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Abstract

The superconducting stiffness p; is the relation between the vector potential
A and the current density J inside superconducting (SC) materials as de-
scribed by the London equation J, = —psA. The coherence length £ is a
measure of how large can J be.

We measure the superconducting stiffness and coherence length using the
Stiffnessometer technique, developed in our group [1][2]. The measurement
is done by the application of current in a thin and long excitation coil that
pierces a SC ring-shaped sample, creating a rotor-free vector potential A
inside the sample. According to London’s equation, SC currents emerge,
leading to a magnetic moment, which is measured using a superconducting
quantum interference device (SQUID). This method does not suffer from
demagnetization factors or the presence of vortices.

In this work, we measured the stiffness and coherence length of a BisSroCaCusOgy,
(Bi-2212) sample with critical temperature of about 70K, for different dop-
ing levels in the over-doped regime, with the same sample being oxidized
following each measurement. Bi-2212 is a member of the cuprates, a family
of High Temperature SC.

The results show the dependence of the stiffness and the coherence length
on the doping level. Particularly, decreasing coherence lengths with increas-

ing doping levels.
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1 Introduction

1.1 Superconductivity

Superconductivity (SC) is a material phase characterized by unique phe-
nomena such as zero resistance and perfect diamagnetism (Meissner Ef-
fect). Metalic SC can be explained using the BCS Theory [3] (named after
John Bardeen, Leon Cooper and John Robert Schrieffer, introduced in 1957)
which considers an attractive interaction between electrons through electron-
phonon coupling. It is common to think of the charge carriers of a SC as
pairs of electrons called Cooper-Pairs (CP) rather than individual electrons.
The critical temperature T, refers to the characteristic temperature of the
transition between the SC phase and the normal phase, where the material
become a normal conductor with finite resistivity. The BCS theory predicts
an upper limit for T,; this upper limit is set by the cut-off freuency [4], and
was believed to be 30K, due to the conventional limitation on the phonon
frequency at the time.

The coherence length ¢ is the size of the CP. € is also the shortest length
scale over which the phase of the complex order parameter (discussed in
Sec 1.3) can vary. When applying a magnetic field to a SC, it will reject
it by creating super-currents which screen the external magnetic field. If
we increase the external field, the super-currents will also increase. But,
although the field is expelled from the bulk, it penetrates along the edges with

exponential decay and some characteristic length, known as the penetration
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depth .

The SC materials can be divided into two types, depending on the ratio
of £ and \: a type-I SC have A < £//2 and a type-II SC have A > £//2 .
A type-I SC will hold the magnetic field outside the bulk until we reach the
critical field H., as above H. the material gives-up and transforms back to
the normal state, letting all the magnetic flux go through it. A type-II SC
will stay field-free up to some critical field H.;, where above it, it is capable of
letting some of the magnetic flux get in as vortices. The core of these vortices
will maintain the normal state phase, and outside of the vortex the material
will remain a SC. When we increase the external field, more vortices will get
inside until they cover the entire material and all of it becomes normal at a

second critical field Ho.

In 1986, the T, limitation has been surpassed for the first time and a new
family of high temperature SC materials was discovered: the Cuprates [5].
Those materials are defined by having a nearly tetragonal unit cell which
forms layers of copper-oxide planes (CuQO;). This SC group will be discussed

more in Sec 1.4.

1.2 The London Equation and the Meissner Effect

The superconducting stiffness p; is defined by a local relation between the
superconducting current density J, to the vector potential A and the gradi-

ent of ¢, the phase of the complex order parameter 1) = [1)|e*? (comes from
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Landau’s theory Sec 1.3) . This relation is:

_he
T = (Ve A) (1.1)
where ¢ is the speed of light and ¢ is the charge of the charge carriers. p; is
a diagonal tensor or an even scalar. This equation is gauge invariant. As we

explain in Sec 2 in our experiments Vi = 0 and we get:
Js = —psA. (1.2)

If we use the rotor of Maxwell’s equation: V x V x B = 42V x J (where J is
the sum of normal and super currents) and the definition of A: B =V x A,

we get a partial differential equation for the magnetic field B:

4
V2B =""4B (1.3)
c
The solution (in one dimension) will be: B = Bye~x. This exponential decay
of the magnetic field inside the bulk of a SC is called the Meissner Effect and
it gives us the relation between the SC stiffness and the penetration depth
Al

Ps = ——. (1.4)



1.3 The Ginzburg-Landau Approach

Another way to look at the superconducting phenomena is from the Ginzburg-
Landau (GL) point of view (following [6]). Denoting the complex SC quan-
tum state as ¢ = |i|e’? where |¢|* is the density of the CP and ¢ is the

phase, the GL functional of the free energy is:

s B u 1 A& e* 5  (VxA)?
_f P "y _ % W 1.
f=ho+ gl + Sl + SV - Sapp+ S22 1)
To minimizes the free energy, we differentiate by ¢* and it gives:
2 h € L2
av+ B+ 5 (Y = S APY =0 (16)
m* i c
minimizing with respect to A leads to:
c
= — A 1.
J 47TV x V x (1.7)
= LWV - V) - A
m*i m*c

e e* .

= — [V (hVe — —A) = || v,
m c

where v,, m*, e*, and |1 |? is the velocity, mass, charge, and carrier density

respectively. We define f = /1, where 1, is the density deep inside the

bulk of the SC, and 2 = —a/f > 0 minimizes the free energy deep in the

SC bulk (for A =0 and V¢ = 0). Then, if there are no magnetic fields and
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A =0, Eq 1.6 becomes (in one dimension):

By :
—_— — =0 1.8
2m*|a| dx? =7 (18)

and we can define the GL coherence length:

2 R
= —. 1.9
g(GL) 2m*|oz\ ( )
When we use 7= (2V — £ A)%y = ’gr;’|§1/1 in Eq 1.6 we obtain:

[ = v (1 - m*vg) =i - (Y (1.10)

> 2| o h '
J, = ey (1 — m*vf)v (1.11)

s T 2| 7% '

One can see that J; as a function of v, reaches a maximum value for a specific

velocity. Those are the critical current and the critical velocity:

_ g2 221

J, = = 1/2 1.12
2 |a 1/2

e = (=—)7"=. 1.13

o= (510 (113)

so if we measure the critical velocity v, (or the critial current) we can also

find ¢ using the relation:
h

" VBmro,

If we assume that m* = 2m, (m. being the mass of a free electron) and

§

(1.14)
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e* = 2e (e being the charge of a free electron) we can find from Eq 1.5 that

B =|a|2% A2, and so |1he|? = 22455, Then, using BEq 1.12, we find:

mec? 8me2\2 "

Mec?

c = mvc (115)
using SI units, we get:
2m,
o= 3M:ZA2 Ve (1.16)

1.4 The Cuprates Family

The cuprates are a family of High Temperature SC (HTSC) discovered in
1986 [5]. The cuprates are ceramic, layered materials, containing C'uOs
planes separated by non-superconducting layers which act as charge reser-
voirs. These compounds are anti-ferromagnetic Mott-insulators in the un-
doped phase, due to strong electron coupling that localizes the electrons.
By adding oxygen atoms to the material, electrons are drawn to the oxygen
atoms and thus lowering the electron density in each unit cell. The addition of
oxygen atoms to the material is called hole doping (the “hole” is the absence
of an electron from its position in the atomic lattice). Doping the cuprates
with holes weakens the coupling, destroys the long range anti-ferromagnetic
order and increases conductivity. Above a certain level of doping, supercon-
ductivity emerges. The critical temperature increases with doping up to an
optimal doping level. Further doping results in lowering 7, (over-doping)

until superconductivity vanishes. In this work we will use the hole-doped
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(“P type”) BiySraCaCusOg., (Bi-2212) cuprate discovered around 1988 [7];
it was the first HT'SC with no rare-earth elements, its critical temperature
is about 70K and its unit cell is presented in Fig 1.2. The phase diagram
of these hole-doped cuprates is very rich. Some of the phases seem to be of
competing orders, while for others the relation to SC is still under debate.
In Fig 1.3 one can see a typical phase diagram of cuprates as a function of
doping p. In the cuprate superconductors there is a correlation between the
superfluid density and the critical temperature, known as the Uemura rela-
tion [8], which states that T, is linearly proportional to the superfluid density
as can be seen in Fig 1.1. The superconducting dome (7. (p)) is universal,
and using the known relation between p (holes per Cu atom) and 7, we can

determine the doping level of our sample using the Tallon-Presland formula

[9]:
1e
p=0.16+ 0.11003m

1.5 Crystal Making

In this work, the Bi-2212 crystal was grown using a DC sputtering system on
a ring shaped STO (SrTiO3) substrate with one side polished and crystallo-
graphic plane [100], with an outer diameter of 5mm and an inner diameter of
Imm. Later, the samples were oxidized at 450°C in an oxygen atmosphere.

The same sample was re-oxidized following each measurement.

The sputtering system comprises of a vacuum chamber that can be pumped

13
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Figure 1.1: The Uemura Relation measured by Bozovi¢ at al. for LSCO
[8]: The dependence of T, on pyy = ps(T" — 0). The experimental data
are represented by the blue diamonds; the green dashed line is the fit to
T, =Ty + aps with o = 0.37 = 0.02 for psp > 15K and the red dashed line
is the fit to T, = 7\/ps0 With v = (4.2 £ 0.5) K1/ for pyy < 12K.

down to around 80 millitorrs of pressure. By injecting oxygen while pump-
ing, the system is able to regulate a constant oxygen atmosphere at a wide
range of pressures. Inside the chamber, the STO substrate is held in place
by a holder with heating elements that hold the substrate at a determined
temperature. A high voltage (up to 500V) is applied between the substrate
and the target, which is held a few centimeters below the substrate. The
high voltage and the oxygen atmosphere create a plasma environment, as
the oxygen ions in the plasma are driven into the target which is held in a
negative bias. The bombardment of the ions releases atoms from the tar-

get, that condense on the substrate to form a thin film. The target itself
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Figure 1.2: Bi-2212 Unit Cell. [10]

comprised of a mixture of Bi Sr C'a CuO, powder which is repeatedly heated
for several hours and mixed again, then compressed into a disk. Optimally,
the crystal growth should take place under a 3.5 torr oxygen atmosphere, at
895°C, using 350V between the target and the substrate at a fixed current of
0.12A. These conditions produce a growth rate of about 100 nm/hour, and
a overdoped Bi-2212 sample. Then, the oxygen content can be lowerd or
raised by heating the sample to 450°C in an oxygen atmosphere at pressures

as low as 0.05 torr and up to 400 torrs, using either the sputtering vacuum
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Figure 1.3: Cuprates Phase Diagram: Hole doping p vs. temperature. [11]

chamber for above 1torr of oxygen pressure or the PLD vacuum chamber for

lower than 1torr of oxygen pressure. The sputtering system is presented in

Fig 1.4.
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Figure 1.4: The sputtering system
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2 Stiffnessometer (Operation Principles)

In this section we will explain the principles of operation of a device developed
in our group [1][2], used for measuring stiffness, which is accordingly called
a Stiffnessometer. An ideal Stiffnessometer is made of an infinitely long
excitation-coil, piercing a ring-shaped sample; when a current [ is applied
through the coil, one can generate a magnetic field inside this coil without
a field outside. With that, there is a vector potential A = “(’Tnlgb where n
is the winding density and r is the distance from the symmetry axis of the
coil. If the sample is cooled below T, without any magnetic field or current
in the excitation coil, there will be no vector potential (A = 0). We call
this cooling process Zero-Gauge-Field-Cooling (ZGFC). When the sample is
cooled so that it becomes a SC, it will choose the phase ¢ (in Eq 1.1) such
that the free energy is minimized. So, when we follow the ZGFC protocol,
the vector potential is zero A = 0 and so V¢ = 0 and J = 0 according
to the London equation: Eq 1.2. But now, changing of ¢ is energetically
costly for the SC, so when we turn on the current in the coil and A # 0 we
still get Js = —psA, meaning that the vector potential A generates super
currents J inside the ring. Those super currents are going around in a loop
to create a magnetic moment m, which can be measured using a pickup-
loop connected to a SQUID. The London equation indicates a linear relation
between J, and A. Since A is proportional to the current in the excitation

coil I, and J is proportional to the sample’s magnetic moment m, a linear
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relation between the applied current and the measured magnetic moment
(see below) is expected. When this linearity breaks, we know that something
had changed in the system, meaning that we are above the critical current
I.

There are two types of measurements to choose from: we can stay at a con-
stant temperature while increasing the current I; this type of measurement
determines the critical vector potential A¢, hence J. and £. Alternatively,
we can change the temperature while the current is in the linear regime and
constant; this type of measurement provides the stiffness as a function of
temperature.

This new novel technique is used to determine p; and J. or £ without
a magnetic field. Another advantage of this technique is that it demands
a global phase coherence. Therefore, phase transitions are much sharper
compared to other techniques such as a transport measurement or the mag-

netization measurement of the Meissner Effect.

2.1 Experimental Setup

The coil we used is 60 mm long with an external diameter of 0.8mm. Com-
prised of a copper wire of 0.13mm width, it has two layers and 1940 windings
in total. The coil goes through the hole of the ring-shaped sample as the ring
is at its center. The pickup loop is a static gradiometer with 4 loops, through
which the coil and the ring are going up and down. A second external coil

is used to cancel external magnetic fields stronger then 0.001 Oe. We used
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Figure 2.1: (a) Illustration of the long coil with the ring on it, the gradiometer
and the external coil. (b) A 60 mm long copper coil. (c¢) The ring-shaped
Bi-2212 sample.

a Quantum Design MPMS3 magnetometer in which the gradiometer is con-

nected to a SQUID measuring the magnetic flux of both the ring and the coil.

The SQUID’s output voltage is proportional to the magnetic flux through

the gradiometer. The output voltage of our device can be translated to units
2

of magnetic moment with a resolution of 1-1071°A - m2. Because of the

gradiometer’s geometry the output signal of the SQUID has a unique shape.

2.2 SQUID magnetometer

During the measurements, the ring is fixed at the center of the coil and
together they move along the z direction (the horizontal axis in Fig. 2.2), in
and out of the gradiometer which its center is fixed at z = 0. While moving,

the magnetic flux through the gradiometer is changing. Figure 2.2 presents

21



such measurements of a ring above and below T..

The measurements can be done in two different detection methods:

(I) DC scan mode, in which we record the SQUID’s output voltage V(z)
while the ring and the excitation coil move relative to the gradiometer. The
DC mode allows detection of the excitation coil signal profile as well since
the entire coil can be pulled out of the gradiometer. Our gradiometer detects
magnetic moments within a range of 40mm on each side of its center. This
sets the length of our excitation coil. When measuring over a wide tem-
perature range, detection of the excitation coil’s contribution is essential to
determine the flux it generates at each temperature.

(I) VSM (Vibrate Sample Magnetometer) mode, where the ring vibrates
around the center of the gradiometer with an amplitude of 5mm. Each mea-
surement is averaged over 2 seconds. The motor creates sinusoidal sample
motion with a frequency f. Average voltage output is obtained by lock-in de-
tection at a 2f signal. In this mode, the excitation coil does not contribute to
the signal significantly. The VSM mode is fast and allows fine temperature
scans without needing to achieve temperature stability at each measuring
point. Another advantage is that the nulling of the external field is best in
a range of 10mm to each side. Hence, the sample remains in the nulled field

range during the measurement.

The best way to understand the signal in a measurement of the Stiff-
nessometer, as illustrated in Fig 2.2, is to look at the raw data of a DC

scan. The black squares represent the excitation coil signal moving through
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Figure 2.2: A typical DC measurement of a ring in the center of an ex-
citation coil is scanned using a gradiometer connected to a SQUID. At a
high-temperature when the ring is not superconducting (in black squares);
At a low-temperature when the ring is superconducting (in red circles); and
in blue triangles, the difference between these measurements.

the gradiometer at T > Tc. At T < Tc, the ring adds its own signal, as
shown by red circles. The ring signal is concentrated on a narrower range on
the z axis. By subtracting the high-temperature measurement from the low-
temperature one, it is possible to remain with the signal of the ring alone, as

demonstrated by the blue triangles.
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3 Measurements and Results

3.1 M(T) Measurement and Results

In this measurement, we cool the system to a base temperature (below T,).
Then, we apply a fixed current in the excitation coil. Using the VSM mode,
after the system is stabilized, we gradually increase the temperature in a
wide range such that we can observe the whole phase transition from the SC
phase to the normal phase, as we measure the magnetization.

From each measurement we had subtracted a background signal that was
measured with zero current in the excitation coil. In addition, we divided
each measurement by the current that was applied for normalization pur-
poses, as it does not affect the stiffness. In Fig. 3.1 we can see the differences
between measurements under different currents, caused by the leaking fields
that come from the non-ideal (not infinite) coil.

This type of measurement provides our definition of the critical tempera-
ture T,: it is the end of the phase transition i.e. the first temperature where
the magnetization is zero. In Fig. 3.2 we can see the phase transitions for

different doping levels, hence the T, for each doping.

3.2 Critical Current Measurements and Results

For this measurement, we cool the system to a certain temperature below T,
with zero current in the excitation coil. After the temperature has stabilized,

we gradually increase the current in the excitation coil while measuring the
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superconducting magnetic moment, as a practice of the VSM mode. We then
subtract the background signal, which is the signal caused by the current at
temperatures above T,.. This signal is a product of the excitation coil’s finite
length and asymmetry.

Typical behavior in our measurements, is a linear relation between the
magnetic moment of the ring and the current of the excitation coil, at low
currents. At some value of current, the linear relation breaks. This value
defines the critical current in the ring .. From that point on, the moment is
expected to stop growing with the increasing current and to reach saturation.
This measurement is presented in Fig. 3.3 for different temperatures.

We fit each M(I..) in a fixed temperature in the limit of /.. — 0 (before
the linearity breaking at . ) to a linear line where the slope represents dM /dI
as seen in Fig. 3.5 such that we can calculate the penetration depth A from
it. The crossing point between the linear line before I. and the linear line
after I, yields the critical current I, itself. The results are presented in Fig.
3.4.

The measurements do not cover the entire temperature range up to 7,
since defining a linear region before I, in the M ([..) data becomes difficult

as I, itself goes to zero.
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4 Data Analysis

4.1 Stiffnessometer Theory

Before we find the stiffness or the critical current, we need to deal with the
fact that J, is not equally distributed inside the ring and it might reach its
critical value in one place before another. Also, the relevant vector potential
in Eq 1.2 A is the total vector potential with a contribution from the vector
potential produced by the coil A.,; and the vector potential generated by the
ring A,y Moreover, our sample is thin with a thicknes of 200nm, a surface
super-current density J and a vector potential A that are well defined even
for a 2D superconductor. Therefore, the gauge-invariant London equation is

given by

Y? (D Y? (D
Js = —Vop—A o = —Vo— Acoi - Arin
pohgg \2m ¥ 07 ) = kg \an VO : ‘

where A is the Pearl length [12], &g is the SC flux quanta, and ¢ and ¢ are
the magnitude and phase of the SC order parameter respectively. For a SC
of thickness d < A , the Pearl length is given by 1/A = d/ 3 = poie™®d/m*
, where e* and m* are the carriers’ charge and mass respectively, and v is

the equilibrium value of the order parameter in the absence of fields.

By using Maxwell’s equation: J = I;gv xVxA= —iva , we get a
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partial differential equation (PDE) for A,

wQ

V2 Arin
A

< qu Acozl Aring) . (41)
The magnetic flux of the coil through a single pick-up loop is: @,y = [ B -
da=¢§ A-dl = 2mwponl and we can write 4.1 as: VQArmg qug( e Vo+
23;’;lg0 + A,;ny) where ¢ is the azimuthal direction. We switch to unitless

parameters by defining:
w/%—ﬂ/), T/RPL—W, Aring/Acoil(RPL)—‘)Aa A/RPL—”\, Z/RPL—>Z (4-2)

where R, = 8.5mm is the radius of the pick-up loop.

Using cylindrical coordinates and the symmetry of the system (A =
A(r, z)p) we get a unitless PDE:
0’A 0*°A 10A A ?

ERE Rt e G

1—-m
r

) 5(2) (4.3)

with boundary conditions A,.(0, 2) = As.(00, z) = 0. In this equation r and
A are measured in units of R, ¥(r) is normalized to 1 at it’s maximum,
and the integer m is defined via the relations V¢ = m@/r. When cooling a
superconductor at zero A below T, ¢ is uniform (m = 0) in order to minimize

the kinetic energy.

The solution was achieved using the FreeFem + + software. Fig. 4.1

depicts the numerical solution of the PDE. The Y-axis is the normalized
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vector potential A at the ring’s height z = 0, and the pick-up loop radial
location is r = R,. The X-axis is a logarithmic scale of the Pearl length
2N/ R,

Normalizing the vector potential of the SC ring by the vector potential

of an infinite coil,

poM
A (Ry) =
(Fyi) 47TRI2,I('0
pront 2
Aee (Ry) = —— ) ri..
( P ) 2Rpl - s

where M is the superconducting magnetic moment, n is the windings per unit
length in one layer, r..; is the radius of the ith layer, and [ is the current of

the coil.

We obtain the dimensionless vector potential

M
A= Ry =Y o M

2
~ 2mnRyre, 1

where ¢ is a calibration constant. We found g by a comparison to Uemura
plot, as seen in Fig. 4.2, as three of the measurements comply with the

linearity of the Uemura plot, as expected for the cuprates family.

In Fig. 4.3 we see the penetration depth A calculated for each doping
level as function of temperature. A is about 3um for the limit where T' goes

to zero.
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Figure 4.1: Numerical solution of the PDE Eq 4.3 for different A values,
where R, = 8.5mm is the radius of the pick-up loop. This numerical solution
depends on the ring’s dimensions.

4.2 Coherence length

The current density in the SC is the strongest in the inner radius of the
ring [2][13]. Therefore, the destruction of the order parameter starts there
and propagates to the outer radius as J increases. We assume that rotation
symmetry is respected and no vortices enter the sample, since no external
field is applied, and since the magnetization is proportional to the current,
even up to I.. Under these assumptions we expect the critical current 1.
to show up when 1 — 0 in the entire SC. This allows us to linearize the

Ginzburg-Landau equation for ¢ and to approximate A by the coil’s vector
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Figure 4.2: Finding the calibration constant g with a comparison to Ueumura
plot measured by Bozovié¢ at al. for LSCO, in black circles [8]. The pink line
is the fit to T, = Ty + aps with a = 0.37 £ 0.02 for psy > 15K. The blue

squers are our measurments after fitting to the pink fit line.

potential. In this case,

Ur

,— —
r

1
+ A2y =

_wr - ?

The existence of a solution which decays rather than blows-up at small r

requires A. < 1/&. This leads to a critical flux

Tout

Jo =
£

~

2| &

where ®, = ponmR2.1,, n is the coil’s windings density, and R, is its radius.

And then
~ 2hrout
~ pone*R2.1.
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Figure 4.3: The penetration depth as function of temperature for differend
doping

Plot of 1/£ as function of the temperature for each doping is presented

in Fig. 4.4 | for better view at low temperatures.
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Figure 4.4: Inverted coherence length as function of T for differend doping.
The black lines represent fittings to power law.
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Figure 5.1: T, as function of O, pressure. The arrows represent the order
of oxidation and measurments. Purple arrows point out oxidations from
high pressure to low pressure and orange arrows are for oxidations from low
pressure to high pressure.

5 Discussion

From Fig. 3.2 we can infer that the dependence of T, on the doping level is
inconsistent. If we commit the sample to oxidize at a low pressure first, and
then at a high pressure, we get T, results that are inconsistent with those
produced by oxidation at a high pressure first and then at a low pressure.
Hence, it seems more productive to oxidize in only one of the directions in
the future.

From Fig. 4.4 we see that £~! behaves as power law, therefore we can

compare to the GL theory that states

o (1=T/T,)™
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Figure 5.2: my as function of Oy pressure. The arrows represent the order
of oxidation and measurments. Purple arrows point out oxidations from
high pressure to low pressure and orange arrows are for oxidations from low
pressure to high pressure.

and from fitting the data to a power law we can get the power m, as function
of the doping level. We see in Fig. 5.2 a behaviour similar to the dependence
of T, on the doping level: as the concentration of oxygen is consistenetly
decrease, the power mg is growing as well. When we change the direction

and oxydize from low pressure to high pressure we get inconsistency.

It can be seen in Fig. 5.2 that the yielded m, values are different from
the theoretical predicted value of 0.5, though the reason is unclear.

However, we get consistency in the coherence length as a function of the
oxidation level, independent of the order of measurments.

At the temperature of 5K we get that the higher the doping level gets,

I;

the smaller the coherence length becomes, as presented in Fig. 5.3
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Figure 5.3: ¢ as function of O, pressure at 5K

In a previous work, Wang et al. [14] presents H. as a function of doping
using the vortex-Nernst effect. This was done by measuring the voltage
induced by vortex-flow in a driving temperature gradient in a magnetic field.
Later, with calculations of the coherence length by &, = \/m , where
®( is the flux quanta, they concluded that the coherence length is higher
for a higher over-doped level, as presented in Fig. 5.4. In addition, these
results agree with Pippard length ¢, obtained from the gap amplitude A,
measured using ARPES [15] by the formula &, = fivp/mAg where vp is the
Fermi velocity.

Note that we get the same xi values at the range of 12 to 30 angstroms,
the equivalence of 3 to 5 lattice parameters. Next, recall that our samples
were all within the over-doped regime; the referenced results are included

in between the under-doped and the over-doped regimes. Since we can’t tell
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Figure 5.4: Comparison of the coherence length &, (solid squares) obtained
from H. and the Pippard length £, (open circles) obtained from A, [13]
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what is our exact doping level, it might be that our results are a continuation
of the older results, meaning that £ vs. doping curve have a maximum point
in that range.

Another difference between our results and Wang’s, is that in the paper,
the critical field H., was not measured directly but rather fitted to a known
function and was extrapolated in order to achieve H., the reason for the
indirect measurement is the difficulty to produce such high fields of more
than 100T. The coherence length results we got were produced by the direct

measurement of the critical current.
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6 Conclusions and Future directions

In this work we measured two SC properties of Bi-2212: the penetration
depth and the coherence length. Also, we display the Stiffnessometer mea-

surement technique and explain its methods of operation and data analysis.

Our main findings are:

We managed to measure the coherence length directly in low temper-

atures.

e The T, dependence of doping level is inconsistent for different directions

of oxidation order.

e The coherence length is consistently dependent on the oxidation level,

regardless of the order of oxidations.

o It was observed that the higher the doping level gets, the smaller the

coherence length becomes at low temperatures.
For future inquiries:

o It is preferable to oxidize in only one of the directions: from low to

high oxidation level or from high to low only.

o Preparation of thinner samples (under 200nm) is desirable, for better
agreement with the coherence length calculation assumptions such that

we will get h < A\ .

45



e In order to collect more comprehensive results, it is recommended to
oxidize under smaller pressuers of oxygen to achieve an under-doped

regime.
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TPNDVNINDT DI DY DXNON DOYINI NN NT 1IN ;DX T2 Y0 DTV DY
.(Vortices) DI M29yn SV NP

YDDIAN DNV MM MNMVIVNVA DY Y0 DIDIN 12NN 1986 Niva
NMYYN NPHRIP MADIN 0N DVIMPN  .(DVINPN NNIYN) NYINI
1N 102022 VX MADIN .CuOy NVININ NNNN DY MIAOY 111’32 MIAdY
LDIVPOND P2 MPIN NPSPRIVIND MTIN ,DP0NMIOVIN O TN
DNIVPOND 90N NN >TIND N2 ,NON DININ (DPD) MDN T Dy
TPONNIOTVIND MNAN MNOYND DN ININA DPYVHIND D NN IN
Bi-2212 DXT DY IpNN DY T NTIAY N0 DN MNON DY NyinN
SY NADIN YT DY NN ONPOY 1N MM PTOMTDY  (BirSreCaCusOgy )
0NN NODIN DY NN DPOAIAPN NNVINMVN ,NDNN NN IDIVN
NND 0N 0.16 DY Ty 0Oy NIODOPN POVAIP NMOVINNVD NYIND TY
01NN TIY 92YN DNN HY NODIN IOPVAN DI NIPY Nt TIY ;0T
90N .00 DY MINSN MNOYND TY NPOIPN NNVINNLVN DY NTPD
NMVITNVLN P2 MM YN MNYP P2 PINYD WP DNIPPN DVLINPN
.(The Uemura Relation) 179 WP NP NPOIPN

VNP NNVIVNY Dya Bi-2212 TOMDY SW 0XT NOTH W NTaya
TN 95 INND DO - sputtering NON NOIYN MYSNNA 70K™D SV
mMoyn 450 S¥ NMVISNLY ONPN T DY APN"O0NPD DINNA OMD DXTN
MPYP DR DTN ,Q0N2 DNV D¥ND 18NN HY NI9DINLNI DD
DNV DD NMNY MINVINNVI NPVITMPN TIN NN MDDy
.DMON NN NPVIIMPN TNNY MNYPN DY MONN NN MPNND MNIND
DXVINP OV NVPLIIMPN TIX NN TITHD NIV MININD NDNOXN ,NDAD
DPVNN MTY NYNT NOY DIVPY NOPI NIV NI MO MMV
TR DAPNN ,OMTIP DIAPNN DY MNHND NMITA .NPMTN NN 0N
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YONN PNVPIN ONNIVION PAY DN NN NYAN 5, MIM~DYn Mnvp
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MPY=2O0 TIT ONVYN DN NNRN >T-DY NYNANN NPTNN .(nessometer
2502 O NONN DYV NNXA POWNTDY OXT TIT YN PINY PT
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