoms remain bound to grains once they
join them. This presumption can break down at higher substrate temperatures and
lead to grain growth through Ostwald ripening processes.[32] The randomness of
the nucleation and coalescence processes produce a broad distribution of grain
sizes that shifts to larger scales with increasing deposition amounts.

Now, we turn to our investigation of how the film structure is modified by de-
position onto AAO substrates. Fig. shows SEM images of films made of
various amounts of Pb deposited onto an AAO substrate held at room tempera-
ture. Tin(Sn) source depositions exhibit similar behavior. The growth process can

be characterized by four stages. Fig. [3.2.2e displays cartoons of these stages.

Stage 1: Nucleation. Grains nucleate on the pore walls as well as the upper sur-
face of the AAOQ. It gives a measure of the density of nuclei. The number of nuclei
is at least 3 to 4 per pore. That sets a lower bound for the nucleation density of
1/72, where T is the average pore radius. The tendency for the grains to nucleate
primarily on the rim and inner surface of the individual pores is similar to the be-
havior of InAs grown on GaAs substrates patterned with an array of nanopores.[35]
In the latter work, it was suggested that the kinetics of the nucleation process was

strongly influenced by the nanoscale geometry.
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Stage 2: Growth of nuclei. The grains in and around the pores grow. The mag-
nified view of a pore in Fig. shows some smaller grains that appear to be
in contact with the pore wall. This "side view" of grains suggests that the contact
angle between Pb and the AAO pore wall exceeds 7/2. Their size distribution is
non-uniform. This growth occurs either through the direct condensation of atoms
from the vapor onto the nuclei or the collision of diffusing adatoms with the nuclei
as described above. Because of shadowing effects, the upper grains are more
likely to capture incoming vapor, making them larger than the lower grains in the

pores.

Stage 3: Intra-pore grain coalescence. As the grains grow, they touch and coa-
lesce into larger grains that fill the pore openings. Surface energies presumably
drive the coalescence as the larger grains have lower surface curvature. The ten-
dency for these coalesced grains to reside at the pore openings results probably
from two factors: an energetic factor and a kinetic factor. Energetically, the sur-
face curvature of the pore wall makes the van der Waals interactions between the
nuclei and the substrate stronger compared to a flat surface. The kinetics favors
growth within the pores because of the constraints imposed by their geometry. The
pore constrains adatom motion to enhance the adatom-nuclei collision rate and the
curvature of the walls promotes grain touching that leads to coalescence. The coa-
lescence process continues until a single grain with radius comparable to the pore
radius forms at the top of each pore. The result is an array of nearly equal sized

grains that is as well ordered as the underlying pore array.

Stage 4: Inter-pore grain coalescence. With subsequent deposition, the grains
grow out of the pores, make contact with grains in neighboring pores and coalesce

with them into larger grains that span pores.
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Interestingly, throughout the 4 growth stages, there are six small grains around
each pore (see Fig. in particular). They appear on local high points or
apices of the hilly structure located at the vertices of the upper substrate surface
(see Fig. B.1.1p). As shown by the figures below, these grains appear for Sn and

Ag depositions as well. We discuss them separately near the end of this chapter.

3.3.2 Evaporation on Tilted Substrate

The four stage scenario described above suggests that tilting the substrate relative
to the deposition flux vector ought to render the grain array structure anisotropic.
In the scenario, a key to the development of the isotropic ordered array of grains
in registry with the pore array is the high nucleation density. The grains form cen-
tered on the pores because they emerge from the coalescence of multiple small
grains that nucleate in and around the rims of each pore. With this in mind, we
tilted the substrates at an angle to create a higher density of nuclei on one side
of the pores. We expected that this bias would induce the large grains to form off
the center of the pore on the side of the higher density of nuclei. Fig. [3.3.1]shows
SEM images of Pb depositions on substrates tilted 60° from normal to the evapo-
ration flux. The tendency for the largest grains to form off the pore center appears
most clearly in Figs. and b. The largest grains do not fill the pore openings
leaving open pore area toward the bottom of the images. This bias in grain position
makes the larger grains more closely spaced along lines of pores that are nearly
perpendicular to the deposition flux vector. It appears to lead to coalesence pref-
erentially along lines perpendicular to the deposition flux vector as shown for the
50 nm deposition in Fig. [8.3.1k.

Fourier transforms (FT) of the tilted films are consistent with the anisotropic real

space structure proposed above. Fig. displays FTs of the tilted films as well
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Figure 3.3.1: Nano-array formation onto tilted substrates. Substrates were tilted 60
degrees from normal and held at room temperature. SEMs of Pb films with nominal
deposition thicknesses of(a) 15nm, (b) 30nm, and (c) 50nm are shown.Since the
substrate is held at 60 degrees, the actual thicknesses correspond to one half the
nominal thicknesses. Insert: Experimental configuration for deposition.
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Figure 3.3.2: Fourier transforms analysis of (a) 15nm tilted, (b) 30nm tilted, (c)
50nm tilted and (d) 15nm untilted Pb films. The left column is the original large
area SEM images used for analysis. The right column is the Fourier transforms in-
tensity shown in logarithmic scale and the averaged profile scans along the rings.
The yellow rings, which correspond to peaks in the FT have radii at the wavenum-
ber corresponding to the inter-pore spacing. The x-axis is the counterclockwise
angle measured from the positive x-axis in the FT map. Each value is the average
intensity over a 10 degree wide region shown as the shadowed area in the top right
image.
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as of an untilted 15 nm film in large scale. The bright rings (i.e. peaks) in the FT’s
are at the wavevector corresponding to the inverse hole spacing. The intensity of
the untilted film’s ring is continuous and nearly constant as a function of angle. This
behavior is as expected for an isotropic grain arrangement ordered by the pores.
One thing needs to mention is that, substrate has domain structure with size of
1pum, so do the grains forming on the top of it. Although within each domain, the
grains form hexagonal structure, it is smeared in larger scale, resulting in a simple
circular rim in the FT map. In contrast, the rings for all of the tilted images have
breaks in them that align roughly along the direction of the tilt axis and thus, the
lines of grains. Moreover, the intensity on the rings is maximum along the directions
perpendicular to the breaks. This anisotropy in the FT is consistent with a weaker
modulation of image intensity along lines of grains and a stronger modulation of

image intensity across the lines of grains.
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Figure 3.3.3: Resistance measurement for Ag films on untilted substrate(blue) and
tilted substrate(red). The solid lines are parallel to the tilted axis and dashed lines
are perpendicular to that.

We also performed electrical transport measurement on Ag films evaporated
onto both untilted and tilted substrates. As we can see in Fig.3.3.3, the film on

untilted substrate is uniform in both directions. However, on substrate with 60
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degrees angle, the resistance in the direction perpendicular to the tilted axis is
around 10 times larger than the resistance on the other side. This phenomenon
further shows film is more closely spaced along the direction perpendicular to the
deposition flux vector. Another thing to note is the critical thickness to conduct.
Since, the angle is 60 degrees, the average thickness on tilted substrate is only
half of the thickness on the other substrate. That is the reason why it starts to

conduct at much higher thickness.

3.3.3 Effect of Substrate Temperature

Another key factor controlling the ordered array formation within the model is the
atomic mobility. Diffusion along the substrate determines the nucleation density
and initial grain growth, while diffusion of adatoms along the grain surfaces con-
trols the coalescence that dominates the last two stages of array formation. The
variation of these mobilities can account for why some elements do not form grain
arrays when deposited onto room temperature substrates. For example, if the nu-
cleation density is lower than the pore density then grains will form and grow in
random pores. Consequently, the grain arrangements will not align well with the
AAQO template.

The importance of the diffusion of the adatoms along the grains is provided by
the example of Ag. As illustrated by the SEM in Fig. 4a, a Ag film deposited on
room temperature AAO consists of small grains that closely pack to follow the tem-
plate of the AAO substrate upper surface. While neighboring grains touch, they do
not coalesce. Prior observations of electron beam deposited Ag films [36] shows
that this lack of coalescence persists in even much thicker, > 80 nm, films in which
the grains are taller than their width. Pb films can also assume a close packed
grain structure without coalescence when they are formed by quench condensing

Pb onto cryogenically cooled substrates.[37, [38] One direct way to control the dif-
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fusivity and thus, the coalescence is by changing the substrate temperature(7y).
The diffusivity D depends on the ratio of the substrate temperature 7 to the metal

melting temperature 7,, as

D = Dyexp (—CT,,/Ts) (3.3.1)

where Dy and C are constants. Typically, the temperature must exceed about 0.37,
for grain formation and coalescence. [39, /40, 41] This relation holds true for Pb and
Sn at room temperature. Ag, on the other hand, has a higher melting point. It is
expected to show large grains only for 7, > 370K. Thus, it is reasonable to expect
to induce coalescence and large grain formation in Ag by increasing 7;. There are
caveats. Raising the temperature can also promote desorption that causes grains
to shrink or Ostwald ripening that causes larger grains to grow through the local
evaporation of smaller grains.

SEM images of Ag deposited onto AAO substrates held at different tempera-
tures suggest that raising the temperature promotes grain array formation as for
Pb films on room temperature substrates. The nominal thicknesses of the Ag films
shown in Fig. [3.3.4]are the same but the structures are quite different. At room tem-
perature, the Ag film conforms to the AAO substrate structure. At higher substrate
temperatures that just exceed 0.37,,, grains form that fill the pores indicating that
intra-pore coalescence is enhanced. The grain shapes are slightly more irregular
than the Pb grains in Fig. [3.2.2c. With further increase in substrate temperature,
a more ordered array of nanoparticles appears that is quite similar to the Pb film
at room temperature shown in Fig. [3.2.2c. This result promises that nano-particle
arrays can be made out of a range of elements with either low melting points or
high melting points.

Increasing the substrate temperature can also promote inter-pore grain coales-

cence. To exhibit this effect, the materials must have a relatively low desorption
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Figure 3.3.4: Effect of substrate temperature on Ag grain structure. SEM images

of 15 nm Ag films deposited onto substrates held at the different temperatures
indicated in each panel.
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rate at the elevated temperatures necessary for promoting coalescence. Sn turns
out to be a good candidate. Fig. shows that at room temperature (7= = 0.58),
Sn grains form an ordered array with all pores occupied. At higher temperatures

(fjn = 0.74 and 0.94), the majority of the grains still occupy pores but some larger

grains become apparent. The larger grains are brighter and reside next to pores
that appear nearly empty. We presume that these larger grains form through the
coalescence of grains in two or more neighboring pores. The coalescence pro-
duces a large grain centered on one pore next to a pore or pores from which
grains have been drawn out in the process. We speculate that the coalescence is
mediated by the small grains on the upper surface, especially those that nucleated
around the rim of each pore and at the apices. These upper grains provide the
connection between the grains in neighboring pores. This connection is the first
step in the coalescence process. Interestingly, some of the “empty” pores show
very small grains inside (see Fig. 5d in particular). These grains resemble those
apparent in the nucleation stage of film growth shown in Fig. [3.2.2a. This observa-
tion suggests that after the grains leave the pores, the film restarts the four-stage
growth process within the empty pores.

We deem the above coalescence phenomenon for Sn "high temperature" co-
alescence as it differs from that shown for Pb in Fig. and Fig. at
lower relative substrate temperatures (TT—; = 0.49). Those figures show grains co-
alescing by forming a neck between them without depletion of grains from neigh-
boring pores. The coalescence phenomenon shown for Sn in Fig. 5 can also be
observed in Pb films provided the substrate temperature is sufficiently high. Fig.
exhibits the "high temperature" coalescence for a 25 nm Pb film. Note that
the nominal thickness of Pb was increased to 25nm to compensate for the strong
desorption effect compared with Sn. Those empty pores nearby indicate the mech-

anism of inter-pore coalescence is Ostwald Ripening or cluster migration, while the
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Figure 3.3.5: Effects of substrate temperature on Sn grain structure. SEM images
of 15 nm of Sn thermally evaporated onto AAO substrates held at (a,b) room tem-
perature, T,/T,, = 0.58, (c,d) 100 °C, T,/T,, = 0.74, (e,f) 200 °C, T,/T,, = 0.94,
respectively. The coalesced grains are marked in yellow circles in the left figures.
The right figures are the magnified views of the left ones.
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room temperature case is more likely to be sintering.[31]

| Pb, 25n

el SEER.. RS I il

Figure 3.3.6: Pb grain structure on a heated substrate. SEM image of a 25nm Pb
deposited onto an AAO substrate held at 100°C, T;/T,, = 0.62

As shown above, increasing the substrate temperature promotes grain growth
through intra-pore and inter-pore coalescence. The latter effect results in less
spatially ordered and nonuniform particles. A balance between them must be found
in order to produce a highly ordered array for different materials. Moreover, some
materials like Pb and Antimony(Sb) showed no film formation on surfaces held
at high temperatures, i.e. 200 degrees Celsius(See Fig[3.3.7]and Fig[3.3.8). We
believe this phenomenon is the thermal desorption effect alluded to above. We
speculate that this desorption is related to the vapor pressure of the material at a
specific temperature. Vapor pressure gives a measure of how well bound atoms
are to other atoms, i.e. lower vapor pressure indicates stronger binding and vice
versa. The vapor pressures of Pb and Sb are orders of magnitude higher than

those of Ag and Sn as shown by the Tablg3.1] The critical temperature for the start
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of incomplete condensation of different materials is still unknown and definitely

demands further attention.[31] 42, [33, 143]

Figure 3.3.7: SEM images of 15nm of Pb thermally evaporated onto AAO sub-
strates held at (a) 100°C and (b) 200°C

Figure 3.3.8: SEM images of 15nm of Sb thermally evaporated onto AAO sub-
strates held at (a) 100°C and (b) 200°C

Table 3.1: Vapor Pressure (Pa) at Specified Temperatures(Alcock, C.B., ltkin, V.P,,
and Horrigan, M.K., Canadian Metallurgical Quarterly, 23, 309, (1984))

Temperature(K) | 473 573 673

Sb 3.87E-11 1.76E-07 6.54E-05
Pb 1.60E-11 8.86E-08 3.78E-05
Ag 2.11E-20 6.21E-15 4.24E-11
Sn 6.74E-23 4.22E-17 5.00E-13
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3.3.4 Small Dots Form on the Peak

Returning now to the six small grains that appear around pores in Pb (Fig. [3.2.2p),
Ag (Fig. [3.3.4pb) and Sn (Fig/3.3.5b). Their persistence through the 4 stages of
large grain formation suggests that grains are constantly renucleated in these api-
cal locations. Individual apical grains may be absorbed and removed occasionally
by coalesence with a larger grain but a new grain can nucleate to replace it. We
first considered whether surface energies make these locations favorable for grain

nucleation.

3.3.4.1 Liquid Droplet Model

T—

Figure 3.3.9: Droplets (blue) on a convex surface (left) and on a concave surface
(right). The phantom penetration of the droplet into the grey surface is shown to
emphasize that the droplets’ surfaces are spherical sections.

Consider liquid droplets on convex and concave surfaces as shown in Fig.
[3.3.9 Because we are assuming a fixed volume droplet, we determine the contri-
bution to the energy by the surfaces. The liquid surfaces are spherically shaped
since this ensures a uniform pressure within them. We denote the radii of the liquid

and solid substrate surfaces with R, and R,, respectively. We denote the angles
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subtended in these spheres by the contact region between them as ¢, and ¢,

respectively. The energy has three surface terms and one volume term:

E = yisAis + 7 (4T R; — Ais) + A (3.3.2)

where A;; = 27 R%(1 — cos¢,) and A; = 4nR? — 2w R?(1 — cos ¢;) are the areas of
the liquid-solid interface and ~;, v, and ~;, are the surface energy densities for the
liquid vacuum, solid-vacuum, and liquid-solid interfaces, respectively.

Minimization of the surface energy leads to Young’s wetting angle condition:

cos By = L= s (3.3.3)
m

where 0y is the angle between tangents to the droplet and substrate surfaces at the
contact line for the tangents oriented perpendicular to the contact line. A method
to derive this condition, which is well known for flat surfaces, for spherically curved
surfaces can be found in Wetting of Real Surfaces by Bormashenko (2013). Setting

~v; = 1 we can rewrite Eq. (1) in terms of 6y as:
E = Al — COS HyAls + ’7547TR§ (334)

Determining E for a given R, drop volume, V;, and 6y requires finding the angles,
¢, and ¢,, and the droplet radius, R;. Note that R, V; and 6, are the same for
convex and concave substrates. There are three constraints that we can use.

1) The wetting angle is related to the two angles, ¢, and ¢,, that subtend the
droplet substrate contact area from the centers of the droplet and the solid spheres.
For the convex substrate:

Oy + 1 +¢s=m (3.3.5)
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For the concave substrate:

Oy + o1 —¢gs=m (3.3.6)
2) The radius of the circle of intersection of the two spherical surfaces can be
calculated with the parameters in two ways that must be equivalent:

R;sing; = R, sin ¢, (3.3.7)

3) The final relation comes from the constraint of the fixed droplet volume. We
write it in terms of the angles by breaking the volumes into the spherical caps
defined by the intersection of the droplet and substrate spheres (see Fig. [3.3.9).

The cap volumes are:
1
VP = gwR?(Q — 3cos ¢y + cos® ¢y) (3.3.8)
and
1
‘wwz§m£@—3mmg+m§@) (3.3.9)
The relation among the volumes for the convex case of the droplet on a sphere is:

4
Va= 5 R} = (G 4+ Vi) (3.3.10)

and for the concave case of a droplet on the inside of a spherical shell is:

dr
Va= 5 R = (G = Vi) (3.3.11)

3.3.4.2 Model Calculation Results

Solutions to the equations above were used to generate cross sectional views of

droplets on substrates and surface energies of droplets for different wetting angles
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Substrate Radius=3 Wetting Angle=45 degrees

Figure 3.3.10: Cross section of droplets with 45 degree wetting angle on, from top
to bottom, convex, nearly flat and concave substrates. The substrate radius is 3 for

4r

the convex and concave substrates. The droplet volume is fixed at vy = 3

Substrate Radius=3 Wetting Angle=135 degrees

oo

Figure 3.3.11: Cross section of droplets with 135 degree wetting angle on, from

top to bottom, convex, nearly flat and concave substrates. The substrate radius is
3 for the convex and concave substrates. The droplet volume is fixed at vy = %’T

and substrate curvatures. The substrate radii are in units of (22)!/* where v, is the

droplet volume. Representative views of droplets are shown for the two extremes
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of wetting angles considered, 45 (Figure [3.3.10) and 135 (Figure [3.3.11) degrees.

The calculated surface energy relative to the flat surface energy (i.e. s = 100) is
shown as a function of substrate radius over the range of wetting angles. The en-
ergy of the droplets is lower on the concave surfaces for all wetting angles shown.
Thus, droplets with wetting angles in excess of 90 degrees find it more energeti-
cally favorable to reside on concave surfaces. This wetting angle limit corresponds
to the Pg, Ag and Sn grains.

An alternative way to display the energy is as the binding energy of a droplet
to a surface (see Figure [3.3.13). The binding energy is measured relative to the
energy of a free droplet, E;,.. = 47((3vq)/(47))?/3. This approach explicitly shows

that the droplets are bound to any shape surface.
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Figure 3.3.12: Surface energy of a liquid droplet as a function of the radius of

the spherical substrate surface relative to the flat substrate surface for a range of

Young’s wetting angles, 6. The droplet volume is fixed at vy = 4.

In both methods of energy calculation, the model implies that grains have a
lower energy on concave surfaces than on convex surfaces. What seems more
likely is that kinetic factors determine the location. The grains appear at the inter-

section of three pore surfaces and the three pore ridges defining the pore open-
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Figure 3.3.13: The binding energy of a liquid droplet as a function of the radius
of the spherical substrate surface relative to a free droplet for a range of Young’s
wetting angles, 0y. The droplet volume is fixed at v; = %F. The binding energy is
the energy relative to a free droplet.
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Figure 3.3.14: Surface energy of a liquid droplet in the flat substrate limit as a
function of wetting angle, 6y-.The droplet volume is fixed at v; = %

ings. Thus, diffusing adatoms have a higher probability of colliding at these apices

to form nuclei.[44] It is worthwhile to point out that this explanation differs from that
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used to account for grains forming at similar locations in dewetting experiments us-
ing Fe films on AAO substrates[29] and Au films on nano-patterned substrates[36].
In those, the geometry of the substrate nanostructure controlled the location of the
grooves that form in the first step of dewetting of continous films. Those grooves
formed around the vertices between holes trapping grains to form centered on the
apical vertices. Even though surface energies drive the dewetting process, they do

not lead to grains residing in the lowest energy, concave portions of the substrates.

3.4 Conclusions

Various elements (Pb, Sn, Ag, Sb) have been thermally evaporated onto AAO
substrates to study the process that produces an ordered array of uniform grains
on these nanostructured surfaces. A four-stage mechanism has been proposed
for the process that is based on well established models of thin film growth on
flat, unstructured substrates. We tested the mechanism through studies of the
effects of changing the angle of the substrate and substrate temperature. The
results show that ordered arrays of grains can be made out of a range of elements
using AAO substrates. Moreover, the arrays form with an anisotropic structure on
tilted substrates. Overall, AAO substrates can promote the formation of ordered
arrays of grains provided the number of nuclei per pore is greater than one and
the atomic mobility on the grains is sufficiently high to support grain coalescence.
More generally, these results highlight how substrate morphology can influence
the kinetics and energetics of thin film growth in a manner with potential for new

approaches to nano-structure fabrication.
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Chapter 4

Experimental Apparatus and

Techniques
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We have seen AAO fabrication and its application to make nano-sized materi-
als. In the following chapters, we will talk about the low temperature experiments
in our lab. We will see how AAO can be used to study a 2 dimensional supercon-
ductor insulator transition(SIT). In this chapter, | will show the experimental appa-
ratus including substrate fabrication, thermal evaporation setup, low temperature
cryostat as well as equipment for transport measurement. We will see the major
experimental techniques to calibrate the film thickness, quench condense ultra thin
films and measure resistance. In the last part, | will show the detailed experimental

workflow.
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4.1 Introduction

To study the quantum transport of 2D materials, we need to reach the temperature
range well below the superconducting critical temperature. Also, the thermal fluc-
tuations, which are proportional to k57, have to be much smaller than the energy
scale of the ground state. Both of these require conducting the measurements in
the sub-Kelvin range. For the film evaporation, in the previous chapter, we learned
that high temperature promotes coalescence of grains. Actually, thermally acti-
vated process begin to dominate film formation when 7, > 0.17,, [1} 2], where
T, is the substrate temperature and 7, is the melting point of the material. To
make an amorphous film with uniform thickness, we employ the quench conden-
sation method that evaporations are performed in situ inside the cryostat with con-
stant substrate temperature 7; = 8K in an ultra high vacuum(UHV) environment.
For those reasons, the major challenges in our experiments are making films and

maintaining low temperature.

4.2 Experimental Apparatus

4.2.1 Anodization setup

The most important step to make AAO is the anodization as shown in Fig.
The electrolyte cell is surrounded by liquid coolant and a magnetic stirrer helps
diffuse the heat. In the case of hard anodization, we need to increase the voltage
very slowly. We can set the ramping rate of the programmable DC power supply to
be 0.1 V/s. In most cases, 100nm inter-pore spacing AAO is used in low tempera-
ture experiments due to its high ordering and optimum roughness. Thus, the bath
temperature is set to be 10°C and the anodizing voltage is 40V. A thermometer

sometimes is put into the cell to make sure the electrolyte is in equilibrium with the
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Carbon electrode

Al sheet

Magnetic stirrer

Figure 4.2.1: Anodizing cell for AAO fabrication. The blue liquid is the coolant
connect to a refrigerated circulator that is capable of maintaining temperature down
to —30°C. The Green liquid represents acidic electrolyte. The aluminum sheet is
hanged on the anode that is connected to a programmable DC power supply with
200V maximum voltage.

coolant.

4.2.2 Evaporator

We use the evaporator for multiple purposes. First, we need to melt the source
in advance and do quartz crystal microbalance(QCM) calibration. Pre-Melting the
source makes it stick to the basket, which lowers the current for evaporation. Also,
because of limited space inside the fridge, the QCM is not at the same height
as the substrate. We need to know in advance the thickness to frequency ratio

for that specific configuration. Those two things can be done at the same time.
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Second, we need to use the evaporator to make the Ge wetting layer and electrical

contacts(Au) at room temperature before we cool down. Those two evaporations

require different masks.
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Figure 4.2.2: Evaporator setup. The chamber is evacuated by a mechanical pump
and a diffusion pump. There are three valves to control the pumping process. The
extra QCM is only needed when doing calibration.



Table 4.1: Crystal calibration

Material | Density(g/cm?) | A f/d(Hz/A)
Ge 5.32 3.85
Ag 10.49 7.87
Au 19.30 14.5
Pb 11.34 8.5
Sn 7.26 5.4
Gd 7.90 5.9
Sb 6.70 5.0
Bi 9.78 7.3

Fig. [4.2.2 shows the evaporation setup at room temperature. In order to have
uniform films, the mean free path of the evaporated particles needs to be at least as
large as the chamber size. We usually pump it down to 2E-6 mbar before starting
evaporation. This is accomplished by two-step pumping. In the first step, we pump
it through the roughing line and the pressure drops below 0.1 mbar within 10 min.
Then we open the diffusion pump valve and the gas inside the chamber is pushed
into the foreline by the heated oil gas in the diffusion pump. The ultimate pressure
can be as low as 1E-6 mbar.

To measure the film thickness, the quartz crystal has a characteristic frequency
that is proportional to the amount of film evaporated on it. The QCM used in our
lab has resonance frequency around 5 MHz. The shift in frequency is related to

the mass deposited, dm as,

O0f = adm = aApd (4.2.1)

where « is a constant, A is the area of the crystal surface, p is the density of
the evaporated film and d is the thickness. For the crystal in our lab, §f/d =
75 x 10"Hz/g - cm? x p. Based on the density of different materials, the ratios for
different elements are shown in Table 4.1l

So the thickness is given by the frequency change. For calibration, the QCM is
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placed 13c¢m away from the source, which is the same as the height of the substrate
in the cryostat. An extra QCM is placed around 6¢m from the source. That is the
one we are going to put into the cryostat. The upper QCM tells us the real thickness
deposited on the substrate while the lower one gives us the measured frequency
change.

Besides the measurements talked about above, the chamber can also be cus-
tomized to serve other purposes. We installed a heater and cooling medium on the
substrate holder to control the substrate temperature while doing evaporation. Ca-
bles outside the chamber are connected to the substrate through the feedthrough

so that we can do transport measurement during evaporation.

4.2.3 Dilution Refrigerator

This is the major piece of equipment for our experiments. Ideally, with several
cooling stages, it is able to get down below 10 mK [4]. It reaches base temperature
around T=50 mK with the heat loads in our lab. Fig. [4.2.3|draws the sketch of the
dilution refrigerator. The whole chamber is pre-cooled in Liquid N2 (T=77 K). Then
it is submerged in Liquid He (T=4.2 K) bath. Below are detailed descriptions of the

major components.

4.2.3.1 Source and Sample Stage

This is the primary part in our lab that differs from a normal dilution refrigerator.
Since we need to quench condense films at low temperature, the chamber has
been extended to make room for evaporation. Fig. shows the pictures of the
sample stage and the sources. On the sample holder, a small piece (14mm by
9.5mm) of AAO substrate is placed side by side with fire polished Glass substrate.
The surface of the glass is flat and it is used as a reference film that represents

the maximum 7, on AAQO at specific thickness [5]. The wetting layer and electri-
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Figure 4.2.3: Dilution refrigerator. Part of the sketch comes from Ref.[3]. The
whole chamber is sealed by Cu flange at the bottom and indium wire at the top. It
consists of three major cooling stages. Tikpor = 1 K, Tyin = 700 mK, Tyc = 50 mK.
See the text for more details.
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Gd Sb

Figure 4.2.4: Sample stage and evaporating sources. The right panels are the
real-life images.

cal contacts are made in the evaporator at room temperature. Then it is inserted
into the sample stage, which is connected to the mixing chamber through a Cu
rod. Good thermal conductivity of Cu ensures that the sample can be cooled to
the lowest temperature of the fridge. At the back of the sample holder, there is a
homemade heater and resistance thermometer that are connected to a resistance
bridge and a temperature controller. The resistance of the thermometer has neg-
ative temperature coefficient. By setting the balancing resistance on the bridge,
the temperature controller is able to automatically adjust the output power to the
heater using feedback circuits. In this way, we are able to stabilize the temperature
or ramp the temperature at a given rate. However, those operations are based on

constant cooling power. If the mixing chamber is not in equilibrium condition, it is
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more tricky to control the temperature of the sample.

In our previous experiments, only two sources, i.e. Bi and Sb, were needed.
Since we need to study the effects of magnetic impurity, Gd is added to the evap-
oration base. With limited feedthroughs on the base, Gd source shares the posts
with the other two sources. This method works since we only do one evaporation
at a time. Bi and Sb sources sit on baskets that are made of high resistive and high
melting point material. Tungsten is a common choice for Bi. We use tantalum wire
for Sb because Sb sticks better to Ta. Gd, however, itself has a very high melting
point. Also, we only need very tiny amount of Gd. A small piece(2 ~ 3mm?) of Gd
foil is wrapped around the Ta wire and pre-melted in the evaporator. The current
for melting is around 7 Amps in my attempts. After melting, it will look like a pellet
hanging on the wire. Unlike Bi and Sb, the required amount of Gd is so small that
we cannot use the QCM to measure the thickness in quench condensation. As we
will see later in this chapter, we can use a timer at room temperature to calibrate

the amount evaporated.

4.2.3.2 Superconducting Magnet

The dewar is equipped with an American Magnetics, Inc made superconducting
solenoid that can apply magnetic field up to 8 Tesla in the direction perpendicular
to the film. The magnet is energized by a Power Ten, Inc made DC power supply
which provides current up to 100 amps and voltage up to 10 volts. The current
applied to the magnet is controlled by AMI model 420 power programmer, which
is capable of communicating with labview with GPIB interface. Those instruments
together enable us to apply a programmable magnetic field to our samples.

For a solenoid, the magnitude of field is proportional to the current applied.
Thus, the noise in the power supply will also transfer to the magnetic field. Current

running on a superconducting loop will decay with a lifetime longer than the age of
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Persistent Switch

AR
Y

Figure 4.2.5: Persistent current switch. All the components are in LHe bath. The
switch determines whether the current goes through the solenoid or not.

the universe [6]. If we can inject the current to the magnet and then isolate it from
the power supply, we are able to reduce that noise. Using the persistent current
switch in the magnet turns on/off the connection with the power supply. As shown
in Fig. [4.2.5] the persistent current switch in basically a heater. When the heater is
turned off, the resistor becomes a superconductor which shorts the solenoid. The
magnet enters persistent mode. Turning off the external power supply will not affect
the current inside the solenoid. When turning on the heater, the local temperature
increases and the resistor becomes normal. The magnet is back in the external
power supply circuit. One thing that needs care is that whenever turning on the
the persistent switch, the external current must match the internal current of the
solenoid.

The output current of the power supply is controlled by the power supply pro-
grammer. With the P-switch on, to reach a specific field (current), the maximum
ramping rate is 0.1 A. Setting the ramping rate too high will generate a lot of heat
and burn LHe quickly. In field sweeping measurement, we need to maintain con-

stant temperature. The ramping rate should be further reduced to 0.01 A or below.
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4.2.3.3 Cooling Components
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Figure 4.2.6: Vapor pressure of liquid He3 and He4 at various temperatures.[4]

As we will see later, the key coolant of the dilution refrigerator is the He3/He4
mixture. The circulation pump does the work to remove heat from low temperature
part to high temperature reservoir. When the system is running, the whole fridge
is below the boiling point of He3 and He4. However, He3 has much higher vapor
pressure than He4 (see Fig. [4.2.6). For example, at 0.7 K, P(He4)=0.003 mbar,
P(He3)=1.800 mbar. Thus, when the circulation pump is running, almost only He3

is circulating while He4 is in liquid state staying in the still and mixing chamber. Let
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us follow the flow of the He3 gas to see the function of each component.

CAUTION!

LN2
Trap

Circulator
pump

Figure 4.2.7: Gas handling system. The cyan line is the primary circulation path.
There is a ciculator pump along the path to provide the power for the flow. A LN2
cold trap captures impurities before the gas returns to the fridge.

The gas handling system provides the pressure difference for He3 to flow. As
shown in Fig. [4.2.7 a ciculator pumps the He3 atoms from the still. It is then
pushed through a LN2 cold trap. The activated charcoal effectively removes the
any impurity in the gas flow. This is an important process since the lines inside the
fridge are very tiny (viscous flow is required to make the fridge work), any impurity
in the mixture will freeze and plug the lines. The whole experiment is likely to fail
if that happens. Because of the volume of cold trap, we usually refill it every 7
hours when the system is running. There are two gauges to monitor if the flow is

impeded or not. Other components in the gas handling systems include a 11.5L
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dump, which is used to store He3/He4 gas mixture at room temperature, and some
other lines used to clean the mix or cryopump the fridge.

The He3 gas enters the fridge after leaving the gas handling system. The first
cooling stage is "1K Pot’. As the name suggests, it maintains temperature around 1
K. This is achieved by continuous pumping liquid He4 by a mechanical pump. The
evaporation of He4 gas takes away heat. Note that this is outside the He3/He4
mixture line. As the Helium level decreases, new Helium liquid from Helium bath
flows in through a siphon tube automatically. A needle valve controls the flow rate,
thus we are able to adjust the cooling power through the needle valve. A resistance
thermometer is installed at this stage to monitor the temperature. R = 6702 when
the 1K pot is working properly.

The next stage is the 'Still’. The temperature is further cooled down to 700 ~ 800
mK. It is more interesting on the return line side at this stage. Because of the
vapor pressure difference we mentioned above, the still works likes a distillation
chamber where He3 atoms are separated from He4 liquid. Similar to a '"He3 pump’,
the evaporation of He3 at this stage will also take away heat. There is a heater
installed. If the temperature at the still is too low, the vapor pressure will decrease.
There will be little amount of He3 in circulation, resulting in low cooling power of the
mixing chamber. The gauge 'P1’ in Fig. is used to monitor still pressure. If it
drops below 0.4 mbar, we need to warm up the still a little bit using a still heater.
Below the still, there is a heat exchanger. The incoming He3 in the condensing
line is further cooled by the He3 returning from the mixing chamber. Thus,the heat
exchange benefits the He3 on both sides.

The last stage is the mixing chamber. This is the core component of the fridge.
The cooling is achieved by the unique phase separation of He3/He4 mixture at
low temperature (see Fig/4.2.8). Pure He4 becomes superfluid below the lambda

point. T, = 2.18 K for this transition to happen at saturated vapor pressure. When
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Figure 4.2.8: Phase diagram of He3 and He4 mixture at saturated vapor pressure
[4]. At low temperature, the mixture are separated into He3 rich and He4 rich
phases. The transition between two phases involves heat transfer that provides

cooling power.

He4 is mixed with Fermi liquid He3, the transition temperature is depressed (see

the lambda line). At concentration above 67.5%, the superfluidity disappears no

matter how low the temperature is. The lambda line meets the phase separation

line at that concentration. The corresponding temperature is 0.87 K. That is the

reason why we usually observe that the fridge starts cooling fast once it gets down
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to ~ 0.8 K. Because of the existence of phase separation, if we start with some
He3/He4 mixture, by continuous cooling, the phase boundary will automatically
appear, and He3-rich liquid will float on the top of He4-rich liquid since it has lower
density. To get the lowest possible temperature for the sample, we need to make
sure the phase boundary appears within the mixing chamber. That requires us
to have optimum amount of He3/He4. For the fridge in our lab, the mixture has
a volume around 9.5 L under atmosphere pressure. 1.5 L of it is He3. So the
concentration is around 15.7%.

Another interesting thing about that phase diagram is that on the He4-rich side,
the accessible He3 concentration at the low temperature limit is 6.6% instead of
reaching zero. This finite solubility of He3 in liquid He4 is crucial to make the
dilution refrigerator work since we want to pull He3 atoms from He3-rich phase
to Hed4-rich phase. It is impossible if He3 atoms cannot exist in He4 liquid. This
process is again like a ’He3 pump’ except that the environment is He4 liquid instead
of vacuum. After He3 enters He4-rich liquid, it will flow back to the still and pumped

out to the gas handling system. Then the whole process starts over again.

4.2.4 Helium Recovery System

Helium is recycled in our lab for both the flexibility of doing experiments as well as
economic aspect. Figj4.2.9] shows the helium recovery system. There are three
outlets of Helium gas. One is the regular boil-off from the Helium bath in the dewar.
Another one is from the magnet. When the magnet is on, the heat boils off some
LHe, creating local high pressure gas inside the dewar. Those venting lines help
rebalance the pressure. In normal operation, V1 and V2 are open with V3 closed.
The boil-offs are monitored by three small flowmeters. When we are doing He gas
or liquid transfers, V1 and V2 are closed while V3 is open. A large volume of cold

gas will go through a fin tube and a large flowmeter. The fin tube effectively warms
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Figure 4.2.9: Helium recovery lines. (a) Dewar boil-off, (b) Magnet boil-off, (c) 1K
pot pumping line, (d) A large flowmeter, (e) three small flowmeters, (f) Fin tube, (v)
valves.

up the gas, preventing icing on the following parts in the line. The last Helium gas
outlet is from the 1K pot pump. The vent line of the pump is joined with the boil-off

line and the He gas is sent to the storage bag in a separate Helium liquefier room

where the Helium is liquefied and stored in a big dewar.

4.2.5 Transport Measurement Equipments

There are various pieces of equipment to do electrical measurement. A home-
made adjustable battery box, along with two pre-amplifiers and digital multimeters
are used for DC current measurement. There are two digital and an analog lock-in

amplifiers that are used for AC current measurement. The temperature is mon-
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itored by the voltage output from the bridge circuits, which is proportional to the
resistance of the thermometer. Those instruments communicate with Labview pro-

grams through a GPIB interface.

4.3 Experimental Techniques

| will show some experimental methods that are unique or tricky in our lab.

4.3.1 Source Calibration
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Figure 4.3.1: Source calibration for (a) Sb and (b) Bi.

As mentioned above, the QCM is not placed at the same height as the sample
in the fridge. We need to do source calibration in advance to convert the frequency
changes at that height to thickness of the sample. Two crystals are placed in the
evaporator. One is closer to the source. That is the same crystal we will use in
the fridge. The other one is placed farther away at the height same as the sample
in the fridge. Figl4.3.1]is a typical result from one of my experiments. The slope
is less than 1 since the QCM closer to the source has higher frequency change.
§f/d(Sb) = 5.0 Hz/A for the QCM at the sample. Therefore, the ratio is 17.9 Hz/A
for the QCM in the fridge. Similarly, it is 26.4 Hz/A for Bi evaporated in the fridge.
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Although those values do not vary much in different experimental runs, it is always

recommended to do source calibration to get better estimates of the thickness.
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Figure 4.3.2: Source calibration for Gd. The y-axis is the frequency change of the
QCM. Several attempts have been made with different evaporation currents. The
solid lines represent the start of evaporation, and the dashed lines indicate the end
of each run.
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Source calibration for Gd is different from Sb and Bi. Since the frequency
change is very small, we calculate the evaporation rate at specific current and use
the same current for evaporation in the fridge. Figl4.3.2 shows the several evap-
orations with different currents. Note that there is a frequency drift even without
turning on the current. We need to remove that from the calculation. The average
evaporation rate is 0.965 Hz/min for 4.8 A, 0.507 Hz/min for 4.6 A, 0.418 Hz/min
for 4.4 A, and 0.117 Hz/min for 4.0 A. | chose 4.4 A for evaporation in the fridge.
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Based on Table, that is 0.07 A/min. The rate at specific current depends on
the resistance of the tantalum. It is necessary to do calibration every time before

cooling down.

4.3.2 Gd Evaporation In the Fridge
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Figure 4.3.3: A series of Gd evaporations in the fridge.
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With high melting point, Gd needs a relatively high temperature for evaporation.
That radiation from the source will also increase the temperature at the sample.
Unlike the calibration in the evaporator, we need to avoid the temperature getting
too high that will anneal the Bi film. In experiments, we control the temperature
of the film below 10 K using pulse evaporations method. Each pulse lasts ~ 15

seconds, and we record the accumulative evaporation time. Fig/4.3.3| shows a
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total of 8 evaporations. The temperature increases up to 10 K quickly as we turn
on the current. Then it drops when we take the current out. To make sure the film is
not annealed, high temperature (8 K) resistance is measured and it stays constant

in our experiments.

4.3.3 Resistance Measurement

The resistance depends on the geometry of the sample,

L

where L, W, d are the length, width and thickness respectively. The characteristic
resistance of 2D film should only depend on its resistivity and thickness. We can
get rid of length and width by setting them equal. i.e. Ry = p/d. So the resistance
measurement should be conducted on a square or converted to square resistance
afterwards.

The methods we used to measure resistance include 2-point DC, 4-point DC
and 4-point AC measurements. 2-point DC cannot eliminate the contact resis-
tances, so it is usually used to check whether the contacts are good or not. Some-
times, we also use it to qualitatively check the homogeneity of the film by pairwise
measuring of the resistance between different contacts.

Typically, there are six contacts in total. Four of them are voltage contacts, and
the other two are current contacts (see Fig{4.3.4). The voltage contacts correspond
to two squares on the film. The extra square is measured to check the homogeneity
of the film. Sometimes it also serves as the back-up choice if the other contacts
fail. For the current contacts at the two ends, since there are no substitutes for
them, each one is connected to two gold wires.

For high resistance(>11/(2), DC measurement is preferred. It avoids the ca-
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Figure 4.3.4: 4-point DC current measurement. The red region is the Bi film evap-
orated at low temperature. There are two squares, S1 and S2. The diagram shows
the measurement on S1.

pacitance effect from the sample, which will cause large phase shift for AC current
measurement. Also it enable us to check the IV curve to ensure the resistance is in
the linear region. Fig/4.3.4 shows the the 4-point DC measurement on one of the
sample squares. Both the voltage source and the series resistance are adjustable.
The current is calculated by the voltage across the series resistor. Usually, the
current range is around 0.1 — 1 nA, while the measured voltage across the square
is in mV range. Both signals are first amplified by the preamplifier and then sent to
digital multimeter, which will be recorded by the labview program.

For lower resistance, AC method is preferred without worrying about the capac-
itance of the film. The biggest advantage over DC measurement is that AC method
can continuously measure the resistance. It is more useful when we want to see
the resistance change in temperature or magnetic field. As shown in Fig. a
big resistor is put in series with the film. The current signal comes from the signal
output from one of the lock-in amplifier. | usually choose 200 mV output and 1G2

series resistor. The current is always 0.2 nA assuming the film resistance is below
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Figure 4.3.5: 4-point AC current measurement. The resistance of the series resis-
tor R, is much larger than the resistance of the film. The current remains constant
even if the film resistance changes. The two squares are measured at the same
time in the diagram.

1MQ. The voltage across two squares are measured at the same time by two lock-
ins, and the output signals are sent to labview program, together with temperature
and/or magnetic field for R(T) and R(H) measurements.

The overlap region of DC and AC methods needs close attention. As the AC
measurement suffers from phase shift when the resistance is high, the measured
resistance began to be flat or even drop when the actual resistance keeps increas-
ing (see Fig{4.3.6). | usually start DC measurement from R = 100K€2. The AC

measurement is not reliable when the deviation from DC method is more than 20%

or so.

4.3.4 Isodissipative Measurement

Isodissipative measurement is in contrast to isothermal measurement. It is per-
formed by fixing the resistance of the sample and find the corresponding tem-
perature by controlling the heater. One practical use of that is to measure the

superconducting critical temperature change in field, where T, is defined as the
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Figure 4.3.6: Flattening of AC measurement due to phase shift at high resistance
region. The continuous curve is the AC measurements while the square markers
are DC measurements. The data points are from Dec2017 experiment.

temperature the resistance decreases by half. Several isodissipative curves are
shown in Fig/4.3.7,

To measure the isodissipative curve, the resistance bridge and temperature
controller are used. The bridge is connected to the sample rather than the ther-
mometer, while the AC 4-point measurement circuit is connected to the thermome-
ter. So basically, we switch the position of the sample and thermometer and the
temperature controller is acting as resistance controller. Another thing needs to
change is switching the polarity of the feedback loop in the temperature controller,
since the resistance of the superconducting sample has positive temperature co-

efficient while the thermometer is negative.
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Figure 4.3.7: Isodissipative measurement of temperature versus magnetic field
with fixed resistance [7]. The numbers represent the ratio of fixed resistance to the
normal state resistance.

4.4 Experiment Procedure

Fig. is the typical workflow in our lab. Some repetitive procedures are not
shown. For example, the electrical check should be done multiple times. If it fails,
the whole process needs to start over. Typically, it takes around one week to do
preparation, two days to cool down to base temperature and another two weeks
to do the transport measurements. The warming up procedure is fairly quick and

takes ~ 1 hour or so.
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Figure 4.4.1: A typical workflow in our lab.
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4.4.1 Prepare to Cool Down

Before starting the experiment, we need to make sure there is at least one cylinder
of compressed Nitrogen gas, one cylinder of compressed Helium gas, two dewars
of LN2 and two dewars (120L) of LHe. LHe is more accessible with the addition of
the new recovery system. AAO fabrication and source calibration take around two
days each. The rest part of preparation is done on the same day of LN2 cooling.
The glass substrate is fire polished to make it perfectly flat. It is mounted on the
sample holder using vacuum grease that has low vapor pressure. We always de-
posit 10nm Ge underlayers on both AAO and glass substrate. That enables us to
attribute the transport difference to the morphology of the substrates instead of the
sticking coefficient. The electrical contacts are made of 10 nm high purity Au with
special mask and connected to the circuits using 0.002 inch gold wires and silver
paint. Finally, after everything is installed, we need to do electrical check. It needs
to be done multiple times later to make sure everything goes well. The electrical
check includes checking measurement circuits, evaporation source connection and
crystal connection. To prepare the fridge, we need to clean He3/He4 mixture in ad-
vance. The mixture is circulated through the cold trap for several hours. That can
be done anytime before we start circulating through the fridge. Also, as we will see
later, pumping the can is the most time consuming part of the day, it is preferred to
pump on the lines first while we are doing other preparations. A diffusion pump is

used to pump all the lines. | usually do this part as early as possible.

4.4.2 Cool Down to LN2

This is the first step of cooling. It cools the whole fridge to 77K with relatively cheap
LN2 compared with LHe. First we need to pump out the can with the diffusion

pump. | usually wait for the pressure to drop to 5E-6 Torr, and then start leak check.
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The leak check is done by spraying Helium gas around the lines and the fridge.
Since Helium atom is light and small, it will penetrate small leaks and detected by
a mass spectrometry connected to a pump. After the leak check, we stop pumping
the can and move the fridge to the dewar where we will fill LN2 and LHe later.
Then we can connect the mixture circulation lines. A small volume in the line is
open to air after every cooling experiment. We need to clean that using cryopump
from the LN2 cold trap. 'P1’ in the gas handling system (see Figl4.2.7) can be
used to monitor the pressure. At the same time, we start pumping the can again.
We can stop cryopumping and start circulating the mixture when the pressure 'P1’
drops to 0.7 ~ 0.8 mbar. That usually takes several hours. Once we start the
circulation, we can check the impedance of the fridge. To do that, we pressurize
the condenser side of the fridge, and measure how long it takes for the pressure on
the still side ('P1’ gauge) to increase from 0.1 mbar to 1 mbar. It was around 3’50"
in my experiment runs. Then we keep waiting until the pressure of the can drops
below 3E-6 Torr. After that, we can stop pumping and add ~ 500 mTorr Helium
exchange gas to the can. The exchange gas accelerates heat transfer between
the dewar and the fridge inside the can. It makes LN2 and cold helium gas cooling
much faster. Finally, liquid Nitrogen is transfered to the dewar and the whole fridge

will be cooled down to 77K within several hours.

4.4.3 Cool Down to Base Temperature

After cooling down to LN2 temperature and circulating the mixture for a day or so, |
usually stop circulation for a while and warm up the cold trap to clean the impurity.
This is optional but it helps saving LN2. Then we need to do impedance check
again using the same method but at LN2 temperature this time. Lowering down
the temperature increases the viscous flow and it should take only 30". The next

step is blowing out the remaining LN2 in the dewar using warm Nitrogen gas. This
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process is monitored by a thermometer at the bottom of the dewar. The temper-
ature increases when there is no LN2 left. Now we start cold helium gas cooling.
Because of low heat capacity of liquid helium, it is more efficient to use evapo-
rated cold helium gas to cool the fridge at first. Helium recovery valves should be
opened at this time. It takes around two hours and ~ 30 L LHe to cool it down to
20 K. Then, we stop gas cooling and the exchange gas in the can is pumped out.
The ultra high vacuum chamber provides excellent thermal insulation between the
fridge and the dewar. A small amount of LHe is transfered to the dewar. | usually
transfer to 15% at first, which is around 5 L in the dewar. Now we can open the 1K
pot and the system will be slowly cooled down by it. After the fridge is cooled down
by 1K pot, we start condensing the He3/He4 mixture on condenser side as well as
the still side. All the mixture in the dump should be condensed in a short time(~ 1
hour). At that time, we can start circulating the He3, and the fridge can be cooled
to base temperature in several hours. If everything goes well, we can transfer more
LHe to the dewar. It takes ~ 50 L of liquid in total for the initial cooling down.

For film evaporations at this stage, we warm up the sample holder to 8 K(in
some cases, it is warmed up to 10 K). 1 nm Sb is firstly evaporated as a wetting
layer. Then we do the evaporations of Bi and monitor the film resistance at the
same time. In our lab, we calculated the desired resistance and draw the IV curve
on the XY recorder. We stop evaporation when the film resistance reaches that
curve. At the same time, temperature is always monitored during the whole pro-
cess to avoid annealing the film. For each film, we do the transport measurements
individually and increase the thickness again. For the magnetic impurity doping
experiments, after Bi thickness has reached our goal, we do Gd evaporation using

pulse methods mentioned above.
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4.4.4 Warming Up

This is the last stage for each experiment. We first stop circulation and close the 1K
pot. A still heater and mixing chamber heater is applied to evaporate the residual
liquid mixture in the fridge and pump them to the dump. When the pressure (G2
in Fig/4.2.7) reaches pre-experiment pressure in the dump, we can stop pumping.
The cold trap is then warmed up and cleaned by a vacuum pump. The gauge G1 is
used to monitor the amount of impurity. Ideally, there should not be much impurity
captured in the cold trap on a timescale of two weeks. Leak check is required if
the impurity pressure is above ~ 200mbar. Helium inside the dewar, no matter
it is gas or liquid, should be blown out using Nitrogen gas. If not, the helium left
will 'soften’ the dewar and results in bad thermal insulation with the atmosphere.
Helium recovery system should also be closed at the time. It will take several days
for the fridge to naturally warm up to room temperature. After that, we can move

the fridge out from the dewar and take the sample out for further analysis.
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Chapter 5

Evidence of Dissipative Process

with Cooper Pair Tunneling
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Previous experiments have shown the existence of Cooper pairs on the insu-
lating side of the SIT, i.e. Cooper pair insulator (CPI) state. The transport is dom-
inated by Cooper pair motion and the conductance has an Arrhenius temperature
dependence. In this chapter we will see how magnetic impurity doping changes
that behavior in two separate experiments. We show that Gd doping can be either
detrimental or favorable for the Cooper Pair Insulator phase. The activation energy
in films farther from the SIT decreases monotonically with doping while it increases
in films closer to the SIT critical point. Comparisons with theoretical models sug-
gest that the tunneling dynamics of the Cooper pairs are dissipative. Parts of this
chapter comes largely from a manuscript on the cond-mat arXiv [1] that has also

been submitted for publication.
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5.1 Introduction

Experiments on thin films have established that simply activated Cooper Pair trans-
port dominates in the insulating phase that develops at boson fluctuation driven
superconductor to insulator transitions. Establishing the origin of the activation
energy, however, remains as a significant challenge. When met, it will reveal mi-
croscopic insight into this so-called Cooper Pair insulator state. To test models
of the activation energy, we have investigated how the Cooper Pair insulator state
responds to magnetic impurity doping and magnetic frustration. This approach
was partially motivated by the fruitfulness of early investigations of the different
responses of superconductors to non-magnetic and magnetic impurities. Those
led to microscopic models of the detrimental effects of spin flip scattering on the
Cooper pairing energy that reduce the superconducting transition temperature, T..

The activation energy characterizing a process in a condensed matter system
provides a window into its quantum many body ground state. For example, integer
quantum hall transitions broaden with temperature at a rate dictated by the cy-
clotron energy and the heat capacity of BCS superconductors similarly increases
at a rate dictated by the binding energy of electrons in Cooper pairs. This chapter
focuses on an activation energy, Ty, that grows from zero at disorder tuned bosonic
superconductor to insulator quantum phase transitions. It appears as a barrier to
incoherent Cooper pair tunneling between localized states in the insulator phase.
Although many models have been proposed, experiments have established little
about its microscopic origins.

In the following sections, we show two magnetic impurity doping experiments.
We present measurements of the dependence of R and T on magnetic impurity
doping and magnetic frustration. We describe how the results indicate that this

barrier depends on the average Cooper pair binding energy. This dependence
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implies that Cooper pair transport involves dissipative quantum dynamics in the

Cooper pair insulator phase.

5.2 Activated Transport

It has been observed in many experiments that thin films on the insulating side

show simply thermally activated resistance [2, 13, 4, 5, 6],
R = Ryexp(Ty/T) (5.2.1)

There have been many explanations, both qualitatively and quantitatively, for the
underlaying nature of T,. Sambandamurthy et al [3] observed the biggest giant
magnetoresistance peak. They measured T; in different magnetic fields and re-
lated T; at the MR peak to the superconductivity transition temperature T.,. Delsing[2]
et al separated the transport into quasi-particle dominated regime and Cooper pair
dominated regime. They showed quasi-particles dominate when A/Es < 2, where
A is the amplitude of the superconducting order parameter and E is the charging
energy. They observed T, = A + Es/4 as well as negative magnetoresistance
when quasi-particles dominate; In the Cooper pair dominated regime, activation
energies are consistent with 7, = FE that oscillates with a period set by h/2e
per plaguette and an amplitude roughly equal to E; in the micro-fabricated arrays.
Yamaguchi et al [7] measured the activation energy in a system with artificial de-
fects, and proposed that in the single electron dominated region, T, depends on
long range Coulomb interactions. Fistul et al [6] adopted the idea of the charging
energy. They investigated collective Cooper-pair transport and provided the ex-
planation for scale dependent behavior of the activation energy[8]. In their model,
To = Al — aE;(B)/E., where A. = E./2In(L/d) depends on the size of the

sample. A big problem with charging energy explanation is that it is based on the
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geometry of the system, the charging energy is equal to E. = ¢*/ed, where g = 2e¢, d
is the average distance between two adjacent superconducting islands and ¢ is the
dielectric constant. The result is enormous(~ 1000 K for ¢ =~ 10 as expected for an
insulating substrate). This issue was avoided by setting a diverging ¢ and screening
length[9, [10]. Beloborodov[11] proposed another way to get around it. They con-
sidered the renormalization of the charging energy by virtual quasi-particle tunnel-
ing. The coupling energy enters in a perturbative manner. Thus, Ty = Ec — zE; /2.
Jumping out of Josephson junction model, Markus et al [12] viewed it in a different
aspect that is related to Anderson localization. They considered T as the thermal
activation to mobility edge of the system. They calculated the energy and mag-
netic field dependent localization length ¢~*(eo, B) = In(*}) + ¢, (€0, B), where the
first part represents interference and the second part represents simple hopping.
The mobility edge is defined as the minimum energy when the localization length
diverges.

In this chapter, we adopt the generally accepted 2D+1 frustrated XY model[13],
H=FEc) nl—E;» cos(t; —0; — Ay) (5.2.2)
j ij

where the first term presents the charging energy and the second term is the
Josephson coupling energy. The second sum runs over the nearest superconduct-
ing sites. The activation energy is the characteristic energy scale of the system.

Phenomenologically, it takes the form
To = FEc — BE; < cos(2rmf) > (5.2.3)

where f is the frustration term depending on the field and 3 is a constant. We
already know the Josephson coupling energy E; is proportional to A. By varying

A in a consistent way and measuring the corresponding 7;, we are able to calcu-
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late the dependence of E- on A and have insights into the microscopic transport
mechanism.

Magnetic impurity is an excellent choice for perturbing 7y. It reduces A with
very tiny amount of doping while other parameters, e.g. disorder and frustration,
remain constant. Magnetic impurity doping is accomplished by depositing succes-
sive amounts of Gd atop the Cooper pair insulator film[14]. The impurities produce
time reversal symmetry breaking spin flip scattering, which reduces the pair bind-
ing energy 2A. Their effect extends through the entire thickness of the films since
the films are much thinner (d < 1 nm) than the superconducting coherence length
(¢ > 10 nm). The film thicknesses investigated were much smaller than the super-
conducting coherence length, which ensures that these pair breaking effects are

uniform throughout the film[15].

5.3 Increasing Bi Thickness

To reach the CPI regime, we gradually increase the Bi thickness until we reach
the planned activation energy on AAO. The normal state conductance changes
with thickness as shown in FigJ5.3.1] The film begins to conduct at 5~6 A. The
conductance curve bends up until it reaches linear region. The data from two
substrates prepared under the same condition show small difference which may

come from a source calibration error or tiny Sb thickness difference.

5.3.1 R(T) on AAO

Both AC and DC 4-point methods are used to measure the resistance. R(T) curves
with increasing thickness in two experiments are shown in Fig/5.3.2] All the curves
show diverging resistance at low temperature, indicating insulating state. At ~2 K,

the last few films in both experiment show non-monotonic behavior; with decreas-
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Figure 5.3.1: Normal state conductance increases with Bi thickness. The conduc-
tance is measured at 8 K and it is normalized by Go, = 81 kf2. The blue diamonds
are from Experiment | (Dec2017), and the orange squares present data points from
Experiment Il (March2017).

ing temperature, the resistance drops at some point and then starts increasing
again. That is the sign of the onset of superconductivity. The drop is also con-
sistent with the 7> on reference film. It can be qualitatively explained as follows.
Cooper pairs tunnel with the help of single electron hopping that screens the charg-
ing energy. As the temperature keeps decreasing, the density of single electrons
also decreases. Finally, the single electrons disappear and the transport barrier
set by the charging energy is too high for coherent tunneling of Copper pairs, re-
sulting in the insulating state again. One more thing to note is that the reentrance
is more significant in the last film of Experiment Il than Experiment I. That is one of

the signs that we are closer to SIT critical point in Experiment II.

To present the lower temperature data, it is more useful to use semi-log plot

152



T(K) T(K)

Figure 5.3.2: Sheet resistance at zero field versus temperature with increasing
Bi thickness in Experiment | and Experiment Il. The arrows indicate increasing Bi
thickness. The solid curves represent AC measurement data and the dash lines
are DC data.

as shown in Fig/5.3.3] In this scale, the lower temperature regions are located
on the right side of the figures. Referring to Eq. the linear relationship in
low temperature regions indicate activated transport behavior and the activation
energies are equal to the slopes from the linear fits. With increasing Bi thickness,
T, gradually goes down to zero.

The graphs in Fig. [5.3.3 are the transport at H=0. We also measured the
frustration effect at difference thicknesses. The matching field, H,; = 0.215T), is
determined by the geometry of the substrate. Thus, f = 1/2 corresponds to 0.117
for both experiments. Figl5.3.4|shows the difference of f = 1/2and f = 0 becomes

larger with increasing thickness. If we define,

5Ty = T)='? — 1I=0 (5.3.1)
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Figure 5.3.3: Resistance versus 1/T in two experiments. The solid curves are AC
measurements and the dashed lines are DC points.
The data show §7Tj increases with Bi thickness.

Referring back to the Eq. [5.2.3] E¢ is expected to be insensitive to frustration.
Therefore, §7; is an indicator of the Josephson coupling energy, which is propor-
tional to the normal state conductance and superconducting gap. Both of them
increase with Bi thickness, so it is not surprising to see §Tj is larger for thicker

films.

5.3.2 R(T) on Reference

The reference films are deposited on flat glass substrates. It represents the max-
imum thickness on the AAO substrate, and thus the 7. on the reference indi-
cates the maximum pairing amplitude on AAO. R(T) curves of reference films
are shown in Fig/5.3.5 One thing to note is that even the thinnest film is su-
perconducting, whereas the film with the same thickness on AAO is deep in the

insulating state. The universal critical resistance for SIT on a flat substrate is

154



T rrrm
P
N

L1 11111l

T TTTTr
A~
N

11 1111

LR |
r ol
LR |
r 1l

LR |
Ll
LR LY |
C ol

LRI |
ol
T T T

v 1ol

T T T
Lol
LR R |
Ll

o
N
N
(o))
o
o
N
N
(o))
o

Figure 5.3.4: The development of §7; on the last three films in two experiments.
The solid lines correspond to f = 0, and dashed lines represent f = 1/2. Bi
thickness increases from top to bottom. The resistances of the last two films are
shifted by a factor of 10 and 100 to separate the curves.

Rc ~ Rg = h/4e* = 6.45 kQ [16]. The normal resistances in our experiments
are below 3 &2, so it is not surprising that the reference films are on the supercon-
ducting side. With increasing thickness, the normal resistance drops, so does the
superconducting critical temperature T,. Here we define T, as the temperature

where the resistance drops to 10%. As we will see later, this definition makes it

easier to calculate T with the introduction of Gd.

5.3.3 Fermion Insulator to Boson Insulator Crossover

With the information mentioned above, we can calculate T and Tj at specific thick-
ness. The major results are listed in Table/5.1] There are ten films in total in each
experiment. The first film barely conducts so we did not calculate 7. Those are all

measured on Square 1. Square 2 has very similar results. For example, for 10 in
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Figure 5.3.5: Resistance versus temperature for reference films in two experi-
ments. The color maps for different Bi thicknesses are the same as in Fig.

and[5.3.3|
Experiment |, T(S1) = 2.59 K, T(52) = 2.61 K, Ty(S1) = 0.86 K, Ty(S1) = 0.66 K.
That indicates our films are quite uniform.

For very thin films, with small gap and large charging energy, A/Eq- < 2, itis
more energetically favorable for Cooper pairs to break and tunnel through quasi-
particle channel. On the contrary, with large A, it is unfavorable to break the binding
energy. Therefore, Cooper pairs dominate the transport. There is an kink in 7, as
shown in Fig/5.3.6] It is observed in different experiments in our lab[17]. The cor-
responding thickness coincides with the beginning of h/2e oscillation and positive
magnetoresistance. It is reasonable to believe this kink represents the crossover
from Fermion insulator(FI) to Boson insulator(BI). On the Bl side, T, decreases lin-
early with thickness. We can apply linear fit and use the intercept with x axis as the
critical thickness of SIT. In our case, d°/7 = 1.22 nm. That agrees with the previous

experiments[18]. Applying the linear relationship between conductance and thick-
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Table 5.1: List of major parameters with increasing Bi thickness in two experiments.
Sb underlayers are ~1 nm in both experiments.

Experiment |
Reference AAO
Films | Thickness(A) | Ry (kQ) | To(K) | Ry (kQ) | To(K)
fO1 5.92 NA NA 1355 NA
f02 7.18 2.74 1.50 | 99.78 | 4.56
f03 7.82 2.34 1.84 | 52.76 | 2.52
fo4 8.17 2.16 1.99 | 4144 | 2.03
f05 8.47 2.04 2.09 | 36.20 | 1.74
f06 8.90 1.90 225 | 28..34 | 1.50
fo7 9.12 1.81 2.32 | 2556 | 1.36
fo8 9.35 1.75 2.41 23.02 | 1.23
f09 9.58 1.67 2.49 | 20.88 1.1
f10 9.88 1.59 2.59 18.50 | 0.86
Experiment Il
Reference AAO
Films Thickness(A) Ry(EQ) | To(K) | Ry(kS2) | To(K)
fO1 5.61 4.31 0.53 5787 NA
f02 7.62 2.37 1.75 | 97.65 | 5.46
f03 8.48 1.99 213 | 50.28 | 2.94
fo4 8.89 1.88 225 | 41.82 | 2.56
f05 9.42 1.73 243 | 32.23 | 2.16
f06 9.87 1.62 255 | 26.99 2.1
f07 10.53 1.47 2.70 | 21.21 1.39
f08 10.98 1.39 2.83 18.62 | 1.06
f09 11.55 1.34 2.88 17.06 | 0.56
f10 11.80 1.33 2.92 16.70 | 0.39
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Figure 5.3.6: The crossover from Fermion insulator to Boson insulator. The data
points are from Experiment Il since it has a larger range of T;. The black line is T
on AAO and the solid line is T on reference. The shaded area is the crossover
region. Notice the kink on the T curve.

ness in Fig{5.3.1, we get the critical conductance at SIT. GZ'T = 6.78 x 1075Q1.
The corresponding resistance is simply inverse of that. Rc = 14.7 kQ2. Our system
can be modeled as hexagonal arrays of superconducting islands [19] 20]. The crit-

ical resistance should be one third of that. Therefore, R2/T = 4.9 k. This value

agrees well with the universal quantum resistance R = 6.45 k(2.
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Figure 5.3.7: (a) Phase diagram. With fine tuning of disorder (thickness), the sys-
tems undergoes superconductor(blue region) to insulator(red region) transition.
The solid and dashed lines represent phase boundaries for f = 0 and f = 1/2,
respectively. Experiment | and Il have different distances to the quantum critical
point (see the black squares). (b) Resistance versus temperature in semi-log plot
for the different starting points before deposition of Gd. The solid and dashed lines
correspondto f =0and f =1/2.

5.3.4 Phase Diagram

In a quantum rotor model[21], the transition is tuned by varying a control parameter
o= \/m Ec represents the average Coulomb energy cost of transferring a
Cooper pair from one island to another. E; represents the average coupling be-
tween neighboring regions of localized Cooper pairs. ¢ is varied by film thickness
in our experiments. The critical values ¢¢ are different at varying commensurate f
values[22]. Previous work[23] indicated that the critical values of the tuning param-
eters for the SIT followed 4§ > 55/2. Therefore, f = 1/2 undergoes superconductor
insulator phase transition at higher thickness. Fig. [5.3.7] shows the typical phase
diagrams for SIT. The energy scale of the system on the insulating side is T}, while
it is T on the superconducting side. They both vanish at the transition. The last Bi

film before Gd doping in Experiment Il is closer to the quantum critical point than
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Experiment | for the following reasons (see Table. [5.1]for part of the data).

» Thickness(l) < Thickness(ll). The transition is tuned by increasing Bi thick-

ness.
« To(l) > To(N) for both f =0and f = 1/2.

« 0To(l) < 8To(M). 6To(1) = 0.12 K. 6T5(l1) = 0.36 K. That is a direct evidence
that £;(l) is lower than E,(ll).

* Ry(l) > Ry(Il), indicating higher coupling in Experiment II.
« Te(l) < Te (), indicating more robust Cooper pair binding in Experiment 1.
* Larger reentrance in Experiment Il.

» Higher magnetoresistance in Experiment Il. We will discuss the magnetore-
sistance in the next chapter. Positive MR is a signature of CPI phase. Higher

MR indicates film closer to the QCP.

Fig. b) directly shows the relationship between four states in our study. In the
next section, we will see how does the magnetic impurity doping changes those

curves.

5.4 Magnetic Impurity Doping

5.4.1 71, Shifts on Reference Films

We made eight successive dopings in total for both experiments. With increasing
Gd concentrations, pair breaking effect becomes more significant. Fig. [5.4.1]shows
the R(T) curves shift with successive Gd doping. In general they move to the left
as expected. However, in all the experiments we performed there is a kink on the

curves. The kink also shows up in 2-point measurements. For each measuring
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Figure 5.4.1: The effect of successive magnetic impurity doping on reference films.
The blueish curves represent lower doping while the reddish curves represent high
doping concentrations. Notice the kinks on both of the experiments. Inset: En-
larged view of the lower part of the curves. The dashed lines represent 10% resis-
tance criterion that is used to calculate 7.

configuration, the relative size of the upper and lower portions are different. If we
look closer at each curve, it shifts to the left as expected for the first 2~3 dopings
while kink appears at higher doping concentrations. The origin of the kinks are still
not fully understood. We proposed that it might be because of shadowing effect.
Unlike the mask on AAQ, there is a ~0.5 mm gap between the glass substrate and
the mask. Also, the Gd source is positioned directly below AAO, resulting in a small
angle with respect to the glass substrate. Therefore, there are some shadowing
areas that are not directly faced by Gd source. Those areas are not affected by the
doping and thus contribute to the first drop of resistance. This idea is supported
in another experiment where the doping concentration is high enough to drive the
film to normal state while the kink still exists (see Fig/5.4.2). However, it does not

explain why the kink does not show up at the first 2~3 dopings. More experiments
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Figure 5.4.2: The kink appears in another experiment (Dec2016) where the dop-
ing concentration is so high that the film becomes normal. The blue curve is the
original R(T) for the Bi film on glass substrate. The red curve represents R(T) after
doping.

with a separate mask held directly on the glass substrate are needed to verify that

scenario.

To avoid the confusion caused by the kink, we used 10% resistance criterion
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that is well below the kink to find the 7 (see Fig. inset). For low pair break-
ing strength, 7> should drop linearly with magnetic impurity concentration [24, [14].
Fig. 5.4.3| shows the relationship between T and Gd concentration in Experiment
II. The Gd amount is estimated using the calibrated evaporation rate and the ac-
cumulated evaporation time. Ty on the reference film drops ~25% in total. The
doping in Experiment | is more complicated since we applied different amount of
current for evaporation. However, since it is linearly related to T, in the following,

we use the relative T, shift

agd = 1— TC(QZGd)/TC(O) (541)

to represent doping amount.
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Figure 5.4.3: T, drops with increasing Gd concentration in Experiment Il. The red
line is the linear fit y = —10.3x + 2.9.
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5.4.2 R(T) on AAO with Doping
5.4.2.1 Effects on Reentrance Behavior

As mentioned above, reentrance results from the onset of superconductivity. The
first direct effect of Gd doping on AAO is the quenching of reentrance behavior.
Fig[5.4.4(a) shows the R(T) curves with increasing doping. We can see the size
of the reentrance decreases with increasing doping concentration. To see it more

explicitly, we need to get rid of the quantum corrections to the conductance.
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Figure 5.4.4: Weak localization correction for Experiment I. (a) R(T) at high temper-
atures. Reddish curves represent higher magnetic impurity doping. (b) G versus
In(7"). The conductance is normalized by the quantum conductance G, = 1/81k1Q.
The black dashed line, G/Gqy = 0.991n(13.4 x T'), is a representative fit to the last
film.

In the regime above the pairing temperature(T" > 3 K), the electron waves are
in extended state and weak localization is prominent to determine the temperature
dependence of the transport. It is caused by quantum interference from different

trajectories and they interfere constructively along the loop. Therefore, the proba-

164



bility of finding an electron staying at the origin is larger than the classical result.
The electrons are weakly localized at the original position. Quantitatively, it de-

pends logarithmically on the temperature[25, [26],

AG = aGoo In(T) (5.4.2)

where o ~ 1. With lower temperature, the constructive interference becomes
stronger, resulting in lower conductance. The correction from the weak localization
effect is shown in Fig. [5.4.4|b). The high temperature part fits well with Eq.
with the slope approximately equal to 1. The deviation at low temperature comes
from the pairing of electrons as well as strong localization effect which depends
exponentially on the temperature.

We can separate the pairing effect from weak localization as shown in Fig.
[5.4.5] The measured resistance is divided by Ry from the weak localization fit. It
remains constant until the onset of superconductivity. The size of the reentrance
decreases with Gd doping. For the last film, the strong localization effect exceeds
the pairing effect and we only see a kink rather than a dip on the curve. The
critical pairing temperature is usually defined as a constant fractional reduction of
the resistance. It is hard to define here, especially for the last film. The second
derivative of the curve is also too noisy to find the transition point. However, we
can observe qualitatively that the onset of superconductivity is moving to lower
temperature with successive deposition of Gd. It agrees with our expectation that
magnetic impurity reduces the pairing temperature.

Following the same procedure, we can calculate the normalized R(T) curves for
Experiment Il (see Fig. 5.4.6). In contrast to Experiment |, the size of reentrance is
very large and we can see the dip even at the highest doping concentration. In this
case, we are able to draw a line, for example 95% of the normal resistance, and

estimate the pairing temperature on AAO based on that. As shown in Fig. [5.4.7]
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Figure 5.4.5: Normalized resistance at high temperature. Ry is the normal state
resistance following weak localization temperature dependence.

it still shows linear relationship with Gd concentration. However, it drops much
faster than T on reference films. As a result, the deviation between AAO and
the Reference gets larger at lower T-. There is also some other evidence that T¢

on the reference does not represent the actual pairing temperature on AAO when
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Figure 5.4.6: Weak localization correction for Experiment Il following the same
procedure. (a) R(T) curves at high temperature with increasing Gd doping. (b)
G versus In(7"). The black dashed line is a linear fit for the last fiim. G/Gy =
0.991n(22.7 x T'). (c) Normalized R(T) curves. Resistance is renormalized by weak
localization fit.
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Tc is small. In the previous discussion, we mentioned that 67, o E; oc GA. In
BCS limit, A « T¢. Thus, T « 0Ty/G. For the last films in Experiment | and 11,
using the data from Table. [5.1} T44°(1)/TA4°(Il) = 0.37, while the measured T¢

on Reference is T4/ (1) /75 (IN) = 0.88.

4 . .

2 AAQO
3 #Ref .

Doping(%)

Figure 5.4.7: T calculated from AAO and Reference for Experiment Il. The critical
temperature on AAQ is chosen at 5% drop of resistance compared with the normal
state value. This choice enables us to match 7 on AAO with Reference for the
first film.

We attribute the enhanced suppression of superconductivity to finite size effect
of the superconducting nano-sized island as well as weak coupling proximity effect
at the superconductor and normal metal interference. To estimate the size of the

islands, we can consider the structure as twelve closely packed dots around each
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pore. The diameter of each dot is ~ =izt = 26 nm, which is comparable with the
superconductivity coherent length £ ~ 10 nm. For the proximity effect, the nearest
superconducting islands are connected by normal metal or weak superconductors.
Superconductivity is induced at the expense of reducing the average 7. Both of

them are equally important in determining the pairing temperature on AAQ [27].

5.4.2.2 Resistance at Low Temperature Limit

The effects of Gd doping on the activated transport in Experiments | and Il are
displayed in Fig. The Arrhenius plots of the R(7") show that the activated
form persists through the doping range. For Experiment I, which is farther from the
transition, the resistance in the low temperature region monotonically goes down
with doping for both f = 0 and f = 1/2. By contrast, for the film closer to the
transition, the change is non-monotonic. At f = 0, the resistance first increases,
and then it drops. For f = 1/2, it seems flat at the beginning, then it also drops with
increasing doping. Fig. provides a clearer view of the resistance changes at
specific temperature T = 150 mK. In both experiments, R(f = 1/2) decreases
faster than R(f = 0), and it drops below R(f = 0) in the last few films. Since Tj
is the dominating factor to determine the resistance in the low temperature region,
as we will see later, this plot is very similar to 7, changes with doping.

Fig/5.4.10] shows the isothermal field sweep measurements for both experi-
ments. The temperature is fixed at 300 mK while ramping the field. In Experiment
l, both R(f = 0) and R(f = 1/2) decrease with doping while in Experiment I,
R(f = 0) increases at the beginning. It is consistent with the observation at lower
temperature (Fig. 5.4.9). Also, the isothermal curves directly show the disappear-
ance of Little-Parks oscillations, indicating the superconductivity is quenched by
magnetic impurity. One thing to note is that in Experiment |, the last three curves

drop a lot even though the oscillation is weak. That indicates the quasi-particle tun-
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Figure 5.4.8: Resistance versus 1/T for (a),(b) Experiment | and (c),(d) Experiment
[I. The left figures are measured at f=0, and the right figures are measured at f=1/2.

neling still depends on the superconductivity ordering parameter. It is reasonable
since the electrons need to overcome the superconducting gap to be broken into

single ones and thus the energy barrier for quasi-particle tunneling is A + E¢ /4 [2].
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Figure 5.4.9: R(T = 150mK) changes with Gd Doping. x-axis is the relative T
shifts representing doping concentrations. The red points are from Experiment I,
and blue points are from Experiment Il. The filled squares represent f = 0 and
open squares correspond to f = 1/2. The lines are guides to the eye.

5.4.3 T, Changes with Doping

We can calculate the activation energies from the linear fit to the low temperature
regions in Fig. We choose the data points below 300 mK that are far away
from the pairing temperature. The results are shown in Fig. [5.4.71] Similar to
the change of resistance, the evolution of 7j, at low doping depends on distance
from the SIT. T, decreases or remains nearly constant and then decreases with

Gd doping in the three films farthest from the SIT. By contrast, the film closest
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Figure 5.4.10: Disappearing of h/2e oscillation at 300 mK. The matching field is
Hy =0215T
to the SIT exhibits a maximum in 7. At the higher doping levels, T, becomes
independent of frustration and decreases with doping. The difference between the
activation energies at the two frustrations, 5T, = 7/~ — /=, is larger for the film
closer to the SIT. For both films, §7, approaches zero at higher dopings.
Considering T, = Ec — E;, where E; decreases with pair breaking effect, our
observation, especially in Exp |, shows the effective charging energy E- decreases
with shrinking A. This result is unexpected because in terms of the coulomb block-
ade, single junction bare charging energy can be estimated as E¢y = ¢?/ed, where
q = 2e and d is the average distance between two adjacent superconducting is-
lands. Magnetic impurity might shrink the islands, making E¢ increase or at least
leave it unchanged. Our results show the simple model with pure Cooper pair
hopping is not necessarily the case here. The effective charging energy has a
nontrivial dependence on the superconducting gap.

The disappearance of Ty’s frustration dependence at higher doping levels sig-
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nals a crossover from transport that involved Cooper pairs to quasiparticle domi-
nated transport. The crossover is smooth: the R(T") (Fig. maintain an acti-
vated form and T; evolves without any clear discontinuities in its value or slope. The
continued decrease of T, with Gd doping suggests that the quasi-particle trans-
port depends directly on A. This dependence can arise if the transport is quasi-
particle tunneling between superconducting dots as proposed to explain negative
magneto-resistance in granular Pb [28] and Indium Oxide films [29]. Within this
model, the inferred values of 2A at the crossover, presuming 7, = 2A, are 0.83 K
and 0.6 K for films | and Il, respectively. Both of these values fall below the transition
temperatures of their associated reference films, which makes them reasonable.

For both experiments, the difference of T, at f = 0 and f = 1/2, which is
proportional to Josephson coupling energy monotonically decreases with Gd con-
centration and drops to zero (see Fig. inserts). This further assures us the
superconducting gap is shrunk by Gd doping. §7j is larger in Experiment Il, indicat-
ing higher initial A and E;. Something interesting to note is, in Experiment Il near
the magnetic impurity induced peak, E; remains finite, but it goes to zero shortly
after that. This shows Cooper pairs still exist at the peak, while quasi-particles
begin to dominate the transport beyond the peak where the pair breaking effect is
too strong.

With low doping concentration, we have observed positive MR and MR oscilla-
tion in both experiments. This indicates Cooper pairs are the dominating charge
carriers [17]. Combining the results from the two experiments, we found the E;
behaves as we expected, while E- cannot be simply interpreted as a capacitance
obstructing Cooper pair hopping. It depends on the superconducting gap and de-
creases when the gap is shrinking. The resulting behavior of 7, depends on how
far away the film is from the QCP, or microscopically, it depends on the relative

size of E- and E;. As we are approaching the transition from the insulating side,
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E; increases relative to £ and a magnetic impurity induced peak emerges. This
behavior resembles the emergence of the giant MR peak from negative MR when
getting closer to the transition, although the size here is smaller than the MR. The
comparison of those two gives a lot of hints for the nature of widely debated MR

peak.

5.5 Other Experiments

In addition to the two experiments discussed above, there are some other experi-
mental runs we made to explore the effect of magnetic impurity doping. Initially, we
tried to use Nichrome wire instead of Gd as Parker et al used for their a-Pb films
[14]. It is easier to prepare and more controllable. Unfortunately, it does not seem
to effectively reduce T on our quench condensed Bi films. Gd is chosen based on
the work done by our previous lab members.

Fig. shows one of the other experiments with Gd doping. We still ob-
served a kink on R(T') curves of reference films. Using the same 10% criterion,
T drops linearly with Gd amount. However, the film on AAO is inhomogeneous.
Part of the films superconducts while the resistance across the film is still finite.
We suspected the sample is misaligned with the source, making part of the film
thinner than the nominal deposited thickness. That is why we observed a very
large dip before it reenters insulating regime in Fig. [5.5.7fc). The insulating behav-
ior is contributed by the region with lower thickness as the thicker area is already
superconducting. It still shows activated dependence on temperature. The activa-
tion energies in first two oscillations are shown in Fig. [5.5.1(e). Both Tj and 675
decreases with increasing doping concentration.

The inhomogeneity makes this experiment data less reliable. The nominal d5/"

and RZ! is far off the regular values. Nevertheless, the activated transport behav-
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Figure 5.5.1: Data from Jan2017 experiment. (a) R(7") with increasing doping on
reference films. Reddish curves represent higher doping. (b) 7 decreases with
Gd doping. (c) R(T) for films deposited on AAQ. (d) Arrhenius plot of R(T"). (e) Ty
oscillates in magnetic field. The x-axis is the frustration number. (f) 7 changes with
Gd doping. The solid line represents f = 0 and dashed line represents f = 1/2.
Inset:dT;, decreases with Gd amount.
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ior at low temperature still stems from thin film region where the A is small and
reduced by magnetic impurity doping. The activation energy is independent of the
geometry at this scale. Therefore, the behavior of T should still be reliable, at least
qualitatively. The initial T({:O is ~ 0.6 K, which is closer to QCP than Experiment |,
but not as close as Experiment Il. It decreases with Gd doping. This is consistent
with our previous discussions. TJ:”Q is more complicated as the superconducting
region can be turned insulating by frustration, where A is higher. As a result, the

h/2e oscillation persists even for the last film in this experiment.

5.6 Renormalization of Charging Energy

The salient features in our results can be explained by introducing a dissipative
term in the Hamiltonian[11} 130, 131, 132]. The action for partition function is modified
as S[®] = S.[®] + Si[P] + S,[P], where S. describes the bare charging energy, S;
represents the tunneling from quasi-particles whose value depends on the super-
conducting gap and S; is the Josephson coupling term. Note that if all relevant
energy scales are small compared with the superconducting gap, no real quasi-
particle tunneling occurs. The charging energy is renormalized by virtual tunneling
instead. Following the renormalization approach in Ref. [11], those three terms

can be calculated as,

di(1) d;(7)
Se T 22 Z/ drCi—0— dr dr

37rg
GIA Z/ i (5.6.1)

<1)>

:_—Z/ Jij cos {2[pi(T) — @;(7)]}dr

<1)>

t
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where ¢ is the phase, C;; is the nearest neighbor capacitance and J;; is the nearest
neighbor Josephson coupling. The effective charging energy in 2d system is given

by the sum of the first two terms.

2A

E~ =
¢ 3m2g

In(gEco/A) (5.6.2)

The bare charging energy E¢o is a constant on the order of ~ 100 K estimated
from the geometry of our substrate. It is significantly reduced by the log function.
The renormalization effect is more significant in a 3d system where the renormal-
ized Ec = const x A/g becomes independent of the bare charging energy. ¢
is a dimensionless conductance measured in the units of quantum conductance
g = G/(2¢*/h). Fazio et al [30] gives a qualitatively similar result of renormaliza-
tion charging energy Ec = Eco/(1 + au3Eco/(8A)), where o, = mg. The function
reduces to a downward quadratic function of A when E-, >> A. The peak posi-
tion is at the order of E¢( that is much larger than the real A in experiments, thus
E¢ also decreases with shrinking gap. The exact form of E- does not affect our

conclusion here. We will use Eq. for discussion in the following part.
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<
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Figure 5.6.1: E¢ and E; change with the pair breaking effect. The blue curve
represents E; which decreases linearly with shrinking gap. When they are com-
parable(left figure), their difference first increases and then drops. If £, is much
lower, the difference monotonically decreases.
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The Josephson part is approached by mean-field approximation, enabling us
to take J;; term out from the summation. The resulting effective coupling energy
E;=FEp< Z cos(p;—pj—A;j) >= Ejo < cos(2nf) >, where E;, = 8%}% = Z9A.
Therefore, th<é]z:ffective Josephson coupling energy is still proportional to the su-
perconducting gap. Closer to the SIT with ¢ < 1 and E; << FE¢, the Josephson
coupling energy reduces the activation energy in a perturbative manner, Ty(g) =
Ec(g9)—BE;/2. Qualitatively, we presume the above expression holds when E; and
Ec are comparable. Same with E;, E¢ is a monotonically decreasing function with
pair breaking effect. Fig. shows E- and E; response to shrinking supercon-
ducting gap using some typical parameters in our experiments. If £~ dominates,
Ty will also decrease monotonically. Otherwise, a peak results because of the log

function in E- and the minus sign in front of E;.

In summary, 7, can be written as,

2A
3m2g

Ty = In(gEco/A) — BgA <27 f > (5.6.3)

Fig. 5.6.2 shows how T; changes with decreasing gap. The contours were calcu-
lated using parameter values, Fcog = 200 K, 5 =1, Ag = 5 Kand f = 0 with g
varying from 0.3 to 0.45, that fell in a plausible range for these AAQO films. At lower
g, farther from the SIT T;, decreases monotonically with A. At higher g, closer to
the SIT, 7To(0A) develops a maximum. These trends qualitatively resemble the ob-
served trends in the T, data as a function of a,; and distance from the SIT critical
point (see inset of Fig. [5.6.2).

The situation, however, becomes more complicated when the pair breaking is
large. In the discussion above, we attribute the activation energy to the Cooper pair
transport renormalized by quasi-particle tunneling. That is valid only if the relevant
energy scales are all below A. When the gap is shrunk to a point that A/Ex < 2

[2], quasi-particles dominate the transport and measured 7; will not go to zero as
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Figure 5.6.2: Comparison of the data with the Mott insulator with virtual quasiparti-
cle screening model. The main figure gives contours of T, at constant g versus the
normalized change in A as calculated from Eq.(5.6.3) for the case f = 0. The nor-
malized change in A is proportional to a¢, for low doping. The model parameters
were setto Eqp = 200 K, 8 =1, and Ay = 5 Kwith g varying from 0.3 to 0.45. Over
this range of g the activation energy at zero doping changes sign indicating that it
spans the SIT. Using f = 1/2 generates a qualitatively similar spectrum of curves
that have a weaker maximum at the largest g. Inset: Experimental results for films
| and Il with lines that are guides to the eye.

Eq. [5.6.2 suggests.
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5.7 Conclusion

Our system provides a useful tool to study the effect of magnetic impurity on low di-
mensional transport behavior. Gd has been successively deposited onto a quench
condensed ultra-thin Bi film in the Cooper pair insulator state. The uniform spin flip
scattering enable us to reduce the superconducting gap while keeping other pa-
rameters constant. Our data indicates both effective charging energy and Joseph-
son coupling energy are suppressed by magnetic impurity doping, while T can be
enhanced at small doping amount when the film is close to QCP.

The model of E- — E; with E- independent of A is too simple. It cannot ac-
count for the monotonic decrease of T, with magnetic impurities exhibited by the 3
curves in Fig. 5.4.11] This behavior rules out Josephson junction array models that
include large dielectric constants to reduce the Coulomb blockade energy[9,10]. It
also rules out scenarios of Anderson localization physics in which the activation en-
ergy involves the excitation of Cooper pairs across a mobility edge[12]. Since the
Cooper pair mobility is proportional to the inter-island tunneling rate or Josephson
coupling. It is supposed to decrease with shrinking A.

Cooper pair hopping combined with dissipative quasi-particle tunneling needs
to considered to explain those novel behaviors. Our data are in agreement with the
computation results except in the strong pair breaking region. In that case, single
electron transport needs to be integrated to fully explain the experiment. This is the
first experimental evidence as we know to show the dissipative transport is nontriv-
ial even in the regime Cooper pairs dominate the transport. The magnetic impurity
induced resistance peak near the critical point definitely needs more attention to

study the widely observed MR peak.
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Chapter 6

Shrinking Magnetoresistance Peak

with Magnetic Impurity
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One of the signature features in Cooper pair insulator phase is the giant mag-
netoresistance (MR) peak. Although the exact nature has not been revealed yet,
it is widely believed that the peak is a consequence of the competing transport
mechanism between Cooper pairs and quasi particles. Therefore, it is reasonable
to expect that the peak will be directly affected by magnetic impurity doping. In this
chapter, we present experimental data that shows the shrinking of the peak by Gd
doping. We will see how the transport behaviors at high fields change with doping.
The comparison between the MR peak and the magnetic impurity induced peak

provides useful insights into the emergence of the MR peak.
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6.1 Introduction

Nonmonotonic magnetoresistance has been observed in various systems in the
vicinity of the SIT, including a-Bi [1, 2], InO,, [3} 14, 5] 16l [7], TiN [8], PbBi [9], a-MoSi
[10] and High T superconductors [11]. The disorder plays a crucial role for the
emergence of the peak. The pairing amplitude becomes spatially inhomogeneous
with increasing disorder [12], resulting in superconducting islands separated in an
insulating background. That is the prerequisite for the appearance of MR peak.

Disorder can be added as thickness fluctuations over mesoscopic length scales.
Bi films deposited on flat nano-patterned Si substrates are smooth. They show no
signs of Cooper pairs in the insulator and the MR peak is absent [13]. This be-
havior contrasts with behaviors of films deposited onto AAO substrates [1], which
includes a giant MR peak. The underlayer on a flat substrate can also affect the
thickness variation. Bi deposited on a thick a-Sb underlayer is rough and exhibits
a MR peak near the SIT, while on a thin underlayer, the film is homogeneous and
exhibits direct Sl transition [2]. Another source of disorder is called "compositional
disorder" that is added by different chemical compositions. Givan et al [14] did
chemical analysis for InO, films with different electron densities and showed the
existence of disorder even if the thickness seems to be homogeneous.

For the MR peak, the size RP*** and position B*** of the peak depends on tem-
perature. The peak resistance is ~ 70% higher at 100 mK compared with 7" = 120
mK [1]. The location of the peak B*** also moves to lower values with decreas-
ing temperature. It is still unknown whether it will move to B¢, the critical field for
the SIT, or remains larger than B in the zero temperature limit[16]. Besides the
temperature, the angle of magnetic field also affects the peak. Both perpendicular
and parallel fields can induce the resistance peak [15, [17]. Fig. shows the

perpendicular and parallel magnetic isotherms for the same sample. They show
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Figure 6.1.1: Isotherms R(B) for (a) perpendicular and (b) parallel magnetic field.
The upper curves represent lower temperatures. Note the resistances start to
increase at higher field for the parallel field. Figure is excerpted from Ref. [15].
similar shape. The size of the peak, however, is much larger at the same temper-
ature in the perpendicular case. In addition, B”*** moves to higher field when the
field is applied parallel to the sample.

Despite the extensive of experimental studies, the theory behind the giant peaks
is not well established. The experiments suggest that the nonmonotonic behavior
is related to a pair breaking effect, either through dephasing or shrinking of the
gap. Because of particle statistics, Bosons usually exhibit positive magnetoresis-
tance since constructive interference from different paths of forward propagation
is suppressed by magnetic field [18, [19]. By contrast, Fermions have occasional

negative interferences and thus exhibit negative magnetoresistance [20, 21, 22].

192



Therefore, a peak appears at the cross-over region where CPs disintegrate into
QPs. In experiment, the positive MR is usually regarded as a signature of Cooper
pair transport while negative MR indicates single electrons. That is consistent with
our observation that i /2e oscillation appears only on the left side of the peak.

Quantitatively, Galitski et al [23] implemented two-fluid model. The resistance
has a contribution from a field induced vortex channel and a quasi-particle channel.
The vortex transport dominates the lower field region while quasi-particle tunneling
is more preferred at high fields, resulting in a 'Vortex Metal’ phase in-between.
Dubi et al [24] used a more phenomenological model that assumes that the size
of superconducting islands is reduced by magnetic field. The conduction is mainly
from Cooper pair tunneling at low fields. As those islands shrink, the energy barrier
for Cooper pair tunneling increases and the normal state area becomes larger.
Finally, the normal electrons dominate the transport beyond the peak.

In our lab, we developed an experimental method to investigate the underlying
mechanism of the MR peak. Since the peak is related to superconducting order
parameter, magnetic impurity doping should affect the peak by reducing the gap.
We expect the location of the peak to move toward zero as the pair breaking effects
of magnetic impurity and magnetic field are additive. The size of the peak is also
expected to decrease since Cooper pairs contribute to the resistance increase.
With magnetic doping, there will be fewer Cooper pairs involved at lower fields.

Also, the magnetic field affects the order parameter by reducing the amplitude
as well as introducing extra phase fluctuations. When the field is perpendicular
to sample, the vector potential shifts the phase of the electrons as they traverse
the system. The parallel field, however, does not couple as strongly to the phase
because the electron motion perpendicular to the field is restricted by the thin film
geometry. That simple model explains the difference between perpendicular and

parallel fields shown in Fig. The crossover point for two transport mecha-

193



nisms is thus at a higher field in the parallel case. By contrast, magnetic impurity
has low magnetic moment. As a result, it can be regarded as pure amplitude re-
duction effect. Using the magnetic impurity doping helps us separate those two
effects and gives us more insights on the origin of MR peak.

We will present data from the same two experimental runs described in the last
chapter. Here, the focus is more concentrated on the transport in fields. As the
films in two experiments behave similarly in high fields, Experiment Il is primar-
ily used for a detailed discussion while data from Experiment | is also plotted as

supplementary information in the last section.

6.2 Magnetoresistance with Gd Doping

6.2.1 Peak and Oscillation

Fig. shows a field sweep isotherm. The magnetic field is ramped up to 7
T while a temperature controller is used to maintain the sample temperature at
300 mK. The resistance peaks at 2.8 T, where R(peak,300 mK) = 151 k2 com-
pared with zero field resistance R(B = 0,300 mK) = 28 kf). Reducing the sample
temperature can push up the peak but it requires longer time to do the field sweep.

Both the resistance oscillations and the positive MR indicate that the charge
carriers are Cooper pairs. We have not observed oscillations on the right side of
the peak, which is consistent with our previous experiments. The absence of oscil-
lations indicates the crossover from Cooper pair to quasi-particle transport. As we
will show later, our doping experiments provide evidence that the superconducting
gap remains finite in the high field region.

The oscillation itself shows some unexpected feature that we have not observed
before. Fig. [6.2.2] shows the enlarged view in the low field region. The resistance

reaches local minima at integer frustration. However, besides the regular H,; os-
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Figure 6.2.1: Field sweep at 300 mK for the last Bi film before deposition of Gd.

cillation, we have observed a superposition of another oscillation with period that
exactly equals 4H,,. Since B-S = n®, the larger oscillation requires characteristic
area that is one quarter of the unit cell. In other words, one unit cell contains 4 flux
quanta.

Fig. shows a possible explanation for the double oscillations. Because
of the condensation energy, an Abrikosov vortex finds it energetically favorable to
reside in weak superconducting regions like the pores and the superconducting
island links in our case. They still form a triangular array. It is a stable lattice
structure and the vortices are unlikely to move. Therefore the resistance, which is
caused by the movement of vortices, reaches a minimum. There are four vortices
inside each cell. Thus the corresponding period is four times the original matching

field. It is still unclear to us why we did not observe the bigger oscillation in previous
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Figure 6.2.2: Resistance oscillations at low fields. The field is shown in unit of
matching field H,; = 0.215 T. The resistance dips at integer frustration number.

experiments. It may be because the pore size is smaller this time, so that the links
are sufficiently wide for the superconducting current to circulate that forms vortex

cores. Future experiment with etched pores will be helpful to answer this question.

6.2.2 Adding Magnetic Impurity

For consistency with the previous chapter, We still use agqy = 1 — T.(x¢q)/T.(0) to
represent the pair breaking strength. Fig. shows the change of the magne-
toresistance at 7' = 150 mK with the introduction of magnetic impurity. We retrieved

the low temperature resistance data from R(T') curves in field. Note that in the
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Figure 6.2.3: Possible vortex configuration. The red dots represent the pores which
contribute to the regular H,, oscillation. The blue dots are located at the links
where superconductivity is weak. There are six blue dots around each pore and
each dot is shared by two pores. Thus, the total flux quantum in each unit cell is 3
blue ones plus the red one, which counts for the 4H,, oscillation.

low field region we only measured the first oscillation. lts presence indicates that
Cooper pairs dominate the transport in the low magnetic field and low doping limit.
Adding magnetic impurities produces a peak in the resistance (solid black curve)
at zero magnetic field. Concomitantly, the giant magnetoresistance peak, located
to the right of the shaded region, shrinks and moves to lower magnetic fields. The

Little-Parks oscillation also shrinks and disappears near ag, = 0.15. At the same

time, the giant peak has shrunk by more than an order of magnitude.
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Figure 6.2.4: Surface plot R(T = 150 mK, aqq, B). aqq is the pair breaking strength
defined in the text. The light dashed lines are the isotherms that are used to con-
struct the plot. The red curve is the field sweep with zero doping. The MR peak
is indicated by the dark region in the middle. The bold solid and dashed lines
are traced at fixed magnetic field values corresponding to zero and 1/2 of a flux
quantum per unit cell, which are explicitly discussed in the previous chapter.

6.3 Activation Energies in Fields

The transport still has an activated dependence on temperature in the high field

regime, even though the charge carriers are quasiparticles rather than Cooper
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Figure 6.3.1: R(T) in fields for the zero doping film. The curves are labeled by the
corresponding magnetic fields. The MR peak appears at 2.4 T.
pairs. Fig. [6.3.1|shows some representative R(T') curves in fields. The reentrance
dip vanishes in the highest fields, indicating the quenching of pairing. The acti-
vation energies can be retrieved by fitting low temperature data to the Arrhenius
equation R = Rgexp(Ty/T). Although R, changes in fields [1], the resistance is
mainly determined by 7} at low temperatures because of the exponential function.
We expect T;, behaves similarly to the resistance shown in Fig. [6.2.4]

Fig. [6.3.2] shows the activation energies in magnetic field varying with Gd dop-
ing. Ty peaks at the resistance maximum. The peak, while broad, clearly moves to
the lower field with increasing doping. The magnitude of the activation energies at

fixed magnetic field decreases monotonically with doping in high field region.
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Figure 6.3.2: Response of activation energies to magnetic field and magnetic impu-
rity. The blueish curves represent lower doping while the reddish curves represent
high doping concentrations.

6.3.1 T/"" and Breok

One feature of great interest is the change of the activation energy at the peak,
TE*** . Fig. shows that the T7““" drops almost linearly with increasing pair
breaking, with a slope of 3.2 K per unit change of agq. Initially, 72°* = 1.1 K,
compared with 7/=" = 0.4 K. In the high doping limit, the oscillations disappear.
TI=°, T/='7* and T7°** approach the same value.

The behavior of T2*** can be qualitatively explained using Dubi et al’s model
[24]. The peak is the breakeven point for the Cooper pair channel and the normal
electron channel. The normal electrons are created by the magnetic field reducing

the gap. The required magnetic field is lower the more magnetic impurity scatter-
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Figure 6.3.3: T“* decreases linearly with increasing doping concentration. The
red squares are the maximum activation energy retrieved from R(T) curves in
fields. The red line is linear fit to it. The filled squares are T({:O and the open

squares are 7, ~'/*,
ing contribute to pair breaking. Therefore, the energy barrier for normal electron
transport decreases. In order to hold the breakeven condition, 77*** should also
decrease. Ref. [3] also points out 72°** is close to Ti.. As Tt is reduced by dop-
ing, it is natural that 7*** should also be reduced. Notice this is in contrast with
Tc being reduced by thickness/disorder, which will lead to the increase of normal
electron resistance, and thus, Tg;e“’“ has inverse relation with 7~ in that case.

The position of the peak, BP*** bears large uncertainty as the peak in Fig.

is flat. But undoubtedly, the general trend is decreasing with increasing doping.
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Figure 6.3.4: Br*** moves to zero with increasing doping concentration. The circles
represent the corresponding field with the maximum 7;. The error bar indicates
98% uncertainty range of Tj.
Fig. shows BP** versus a¢g. The initial BPe* is 2.5 T. It can be further
increased if we move closer to the SIT with increasing thickness [1]. The error bar
shows the uncertainty of the peak position. In the last doping, it decreases to ~ 0,
where quasi-particles begin to dominate at the whole range of magnetic field and
the corresponding MR is negative.

Because of the lack of a complete theory, we do not know the explicit form of
Breek - Qualitatively, however, we know it is pair breaking effect and B** should be
related to the upper critical field B., [1},24]. In dirty superconductor limit, B., o T

[25]. Thus, it is reasonable to expect BPe** decreases with doping in the similar
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trend as T44°. Note that 7449 here is the pair temperature on AAQO. Because
of superconductivity size effect, it is lower than TH5" on the reference film when
the superconducting island size is small [26]. Thus, we expect that agy < 1 when
Breek gpproaches zero. This is verified by the other experiment we will discuss later
where the peak vanishes while a4 remains well below 1 (see Fig. [6.4.1). In fact,
the Little-Parks oscillation is a better measure of 7449 in this context. BP** = (

when the oscillation disappears.

6.3.2 High Field Region

In the two fluid model, the charge carriers are supposed to be normal electrons
when the field is much higher than Br¢?*. In that regime, the transport is no longer
activated [27]. Instead, it should be variable range hopping (VRH) with resistance

[28],

oy
Ty 5 (6.3.1)

R = Ry exp( e T T

where r;; is the distance between two hopping sites , . is the localization length
and ¢ is the energy difference between the localized states at two sites. Assuming
constant density of state near Fermi level, the resistance obeys Mott’s law where
R = Ryexp(Ty/T)" 1) with d being the dimension of the system. However, in the
presence of a Coulomb gap , like in our case, a gap opens near the Fermi level.

The resistance follows Efros-Shklovskii(ES)’s law in the low temperature limit [29],

R =R, exp(%)l/z (6.3.2)

Fig. shows the evolution of R(T") with increasing doping in both activated
plot and ES plot. Surprisingly, we find only a few films with highest doping in B = 7
T fits better to ES’s law than Arrhenius plot. Most of the curves still show activated

behavior. It suggests that the superconductivity on the zero doping film has not
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Figure 6.3.5: R(T) curves at 3 T, 5 T and 7 T with increasing doping. The upper
panels are Arrhenius plots and the lower panels are variable range hopping plots
in the Efros-Shklovskii regime.
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been fully suppressed even in the highest field achievable in our lab. The disap-
pearance of the Little-Parks oscillation beyond the peak is due to the suppression
of the phase coherence length that is less than the inter-island distance. The gap
remains finite.

Magnetic impurity doping provides a way to test for the existence of the super-
conductivity gap. shows the change of the activation energy with doping at
high fields. All of them decrease with doping. It is direct evidence that the gap
remains finite beyond the peak. The highest field data shows the weakest depen-
dence on doping. It makes sense as the superconductivity becomes less and less

important for the transport.
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Figure 6.3.6: T, changes with doping under specific fields. The curves are guides
to the eye. Each curve is labeled by their corresponding magnetic field. Note that
Ty is still retrieved from the activated form, although it fits better to ES hopping.
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In the high field region, even though local superconductivity persists inside the
islands, the negative MR indicates that Cooper pairs do not directly participate in
the transport. The superconducting phase term does not affect the global trans-
port. In other words, tunneling between islands is activated with an activation en-
ergy proportional to A. Therefore, magnetic field and magnetic impurity are ex-
pected to have additive pair breaking effects on the transport. If that is the case,
the three curves in Fig. [6.3.6)should be able to scale to a single one by shifting the

horizontal axis.

1.2 I I |

0 ! ! !
0 0.1 0.2 0.3 0.4

Shifted Qg

Figure 6.3.7: Scaling of T; versus agq in fields. The magenta curve present 3 T
without any shift. The blue curve is 5 T shifted to the right by 0.08. The black curve
is 7 T shifted to the right by 0.16.

Fig. shows the shifted data. It scales very well. Interestingly, the shifted

value indicates 2 T field is equivalent to agq = 0.08 in this regime. This conclusion
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needs more data point to verify. Also notice that in the high doping and high field
limit, 7o becomes almost independent of aqgy. It is consistent with our previous
R(T) observation that they are no longer activated. It suggests that the supercon-
ductivity is completely destroyed in that regime. Thus, beyond the peak, we have a
smooth crossover from quasiparticle transport, where Tj is proportional to A and
subjected to doping, to a normal state, where the gap is totally suppressed and T
becomes weakly dependent on the magnetic field and the magnetic impurity. Ref.
[30] suggests a new quantum metallic phase in the high field limit where the zero
temperature resistance is /e?, independent of disorder. Another paper by Sacepe
et al. [31] shows the measurement of the indium oxide films up to 30 T. They found
the crossover coincides with B.,. Beyond this high field, the system enters a new

insulating state that obeys Mott hopping.

6.4 Results from Experiment |

Experiment I, which is farther from the transition, gives similar results in the high
field regime. Fig. [6.4.1] shows the plots we discussed above for Experiment I.

For the zero doping film, R(B = 0,300 mK) = 105 kS2, R(peak,300 mK) = 235
k2. Compared with Experiment Il which is closer to the SIT critical point, the MR
is smaller. Also, the peak field, BPe** ~ 1.5 T, is lower than the value in Experiment
. It is reasonable as we think the peak location is proportional to the B., which
is higher for a more robust superconductor. The AAO substrate is prepared under
the same condition. Thus it is not surprising that we also observed the double
oscillation again in this experiment.

With Gd doping, we observed the decreases in the resistance oscillation am-
plitude and the shrinking of the resistance peak. Something interesting to note is

the comparison between magnetic impurity and magnetic field. Although both of
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Figure 6.4.1: High field data from Experiment I. (a) Magnetoresistance for the zero
doping film. (b) Surface plot R(T = 150 mK, a4, B). (c) Ty with doping in field. (d)
Tree* decreases with Gd. (e) Response of BP¢e* to doping. (f) T, beyond the peak.
(g) Scaling of high field data. The horizontal axis is shifted by 0.04, 0.12, 0.2 for 3

T,5 T and 7 T, respectively.
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them induce pair breaking effects, the resistance monotonically decreases with Gd
doping while in the low doping and low field limit, it shows h/2e oscillations and
positive magnetoresistance. This observation confirms that unlike magnetic impu-
rity, the effect of magnetic field is more complicated and it does not simply reduce
the superconducting gap. We will discuss this more in the discussion section.
Similar to Experiment II, both 77°** and Br** decreases with doping. T2°** also
shows linear relation with ag4. The slope is 3.0, which is very close to the value
3.2 from Experiment Il. BP** also has large uncertainties as the peak is flatter
when the film is deeper in insulating state. But we can still see it decreases to
zero with increasing doping amount. For the activation energies beyond the peak,
we have an extra curve B = 2 T as the peak is below 2 T. Again, all of the values
monotonically decrease with doping. We used the same shifting method, i.e. B =1

T+ agqs = 0.04. They scale quite well into a single curve.

6.5 Discussion

To understand the behaviors described above, we need to understand how the
field influences the transport. It is very interesting to compare the peak induced by
magnetic field at zero doping and the peak induced by magnetic impurity at zero
field. It helps for understanding the exact roles the magnetic fields plays. First,

they shows many similarities (see Fig. |6.5.1).

» Ty has monotonically negative dependence on B (or agg) when the system

is deep in the insulating state.
» The peaks show up only when the system is closer to the SIT.

» The size of the peak increases and the position of the peak moves to a higher

field ( or magnetic impurity concentration) as the system gets closer to the
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Figure 6.5.1: T, peak induced by magnetic field (blue) and magnetic impurity
(black) in Experiment II.

SIT.

Those similarities can be understood if we think them as additive effects in terms of
pair breaking. This also explains why BPe?* moves to zero with increasing doping.
The reduced field is compensated by the increased magnetic impurity.

Besides those similarities, there are also some pronounced differences be-

tween them.

« The magnetic field induced peak is ngak ~ 1.1 K, while the magnetic impurity

induced peak is only 725 ~ 0.6 K.

» Magnetic field causes frustration effects where Little-Parks oscillation are ob-
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served, which does not happen with magnetic impurity doping.

» The onset of magnetic field induced peak appears deeper in the insulating
state. That is, with increasing thickness, positive MR appears before mag-
netic impurity peak. For example, in Experiment Il (see Fig. atB=1
T, the MR is positive but 7 decreases with doping. More significantly, in Ex-
periment |, we observed positive MR in the low field region but 7, decreases
monotonically with doping in the whole field range. That suggests that the
magnetic fields and magnetic impurities exert opposite effects on the trans-

port in films farther from the SIT.

Those difference implies the magnetic field is not simply pair breaking effect as

the magnetic impurity. It affects the transport at least in the following three ways.

» Reduce A.
* Interference around each pore. (Little-Parks oscillations)

* Interference between two islands. (Fraunhofer diffraction)

The first effect is the same as magnetic impurity doping. It causes the reduction of
Ec and E; at the same time. The second effect induces frustration to the system,
which contributes to the h/2e oscillation at low fields. The third effect is the key
factor that differentiates the magnetic field from magnetic impurity. The diffraction
effect gives the envelope of the maximum I.. It is an extra factor that reduces the
Josephson coupling. Continuing with the renormalization approach we discussed

in the previous chapter, Ty can be written as,

2A
3m2g

Ty = In(gEco/A) — BgA < cos(2nf) > F(B) (6.5.1)

where F(B) ~ 2420l is the Fraunhofer effect. It decreases with increasing flux.

Thus, E; decreases faster than simply pair breaking effect which has linear reduc-
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tion rate. As a result, T, reaches a higher value in magnetic field than magnetic
impurity doping. To quantify this effect, we know F(B) reaches a minimum when
® = . Thus, the characteristic field B = %, where the area is the junction thick-
ness times the width. The width is W ~ 20 nm estimated from the SEM image. The
thickness can be estimated from the inter-island spacing t = 7 D;,;/12. Therefore,
B = % ~ 4 T, namely the Josephson coupling is almost completely destroyed at 4
T. This value falls into a reasonable range near the MR peak. Beyond this point, E;
is negligible. Thus, the magnetic impurity and magnetic field becomes equivalent.

The frustration term, < cos(27f) >, is also tricky to deal with. Plaquette disorder

that comes from pore size distribution needs to be considered. It can be written as

(from private discussions with Enzo Granato),

Ejoc (1 —n)+ncos(2rf) exp(—(2mfD)?/2) (6.5.2)

where D is the plaquette disorder that determines how many oscillations are vis-
ible. 7 is the coefficient representing the interference around the pore. It is the
percentage of Josephson coupling energy that contributes to the Little-Parks oscil-
lation. From the virtual quasiparticle screening model discussed in the last chapter,
our experimental data show that the oscillation amplitude is one order magnitude
smaller than the value of E;. Thus, n is a very number at the order of 0.1 from our
estimate.

Fig. shows a plot of the model using some reasonable parameters de-
scribed in the figure caption. It captures the main features we discussed above.
Specifically, 775" is higher than 7253 Little-Parks oscillations appears at low
fields. Note that 7; drops to zero in the high field limit which does not happen in
the experiment. In the model calculation, we did not incorporate the energy barrier
for quasi-particle transport which becomes dominant in the high field regime.

Furthermore, we can see how T;(B) is affected by doping. Magnetic impurity
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Figure 6.5.2: Model plot using Eq. [6.5.1 Parameters are set to be ¢ = 0.4,
Ec=200K,5=1,A¢0=5K,By =5T,D=0.1, n=0.1, &/®, = B/4 for Fraunhofer
term. The black curve is T changes with doping in zero field. The blue curve is
the field sweep at zero doping.

doping reduces A, and B¢. The exact dependence is complicated. Arguably, we
can assume B¢y is proportional to A, and they are reduced in the same trend. Fig.
6.5.3|shows several Ty(B) curves with increasing doping. Compared to Fig. |6.3.2,
for the same reason, it does not give correct shape beyond the peak. However,

it succeed showing T7““* shrinks and BP** moves to zero. Also, it shows the

oscillation amplitude decreases with doping.
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Figure 6.5.3: T, versus B with increasing doping. We assume A and B¢, are
reduced in the same trend. Other parameters hold constant with doping.

6.6 Conclusion

To summarize, in this chapter we have shown the transport in magnetic field. The
magnetic impurity provides a useful tool to study the roles of magnetic field. We
have found both 7*** and Br<e* deceases with doping. Beyond the peak, T} is still
susceptible to magnetic impurity doping. It suggests A remains finite even at 7 T.
The scaling features shows magnetic field and magnetic impurity are equivalent in
high field region. A more detailed comparison suggests in low field region, mag-

netic field influences T not only by shrinking the gap, but also through the phase
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interference which further reduces the Josephson coupling energy. We added a
Fraunhofer term to our model. It is able to capture most features in our experiment

data.
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Chapter 7

Summary and Outlook
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This thesis has primarily focused on two projects. One is the film growth on
nano-patterned substrates with varying temperatures. The theory behind sets the
foundation for the quench condensation method we use in low temperature exper-
iment. The other project is the study of Cooper pair insulator state near SIT using
magnetic impurity as a probe. In this chapter, | will discuss the main results we
found. In the last part, | will talk about some possible future experiments that can

help address the open questions.
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7.1 Summary

We are able to make AAO templates with varying inter-pore spacings by different
combinations of anodizing voltage, acidic electrolyte, concentration and tempera-
ture. Among them, 100 nm AAQO shows the best ordering. In some experiments,
the ordering was intentionally made worse by covering the aluminum sheet with a
piece of teflon tape [1]. In the other limit, improving the ordering is not easy. Lithog-
raphy can be used to create nano-indents [2], but it suffers from cost and scalability
problems. The pore size is also controllable by etching the template in phosphoric
acid after the regular anodization procedures. We can manipulate the island size
or the width of inter-island links by varying the etching time. SEM and AFM are
primarily used to characterize the template. SEM is helpful to check the large area
properties, like the ordering, inter-pore spacing, porosity etc. AFM provides more
information in the vertical direction. It can be used to calculate the roughness of
the surface.

One of the primary uses of AAO is providing the templates for nano-material
fabrication. We studied the film growth on the surface of AAO. Ordered nano crystal
arrays are achieved using several different evaporating materials. We also inves-
tigated the influence of substrate temperature. With sufficiently high temperature,
the adatoms obtain enough energy to diffuse. If it satisfies some specific surface
tension relations, the film becomes granular. By contrast, if the substrate temper-
ature is low, the evaporated atoms will stay where they landed. The film will follow
the same structure as the substrate. This is the foundation of quench condensa-
tion we used in the low temperature transport measurement experiment, where the
evaporation takes place below 10 K.

In the other project, we studied the Cooper pair insulating state near the SIT

probed by magnetic impurity doping. It is based on our previous investigations of
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the thickness tuned Insulator-superconductor transitions on AAO substrates. There
were two major experiments done. One is on a film farther and the other one
is on a film closer to the transition. We studied the activation energy 7, of the
system. It is the characteristic energy scale on the insulating side. At zero field,
they show contrasting behaviors with Gd doping. The film closer to SIT shows a
peak with doping while the other one monotonically decreases with increasing Gd
concentration. For f = 1/2, both of the experiments show the reductions of Tj by
doping. Those behaviors lead us to consider the dissipative process along with
Cooper pair tunneling. In the theoretical model, the Cooper pair charging energy
E¢ is renormalized by virtual quasi-particle tunneling. It helps avoiding the huge
bare charging energy set by the geometry of the substrate, and it also renders the
dependence of T, on the superconductivity gap. Our results agrees well with this
model with some reasonable parameters.

We also inspected how the activation energies in magnetic field change with
doping. The two experiments behave similarly in this case. T, peaks in magnetic
field, similar to the giant magnetoresistance. On the right side of the peak, Tj is
still susceptible to doping, indicating that the gap remains finite even in the high
field region. Tj, versus ag, for different fields scale well into a single curve. This
suggests the magnetic field and magnetic impurity are equivalent in the high field
region. Both 77*" and Br“** decreases with doping. By careful comparison of the
effects of magnetic field and magnetic impurity, we find that the magnetic field is not
purely pair breaking when the field is low. In addition, it introduces the interference
along the pore which contributes to the Little-Parks oscillation in our system. Also, it
causes the interference between the neighboring superconducting islands, known
as Fraunhofer diffraction. Plugging those terms into the expression for 7, we are

able to capture the major features observed in our experiments.
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7.2 Future Experiments

Despite a lot of work done in this area, there still some open questions and some
interesting projects are can to be done in our lab.

First, the AAO fabrication process involves several parameters to vary. To have
more controllable and consistent substrate, we need to carry out systematic studies
of each parameter. Specifically, it is very useful if we can manipulate the roughness
of the system. It will help us determine the amount of inhomogeneities that is
necessary to localize Cooper pairs [3, [4]. Another project related is to fabricate
ordered 500 nm substrate. It involves new design of the anodizing cell that has
better heat dissipation. Because of the limit from the peak, we can only observe
limited h/2e oscillations. 500 nm substrate can reduces the oscillation period by
a factor of 25. It enables us to achieve high frustration number and study some
interesting physics behind.

For the SIT experiment, first we need to pay attention to the thickness of the
Sb wetting layer. Although the system is supposed to be unaffected as long as the
wetting layer is sufficiently thick, some experimental results differ for varying Sb
thickness. A careful study of Sb’s influence will be helpful. Keeping it a constant for
different experiments is always a good idea. Also, we have observed double low
field oscillations in some experiments. We assume it is because the inter-island
link is too wide. Experiments with substrates of various pore diameters can help
test that idea.

For magnetic impurity doping, we have shown two experiments in the insulating
regime. The model is still valid on the superconducting side near SIT where E;
is slightly larger than E.. A future doping experiment on the film that just pass
the critical point will be helpful to further support the theory. Also, deep into the

insulating regime, the transport is fermionic. We expect T, = A + Ec/4[5]. Ty
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should go down approximately linearly with increasing doping. It will also be an
interesting experiment to do. Moreover, for the scaling of high field data, we found
B =1 T+ agq = 0.04. More data points at varies high fields are needed to verify
that.

There are also some other transport experiments that attract great attention.
Recently, several groups have reported metallic state which is forbidden in the
scaling theory [6, [7, 8, 9]. The origin of the new phase is widely debated. It
is interesting to see if it can be observed in quench condensed system. Also,
some other groups have observed superinsulating state where the conductance is
zero at finite temperature and related it to charge Berezinskii-Kosterlitz-Thouless
transition[10, 11, [12]. They have shown a lot of unconventional features, including
non-linear |V characteristics and non-activated transport at extremely low temper-
atures. It is worth trying in our system. Those measurements are carried out in the
extremely high resistive regime. In order to do that, new measurement circuits with

low noise current amplifiers are required.
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