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Abstract

We report direction dependent magnetization measurements in Lay_,Sr,CuO, sin-
gle crystals. The crystals were grown using traveling solvent floating zone method
and were cut into rectangular needle-like shapes with the ”c¢” direction parallel
or perpendicular to the needle symmetry axis. The magnetic anisotropies were
studied in details near the critical temperatures using a SQUID magnetometer.
The measurements were done in the zero field limit using magnetic field H < 1 Oe,
which was found lower than the critical field H., at T — T.. A difference in 7,
of 0.65 K was observed between parallel and perpendicular direction of the opti-
mally doped samples (x=0.15). Higher anisotropies in 7, of 2.6 K and 4.5 K were
observed in under doped samples, with x=0.08 and x=0.07 Sr doping respectively.
We confirmed that the effect is not caused by sample inhomogeneity, needle di-
mensions, cooling rates, critical fields and vortex penetration, misalignment, etc.
Although a two dimensional phase transitions is theoretically forbidden, recent
theoretical and experimental efforts reported of such a phase transition in layered
superconductors . Our results indicate that there is a temperature region at which
Lay_,Sr,CuQy4 exhibits two-dimensional superconductivity from a Meissner effect

point of view.
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Chapter 1

Introduction

Due to the layer structure of the cuprates one might suspect that superconductivity
occurs solely on the two dimensional (2D) CuOs planes. However, the Mermin-
Wagner theorem does not allow for phase transitions in 2D. The Mermin-Wagner
theorem is a general manifestation of the fact that Boss-Einstein condensation and
magnetic ordering does NOT occur in 2D. Due to this theorem it was assumed
that the superconducting phase transition is three dimensional, namely, there is a
single T, in which all layers become superconducting at once, with a coherent phase
of the SC order parameter in all planes. The phase coherence between planes is es-
tablished through the Josephson effect, whereby tunneling provides coherence even
when the intervening layer is insulating. However, recent experiments show that
this might not be the case. For example, J. M . Tranquada et al. [1] investigated
the temperature dependence of electrical resistivity, p,, and p., upon application
of magnetic fields up to 9 T in single crystals of LBCO (Lay_,Ba,CuQO,) with
x = 0.095 . In the configuration where H was applied perpendicular to the planes,
H,, the field had a drastic effect on p,., significantly depressing the temperature
at which p. — 0, while the effect of H,, on p,, was rather weak (fig. 1.1). In con-

trast, the effect of a parallel applied field was modest for both p,, and p.. These
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results indicate that such two-dimensional phase could exist at high magnetic
fields. More experimental evidence of a 2D superconducting phase were presented
by Basov et al. [2] in optical reflectance measurements. A series of measurement
were preformed on underdoped crystals of LSCO at a magnetic field of up to
8 T applied parallel to the crystal c-axis. These measurements revealed a com-
plete suppression of the interplane coupling, while the in-plane superconducting

properties remained intact, suggesting a 2D superconducting state.
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FIGURE 1.1: Magnetoresistance in LBCO withx = 0.095. Resisitvites vs. tem-

perature for a range of magnetic fields with the corresponding configurations.
Adapted from [3].

Two different sets of theories where devised to explain the new experiments.
E. Berg and A. Kivelson proposed a theory which discuss dynamical layer de-
coupling in stripe-ordered, high T. superconductors [4]. The theory argues that
under certain circumstances, the superconducting condensate can occur in a two-
dimensional system. This theory was proposed as the underlying cause of the
decoupling of the layers as was observed by Tranquada. It was suggested that the
existence of stripe order can lead to an enormous suppression of the interplane
Josephson coupling, which could explains the existence of a broad temperature
range in which 2D physics is apparent. Furthermore, Pekker [5] and Vojta [6],

independently proposed two complementary theories with the same underlying



Chapter 1. Introduction 7

conclusions. Both theories discuss the different phase transitions in a weakly
coupled layered system with c-axis disorder. One prediction of these theories is
temperature region at which an intermediate phase exist where the in-plane super-
fluid stiffness, p®y, (not to confuse with the resistivity), reaches a finite value while
the interplane superfluid stiffness p°. remains zero. Hence, the superfluid becomes

split into and array of 2D puddles with no phase coherence along the c-axis.

However, both the Tranquada and Basov experiments were based on transport and
non-DC techniques with strong applied magnetic field (9 T) which might alter the
ground state properties of the system. Moreover, zero resistivity can occur along
percolation paths and therefore, the true hallmark of superconductivity is the
Meissner effect. In this work we examine the dimensionality of the superconducting
transition using the Meissner effect in the zero field limit. We measured the
magnetization of Lay_,Sr,CuQy single crystals, which were cut into needles shaped
samples of two different orientations, at small applied magnetic fields. By doing so,
we managed to measure the clean AB-plane and the C-axis diamagnetic response.
The major finding of this work was an anisotropy of the superconducting transition
temperature between the two directions. All of the samples oriented with H, AB
(perpendicular to the planes), consistently exhibited higher 7, than the HAB
(parallel to the planes) samples. This phenomena was thoroughly tested, repeated
for various dopings and was found to be doping dependent as well. Our results
imply that at a certain temperature range, the superconducting phase transition

in LSCO (Lag_,Sr,CuQy) is two dimensional.
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1.1 The Lay_,Sr,Cu0O,; Compound

High-T, Superconductivity in cuprates was discovered in 1986 [7]. Bednorz and
Miiller found that the LBCO system had a superconducting transition temperature
at T, = 30K. Later that year, the LSCO compound was discovered, exhibiting
superconductivity up to 38 K. The record T, was broken one year later with the
discovery of the Y-Ba-Cu-O system having a transition temperature of 91 K [8]. In
the following years T, reaching up to 164 K under high pressure [9] was discovered
in a mercury based cuprate. The name ”Cuprates” actually arises from the key
feature shared in these compounds, namely, the crystalline structure consists of
layers of copper oxide planes, separated by ions of rear earth elements. The spacing
between Cu ions is about 3.78 A. Between the neighboring Cu-O planes in LSCO,
there are two layers of La(Sr)-O planes. Figure 1.2 demonstrates the crystalline

structure of LSCO, who has the simplest structure of the cuprates family.

13.18A

c=

o
a=3.78 A

FIGURE 1.2: The crystalline structure of Laj_,Sr,CuQOy. (adapted from [10])

In contrast to the ”old” metallic superconductors, the cuprates can be doped and
their charge carrier concentration can be varied. In order to understand the doping

mechanism in LSCO it is sufficient to look at the charge distribution of one unit
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cell. The valance of La is ** and of O is 2~. Therefore, in the parent compound
(r = 0) all the Cu ions are in a Cu®*" state, namely, they have one unpaired
electron in a d shell. As x increases, the carrier concentration in the Cu-O planes
is determined by ”charge reservoirs” inserted between the Cu-O planes. Since the
valance of Sr is only 2*, increasing the Sr content by x attracts negative charge
from the Cu-O planes while leaving holes on the Cu sites. Therefore, the hole

concentration in LSCO is proportional to the Sr content in the unit cell.

The physical properties of cuprates changes drastically as the doping varies. Many
phases with exotic physical properties have been discovered as the doping = and
the temperature 7" are changed [11], though not all will be reviewed in this work.
Figure 1.4 illustrates the phase diagram of hole-doped cuprates as a function of
doping. As shown in fig. 1.3, in the undoped parent compound, the electron spins
are arranged in an anti-ferromagnetic (AF) configuration on the Cu-O planes.
Once holes are introduced into the system, the long range anti-ferromagnetic order
is disrupted. The Neel temperature T of this phase reaches room temperature at
x = 0 and rapidly decreases with small variation of x, until it completely vanishes
at x = 0.02. On the other hand, high 7T, superconductivity extends between
x = 0.055 and x = 0.26, with the maximum transition temperature 7, ~ 38K

happening around x = 0.15. The doping with the highest T, is called the optimal

O O atom
e Cu atom

® hole

FIGURE 1.3: Schematic drawing of the Cu-O plane
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doping, while the region with lower doping is called the underdoped region, and
that with the higher doping is referred to as the overdoped region. Since the T,
vs. x curve form a dome-like region, the superconducting phase is often called
"superconducting dome”. Moreover, many experiments suggest that the the order
parameter of cuprates has d-wave symmetry, i.e. A(k) = Ag(cos(k,) — cos(ky)),
in contrast to conventional superconductors with s-wave symmetry of the order
parameter. In the region between AF and SC, x = 0.02 to z = 0.05, short range
magnetic order remains in the system in a spin glass phase (SG), which coexists
with superconductivity up to x = 0.08 [12]. Above z = 0.27, superconductivity

vanishes and LSCO behaves as a normal metal.

225 1
Strange Metal

150 4

75 4

FIGURE 1.4: The phase diagram of cuprates.



Chapter 2

Experimental Methods

In this chapter we will cover the different techniques used to prepare, analyze
and measure single crystals of LSCO. We begin with an introduction to crystal
growth using Traveling Solvent Floating Zone Method (TSFZ), continue with the
SQUID magnetometer and Laue Camera. Finally, we will describe the preparation

of unique samples for this experiment.

2.1 Traveling Solvent Floating Zone Method

2.1.1 General Description

Crystal growth using the optical floating zone technique has been extensively used
to grow a variety of bulk crystals, particulary of metal oxides such as cuprate su-
perconductors. A Large high quality single crystal enables a reliable measurement
of physical properties, and is specially important for studying direction depen-
dent properties. High-T, cuprates superconductors melt incongruently. Namely,
the cuprates does not melt uniformly and decompose into other substances after

solidification, hence growth methods that rely on direct crystallization from self

11
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melt are rendered useless for the cuprates. Therefore solution growth have been
developed to grow crystals of cuprates. One of the popular methods to grow the
high-T,. materials is the Traveling Solvent Floating Zone Method (TSFZ), which

allows a high degree of control of the crystal growth parameters.

2.1.2 The image furnace

In all image furnaces, the basic concepts is that either ellipsoidal or parabolic
mirrors is used to focus light from halogen or xenon lamps onto a vertically held
feed rod to produce a molten zone. Figure 2.1 presents a schematic view of the
image furnace core parts. The feed and seed material rod are placed inside a
quartz tube and mounted on vertical shafts that can be rotated with a variable
speed in the same or opposite directions. The quartz tube is used to create a
controlled atmosphere, either high pressure of Argon, Nitrogen and oxygen gas
mix, or vacuum if required. The gap between the two rod is then placed at the
common focal point where the temperature can be as high as 3000 ¢ C, which
depends on the sample absorption, lamp power, and the applied voltage on the
lamps. The high temperature zone melts the rods and creates a molten zone
between them. The molten zone is then passed trough the feed rod at desired
speed, the melt then crystalizes after moving out of the high temperature zone.

An example of this process is show in fig 2.2.

2.1.3 Key Process Parameters in Crystal Growth

When growing crystals with the TSFZ method the growth parameter space is very
big, nonetheless there are some parameters which play a more significant role than

others. Therefore, there is and order in which each parameter is optimized.
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Feed rod

Parabolic miror

Halogen Lamp

Motlen Zone
Crystal

[ \Seed rod
ontrolled atmosphere

Quartz tube

FIGURE 2.2: (LH) The floating zone furnace at work. (RH)Feed and seed rod
are connected with a molten zone in between during crystal growth.
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High quality feed rod

The preparation of a feed rod is the initial stage of crystal growth using the TSFZ
method. For feed rods made from compacted powder, such as most metal oxides,
excess porosity can undermine the stability of the molten zone due to penetration
of the melt into the feed rod. This penetration can be attributed to a capillary
effect in which the melt is partially absorbed by the cavities among between the

fine particles in the feed rod.

For most materials, such porosity can be decreased by either increasing the pres-
sure at which the rod is compacted or sintering the feed rod at temperatures near

its melting point prior to loading it to the image furnace.

Therefore a uniform feed rod should be as close to final crystal density as possible,
have a constant diameter and homogeneous composition and chemistry which is

critical to achieve a stable molten zone and grow a high quality single crystal.

Crystallization rate (growth speed)

The growth speed or crystallization rate is unarguably one of the most critical pa-
rameters governing crystal quality when using the floating zone technique. Crys-
tallization rate can strongly vary from 240 mm/h (GaAs) to 0.05 mm/h (Bi-based
superconductors). It has been widely reported that changing growth speed can
affect the grown crystal in terms of crystal size, formation of bubbles, cracks,
chemical composition, crystal alignment, twin formation and has a great influence
on the solid-liquid interface and molten zone stability. The growth rate is mainly
restricted by the slow solution diffusion process at the solid-liquid interface bound-

ary, thus the typical growth rate required for optimal crystal quality depends on
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whether the materials melt congruently or incongruently. For congruently melt-
ing materials the composition of the molten zone is the same as the feed rod,
crystallization process is not much limited by slow diffusion processes and rela-
tively higher growth speed can be achieved. For incongruently melting materials
the composition of the melt differs from one of the original solid, the composi-
tional differences necessitate solution diffusion at the solid-liquid interface, which

generally takes place slowly and therefore limits growth speed to a very slow rate.

Growth atmosphere and gas pressure

Both atmosphere and gas pressure are crucial parameters when growing crystal in
the TSFZ method and play a key difference between success and failure. Both of
these parameters are fairly easily controlled during the crystal growth by selecting
the right gas mixture coming in, and the desire pressure coming out from the
quartz tube. The main reason quoted for growing in higher than atmospheric
pressure is to reduce the vaporization of volatile components from the sample.
Reduction of evaporative losses is advantageous for growth of more stoichiometric

single crystals.

Lamp power and temperature of the molten zone

The "right” power level depends mainly on the chemical properties of the grown
material, but is also affected by factors such as gas content and pressure, growth
rate ,density and diameter of the feed rod ,Jamp de-focusing and the tempera-
ture gradient around the molten zone. For incongruently melting materials it is
extremely important to adjust the power level according to the material’s phase

diagram, then it must be kept constant. Failing to fulfil this condition will result
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in either secondary phases or completely wrong chemical composition of the grown

crystal.

Lay, ,Sr,CuO, Crystal Growth

Powders of CuO (99.9%), LayO3 (99.99%) and SrCOj; (99.9%) were dried at high
temperature (between 500 °C' ° 1050 C), then weighted accordingly to the calcu-
lated stoichiometric values. The desired doping level of the end product crystal
is therefore determined in the beginning of process by adding the right amount
of SrCO3 into the mixture. An extra 2.5% of CuO where added due to evapora-
tion during the crystal growth. The weighted powders were mixed and grinned
together until smooth and homogeneous texture materialized. The mixed powder
was placed in alumina crucible and underwent firing at 960 ¢ C in a box fur-
nace. Such high temperatures induces diffusion of the reactants and binds the
chemical together to form Lay, ,Sr,CuQ4. The grinding and firing process was
repeated three time in order to eliminate possible impurity phases. After this
process was completed, powders were inspected with x-ray analysis to ensure right
doping concentration and purity. The second stage of preparation involves making
a cylindrical shaped rod, which will be used as a feed and seed for the crystal. The
powder mixture was compacted in to a rubber tube which was then inserted into
an isostatic press. Isostatic pressure of up to 60000 psi (4000 bar) compacts the
powder into a long rod (up to 20cm), reaching d ~ 60% of the crystal density. The
compacted rod were sintered at 7" = 1230 °C near it’s melting point temperature
for 24h. This step brings its density very close (d > 95%) of the crystal density.
It prevents the effect of solvent being sucked up by the feed rod allowing smooth

uninterrupted growth. Figure 2.3 demonstrates such feed rod.
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FIGURE 2.3: A sintered feed rod of LSCO.

The crystals were grown under elevated pressure of mixed Argon/Oxygen (10:1)
atmosphere. A slow rate of 1 mm/hour (24 mm/day) was chosen to let the diffusion
in the melt take place, the liquid and the solid being of different composition. Feed
and crystal were rotated in opposite directions at 15rpm in order to improve the
liquid homogeneity. All experiments were ended voluntarily after the whole feed
rod was consumed by growth, yielding to black semi-metallic color crystal with
lengths ranging from 70 mm to 110 mm with a typical diameter of 4 mm to 6
mm depending on the starting rod dimensions and pull rate of the feed rod. An
exemplary crystal is shown in fig. 2.4. After growth, the crystal were annealed in

Argon atmosphere to remove excess oxygen and relieve thermal stress.

FIGURE 2.4: As grown single crystal of LSCO.

2.2 Laue Diffraction Method

The Laue method was the vehicle for the discovery of the diffraction of x rays by
crystals ninety years ago. Nowadays it is mainly used to determine the orientation

of large single crystals. In the Laue method, Mo x-ray radiation is allowed to
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fall on a fixed crystal, and is reflected from it. The diffracted beam forms an
array of spots on a plane defined by a CCD (Charged-Coupled Device) camera
(fig .2.5). Each point defines an angle between the going out beam, the crystal,
and incoming beam. It also defines the crystallographic planes from which the x-
rays are reflected. The angle 6 and the spacing between planes d fulfilling Bragg’s
law. A particular wavelength from the white radiation spectrum satisfies the

Bragg’s law (eq. 2.1), for the specific § and d values involved.

FIGURE 2.5: Illustration of the Laue method principal.

nA = 2dsin6 (2.1)

Each diffraction point corresponds to a different wavelength therefore it corre-
sponds to a different plane. The end result is a typical laue diffraction pattern
that represents the symmetries of the analyzed crystal and its orientation. The
Laue images which are presented in this work were measured using Photonic Sci-
ence Laue camera with an XOS source emitting wavelengths ranging from 0.35— A

to 2.35A. Interpretation of diffraction patterns was made possible using a software
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named ” Orient Express” which can simulate and fit such patterns, given the crystal

structure, lattice parameters, source-detector configuration and sample geometry.

2.3 Orientation and Cutting

In this work our purpose was to measure the magnetic susceptibility (x) of LSCO
with the external magnetic field pointing in two different crystallographic direc-
tions. For this purpose needle like samples had to be cut out of the cylindrical
crystal since y depends on the sample geometry via the Demagnetization factor
(D) which is further discussed in Appendix A the measured susceptibility x., is

given by eq. 2.2:

X0

A — 2.2

Xm

where Y is the interesting quantity. For needles like samples D ~ 0 and Y, equals

Xo. Figure 2.6 presents the chosen configuration.

A-needle C-needle

c

A-needle C-needle

F1GURE 2.6: Illustration of the samples in the experiment. A-needle and C-
Needle sample geometries were used for the measurements.

To achieve these sample requirements the crystal must be oriented to a high de-

gree of confidence and carefully cut. This was performed in several steps with a
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precision 3-axis goniometer which can move as one piece from the Laue camera
to a diamond circular saw. The fact that LSCO grows with the c-axis on it’s side
helped tremendously to the sample preparation. A-needle samples were cut from
10 mm segments along the growth direction. The rod was mounted using shift-wax
(made by Nikka Seiko LTD.) on the goniometer and oriented in a manner where
the C-axis is pointing to the camera (fig. 2.7) with the saw cutting parallel to
the CuO, planes. The result is a rectangular plate which is further cut into an

A-needle.

Saw

0 Laue Camera

LI}
e LLLRRRR)
crystal AR

goniometer

Fi1GURE 2.7: Illustration of the setup for cutting A-needle samples.

C-needle samples were cut and oriented from disks that were cut out of the rod.
It was challenging to making these samples due to LSCO’s (001) cleavage plane.
Therefore C-needles had to be cut with a delicate diamond wire saw which applies
no pressure on the crystal while cutting the needle. Figure 2.8 demonstrates

different Laue patterns taken from different sample geometries.
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FIGURE 2.8: (LH): Laue diffraction pattern of the (100) direction (A-needle).
(RH): Laue diffraction pattern taken from LSCO single crystal of the (001)
direction (C-needle.)

2.4 SQUID Magnetometer

Superconducting Quantum Interference Devices (SQUIDs) are commonly used to
detect the smallest magnetic signals and function as the on of most sensitive
magnetic flux-to-voltage transducers. The SQUID relies on the physical principal
of the Josephson junction making it sensitive to a change in magnetic flux of one

flux quantum:

h
) = 5 = 2.07 x 107G — em? (2.3)
(&

The measurement system that was used in this work was a S600 SQUID SUSCEP-
TOMETER of CRYOGENIC LTD. This system can work either at a high a field
regime up to 6.5 T, or at a low field regime up to 200 G, with field resolution of

0.01G. Conceptually, the measurement is performed by moving a sample trough
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a set of pickup coils. The pickup coils are a set of three coils configured as a
second-order gradiometer. In this configuration, the upper coil is a single turn
wound clockwise, the center coil has two turns wound counter-clockwise and the
bottom coil is again one turn wound clock wise. This configuration reduces noise
in the detection system caused by the external magnetic field. The movement
induces a change of magnetic flux and creates screening currents that flow into the
flux transformer. This flux change is detected by the SQUID device. The output

voltage is converted to physical units of magnetic moment.

Magnetic susceptibility data was measured at temperatures ranging between 4 K
to 45 K with external field strengths varying from H = 0.5 Oe to H = 100 Oe.
Magnetization measurements were done on the A- and C-needle samples, as seen in
fig 2.6, with several doping levels. The samples were placed into a cylindrical teflon
sample holder inside the measurement capsule, which guaranteed good alignment

with the external field during measurements as seen in fig. 2.9.

J

straw

FIGURE 2.9: Measurement Configuration for SQUID experiment.

Prior to each measurement batch, the external field was calibrated with a Type I
SC, to the actual zero field value of the magnet. Each measurement cycle began

with heating the sample above T, slowly cooling it to 4 K at a rate of 1-2 K/min
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in ZF, the field was then turned on and measurement were taken every 1K or 2 K

at the plateaus, and every 0.05 K to 0.5 K on the superconducting transition.



Chapter 3

Results

In this chapter we will present our main experimental result and tests we performed

verifying this result.

3.1 Main results

While measuring magnetization vs temperature on the LSCO crystals we noticed
that there was a substantial difference between A- and C-needle samples, which
were produced from the same crystal growth. In Fig. 3.1 we present the normalized
magnetization as function of T' (solid symbols). The measurement was done at a
field of H = 0.5 Oe. Resistance data taken from the same section of the crystal
that the needles were cut from is also shown (open symbols); p, is the in-plane
resistance, and p, is the resistance along the c-axis. Magnetization data in Fig. 3.1
exhibits clear difference of T,. between A and C needle samples. On the other hand,
Resistance data exhibits no observable change in 7, between p,, and p.. The ob-
served anisotropy of T, for optimally doped LSCO was AT,.(15%) = 0.65 K, mea-
sured in the middle of the transiton. Since both sample are optimally doped, they

lay on the flat region of T, dome, small doping variation between samples, are not
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FIGURE 3.1: Anisotropy in T, for optimally doped LSCO(x=0.15): Magneti-
zation measured upon application of H = 0.5 Oe as a function of temperature.
While the magnetization measurement has an apparent difference in T, while
resistivity shows no difference between measurements.

likely to explain the discrepancy of T, between samples. Figure 3.2 demonstrates

results from a similar experiment preformed on sample with 7% and 8% doping.

The 7% and 8% data exhibits even larger anisotropy between A- and C-needles

of AT.(T%) = 4.5 K and AT.(8%) = 2.6 K respectivly. The larger anisotropy

of the 7% samples suggests that this effect has doping dependence which will be

later discussed in more details. We doubled checked these results, repeating the

whole experiment on a separately grown crystals of both 7%, 8% and 15% doping,

and witnessed the same behavior. The difference in 7. between the two directions

is the main result of this work. Such a difference is not predicted by standard

theories of superconductivity. It suggests that the transition to superconductivity

in LSCO is a two dimensional one.
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FIGURE 3.2: Anisotropy in 7, of LSCO with 8% Sr doping. Magnetization
measured upon application of H = 0.5 Oe as a function of temperature.
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FIGURE 3.3: Anisotropy in 7. of LSCO with 8% Sr doping. Magnetization
measured upon application of H = 0.5 Oe as a function of temperature.
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3.2 Experimental Tests

3.2.1 Field Dependence and Volume Fraction

In order to verify these results we performed control experiments by changing
one parameter at a time. In Fig. 3.4 and Fig. 3.5 we plot 47y as a function of
temperatures for several applied magnetic fields for the 15% samples using the A-

and C-needles respectively.
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FIGURE 3.4: Magnetization as a function of T' perpendicular (A-Needle) to
c-axis in various magnetic fields

One can see that the saturation value of the susceptibility is field independent, this
is more clearly visible in Fig. 3.7 where Magnetization as a function of T" exhibiting
linear behavior at the lowest temperature. Finally, as the field is lowered towards

zero, the function x(T') converges giving the zero field x (7).

Both samples reached full SC volume fraction of Z—; after taking into account the

demagnetization factor of a finite length needle like sample. For a rectangular
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FIGURE 3.5: Magnetization as a function of 7" parallel (C-Needle) to c-axis in
various magnetic fields
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FIGURE 3.6: T% for parallel (C-needle) and perpendicular (A-needle) as a func-
tion of magnetic field for 15% Laj_;Sr,CuOy4
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A-needle sample with dimensions of 1 x 1 x 10 with [/d = 10 as in our case
D ~ 41 x 0.045. For a typical C-needle sample with dimensions of 1 x 1 x 5 with

[/d =5 the demagnetization factor is D ~ 47 x 0.09. ([13])
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FIGURE 3.7: Magnetization as function of field for 15% doping A and C needle
samples at T'=4 K

To see the field dependence of the transition more clearly, we defined a tempera-
ture, T% , which corresponds to the T" at which the susceptibility reaches one-half
of it’s initial value. Figure 3.6 clearly demonstrates the anisotropy of the slope at
which T% decrease as a function of field between A and C needle samples. It also
demonstrates that T% converges to a finite value when H — 0, giving the zero field

AT.,.
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3.2.2 Critical Fields Temperature Dependence

One of our concerns with these results were vortices. If at a certain temperature,
the H. value of the samples drops below the applied magnetic field, then we can
no longer argue that we are working in the London limit where the field is finite
only out of the sample and on it surface. While at low temperatures it is easy to
resolve this matter, at higher temperature, close to T, it is not that simple. There-
fore, it was important to understand the behavior of H.; near the superconducting
transition. In order to accomplish this, we slowly cooled the A and C needle sam-
ples at ZF than gradually heated the sample to a desired temperature. At this
temperature we swept the field up while taking magnetization measurements. The
cooling-heating cycle was repeated before taking measurements by sweeping the
field down. This was repeated for several temperatures near the superconducting
transition. Figures 3.8 and 3.9 show the magnetization as a function of mag-
netic field for the A- and C- needle samples respectively. The values of H.; were
determined as the difference in the magnetic field between the peaks in the mag-
netization, at each measured temperature. These results clearly show that we are
working in the London limit, up to temperatures at which the superconducting
volume fraction drops to values smaller than 10%. In other words, until very close

to T,, our working field is smaller than H,;.
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the 15% A-needle in several temperatures along the superconducting transition.

Insets: (a): H¢; as a function of temperature. (b): Magnetization as a function
of T'at H = 0.5 Oe demonstrating where measurements were taken.
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3.2.3 Sample Homogeneity

Another factor that could undermine our results is the possibility of big Sr doping
x variation along the grown crystals. In order to test this claim, we sliced a
crystal of LSCO with 8% doping into ten thin disks. Figure 3.10 presents the
T.'s of these disks, measured by squid, as a function of position from the point
where a single grain starts forming in the growth. The measured fluctuation in 7T,
along the rod was found to be 0.25 K, while the AT, between the 8% A- and C-
needles was 2.6 K. This means that doping variation by itself, cannot explain the
results we see. Moreover, previous works performed using wavelength dispersion
spectroscopy (WDS) have shown that in La;_,Sr,CuOy crystals, the Sr content
stabilizes at its nominal concentration after roughly 10 mm of growth [14]. We
cut our samples at longer distance which ensure almost uniform Sr content of our

sample.
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FIGURE 3.10: Sr homogeneity along the grown crystal via T, in 8% LSCO
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3.2.4 Geometry Dependence

Due to the possibility that miss-orientated and sample length can influence the
data, we changed the sample and the measurement geometry to further verify our
findings. We intentionally tilted a 15% A-needle sample with a sample holder
described in chapter 2, only with a diagonally drilled insert, producing roughly
7 degrees misalignment angle. Figure 3.11 shows two magnetization curves, one
with the normal and the second with a tilted sample. The difference between the
two measurements is small. Thus low angle miss-orientation cannot account for
our measured AT,. The same measurements were repeated on a C-needle sample,

with no significant difference observed between them.
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FIGURE 3.11: A Comparison between a 15% A needle sample tilted by 7 degrees
of axis and a non tilted sample.

Figure 3.12 shows a comparison between two sample lengths, the 10 mm needle
and a 5 mm needle which was cut out of the original 10 mm needle. It is clear

that there is no significant difference between the two measurements, indicating
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that our results are not sensitive to the sample’s length if the needle shape is

maintained.
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FIGURE 3.12: Comparison between a 10 mm and 5 mm 15% A needle samples.
The b5mm needle was cut from the original 10 mm sample.

All of the testes reported above support our observations that there is an anisotropy
in the intrinsic susceptibility of LSCO and that the critical temperatures of an A-
and C-needle are different by an amount bigger than any possible experimental
error. In addition, we cut out a cube shaped sample out of the 7% crystal with
4 x4 x 3 mm dimensions, with the c-axis pointing along the 3 mm face. Figure 3.13
shows both measurements for two orientation, with H || to the c-axis and H || to
the ab-planes. The anisotropy between the two direction is clearly visible here, by
either extrapolation, or simply by looking for the temperature at which the signal
becomes paramagnetic (inset). We would also like to point out that this data
was measure on the SAME sample, which by itself emphasizing the fact that the
anisotropy is intrinsic. This measurement also underlines the importance of sample

geometry when measuring orientation dependent susceptibility. When measuring
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magnetization of cube or sphere shaped samples, what is actually measured is a

mix of the two susceptibilities.
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FIGURE 3.13: Magnetization vs T measure on a 7% cube shaped sample for
two orientations. Inset: Zoom-in to the onset of the SC transition
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Discussion

In this chapter we will discuss the experimental result and try to connect between

theory and experiment.

4.1 The Anisotropic London Equation

Our measurement revealed anisotropic susceptibility between the two measured
directions. The most significant difference was expressed in what seems to be a T,
variation between the two directions. This difference leads us to think that we are
witnessing a two-dimensional phase transition with long range order. Since this is
theoretically impossible one might explain the T, variation as a finite size effect,
namely, there is only one T, but the penetration depth diverges at a different
rate vs T for the two different measurement directions. As a consequence, the
penetration depth is on the scale of the sample size at different temperatures for
the two different direction. From a practical point of view our magnetometer
picks-us a diamagnetic signal only when the penetration depth is shorter than

the sample size. Therefore, different diverging rates behaviour of the penetration

36
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depth might lead to an erroneous interpretation of the data as having two different

T, in two different measurement directions.

Therefore, we would like to examine better the London penetration depth (\).
Since the measurements were performed on rectangular needles, we can assume
that the magnetic field penetrates the samples in the following manner (Fig. 4.1):
for the C-needle samples, the field penetrate the sample only with the penetration
depth A, but in the A-needles samples, the field penetrates through both A, and
Ae. This assumption is only valid as long as we work in the London limit, namely,

the applied field H is below the critical magnetic field H,;.

. }\C &Aab

A sC A, —— | sC

A-needle C-needle

FIGURE 4.1: Schematic draw of the magnetic field penetration into the A and
C needle samples.

In what follows we derive the London equation for an anisotropic superconductor.
We use b as the microscopic field, and J as the total current (not just the external
one). We define B = (b) as the average over a cross section of the sample. Since
J is the total current there is no difference between magnetic induction B and

magnetic field H. The London equation for isotropic penetration depth is,

J=-2"5A (4.1)
mc
This can be written as,
A=-"% (4.2)
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For anisotropic penetration depth, in a 2D geometry (J, = 0), this changes into,

A= —

(my X +myJ,y)

Taking the rotor of both sides gives,

- —c 0J, 0J,
b =bz=V x A :% (mya—; — mma—y)

N)

The Maxwell equation is,

4
Vxb=—"1J
c
Since b =bz ,it means that,
_c Ob
Y An oy
and,
_c b
Y Amox’
Therefore
b c? 9%b N 9%b
= —— | my—s + My——
4me2n \ Y Ox? Oy?
or,
b 9%b
b=X\— 4+ \—
T 92 T Ay BIE
with,
m
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and,
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Vo 4me?n’

Another way to reach eq. 4.9 is given in Appendix B.

(4.3)

(4.4)

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

(4.10)

(4.11)

One has to solve the differential equation under the assumption that outside the

sample some external field b.,; is given. It is convenient to divide eq.4.9 by b..:
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and to rename b/b.,; — b but now the condition is that outside of the sample

b = 1. Once the equation is solve we calculate

B=@) =~ / b(z,y) - da. (4.12)

a?

If the sample is small compared to the dimensions of the squid pickup loop one

can show that the signal divided by the applied field x is given by
X = (B—1)/4r. (4.13)

Using equation 4.9, we can now relate the measured susceptibility to the penetra-
tion depth for each direction. The equations to be solved for obtaining \,, and A.

are

0y 0%y
2 a 20"°Xa
Xa = oy gt = Nt =0 (4.14)
9 Xe *Xe
Xe — )‘czzb 821' - /\zb 82 =0 (415)
(4.16)

Xa and y. are susceptibilities of the A- and C-needle samples respectively (fig-
ure 4.1). The solution of these two equations provides x.(Aqp) and xq(Aap, Ac) one
can obtain A\, equating the analytical solution to the measured susceptibility of
the C-needle sample. Then substitute A, into x, and extracting A, by comparing

the analytical solution to susceptibility of the A-needle sample.

Figure 4.2 shows the calculated temperature dependence of both A, and A, as a
function of T' calculated from the 7% doped LSCO susceptibility data (Fig.3.3).
Two arrows show the temperature where H.; is on the order of our measurement
field (0.5 Oe). Furthermore, the measured H., for these samples reaches the zero

at the same T as A reaches the sample size, hence the notion of vortices is not
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valid in our case. Therefore we can claim to be working in the London limit at
any given 7. One can also see that the apparent 7T, occurs when the penetration
depth reaches the sample’s dimensions. Also, Ay and A. run away from each other
as the sample is warmed towards T,.. This means that if we increase the thickness
of our samples, we should expect larger anisotropy in the measured values of T..
Moreover, in fig. 4.3 we plot the penetration depths on a log-log scale as a function
of (T, — T). T. was chosen as the onset T from the magnetization. We show that
close to T, the penetration depth exhibits the typical power law behavior where
Ao T, —T|77, with v, = 0.42 £ 0.01 and 74, = 1.21 + 0.05. This means that
the two different penetration depths diverge with different 7,.. In other words, our

observation of different T, in different directions contradicts the finite size scenario.
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FIGURE 4.2: Penetration depth Ay, and A, as a function of T for 7% doping
plotted on a logarithmic scale.

From the extracted penetration depths we can also calculate the superfluid stiffness
for each direction. In figure 4.4 we plot % as a function of 7" on a logarithmic scale.

One can see that the in-plane superfluid density, p;,, rises faster with decreasing
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FIGURE 4.3: Penetration depths, Ay and A, as a function of (T, — T') plotted
on a log-log scale. T, was chosen as the onset T from the magnetization.

T than the out-of-plane, p;. This means that a certain temperature range the Cu-

O planes are superconducting with no coupling between them. It is yet another

indication of a 2D superconductivity.
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FIGURE 4.4: Measured Superfluid density (p*) as a function of T" for 7% doping.
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If we turn now to Fig. 4.5, we can see the calculation done by Pekker[5] for the
superfluid response (stiffness) vs T for a system which consists of layers with
disorder in the c-axis direction. If we compare our calculated superfluid stiffness,
ps, and pS, we notice a similar behavior in which p, rises at a higher 7" than p;. In
summary we can say that our result is in agreement with the theoretical prediction

of two-dimensional phase transitions.

Superfluid Response

|
3.5 4
Temperature

FIGURE 4.5: calculated in-plane (p$,) and out-of-plane (p}) superfluid response
(stiffness) as a function of simulation 7. adapted from in [5]



Chapter 4. Discussion 43

4.2 The Doping dependence of the 2D SC phase

In this work we measured samples of LSCO at various doping values, x = 0.07,
0.08, 0.12, 0.15. We found correlations between anisotropy of 7T, and the doping
level of our samples. As the Sr doping of the samples increases, AT, between the
AB- and C- directions decreases with a non linearly (fig. 4.6). For this purpose
we define T, in the most modest method, as the intersection between the linear

part of the transition and the temperature axis.
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F1GURE 4.6: AT, vs the doping of the LSCO samples. As the Sr doping
increases, AT, decreases non linearly.

The correlation between AT, and doping level can be explained by the reduction of
the Josephson-like coupling strength between neighboring planes [15], emphasizing

the fact the we in fact observe de-coupling between the CuO planes in our samples.
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Conclusions

In this work we preformed magnetization measurements of high quality signal
crystals of LSCO, which were oriented and cut into samples shaped as rectangular

needles with two different orientations.

We found anisotropic behavior of the SC transition temperature between different
measurement directions at very low fields. Contrary to theoretical considerations,
the data presented in this work indicates that there is a temperature region at
which Lay_,Sr,CuQy4 exhibits two-dimensional SC from a Meissner Effect point of
view. There is a small temperature range in which long range superconductivity
exists in the ab plane, but no long range superconductivity exists betweens planes.
This can be interpreted as due-to two-dimensional superconductivity. We repeated
the measurements on a series of samples with various doping and confirmed these
results. Moreover, the anisotropy in 7. was found to have a strong doping de-
pendency; it increased in the underdoped samples. We have performed a series
of tests which have shown that this anisotropic behavior cannot be attributed to
external factors, and is in fact an intrinsic phenomena. Moreover, we were able

to extract the London penetration depths for both directions and to calculate the
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superfluid stiffness. We demonstrated that the observed T, variation is not a fi-
nite size effect. Despite our surprising result, we found and presented recently

published experimental and theoretical works supporting it’s possible existence.



Appendix A

The Demagnetization Factor

We will look at the simple case where a sample is not magnetized by itself, but can
be magnetized upon application of an external magnetic field H. We will further
assume that as a result of the external field the material developed a magnetization

M in the same direction. Therefore the inner magnetic field is,

Hi" — [T — DM (A1)

D is known as the demagnetization factor and has different values depending on
the geometry. The magnetic susceptibility x( is defined as the ratio between
the magnetization, M, and the total applied inner sample field H!°*. For small
enough applied fields, the magnetization will behave linearly as a function of field.
The idea is that a particular moment does no know the origin of H and responds

to the field H it experiences. Therefore,

M = xoH!*"" = xo(H — DM) (A.2)

Re writing the expression we get

46
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X0
= ——H A3
thus
X0
o= ———— A4

Therefore, the measured susceptibility is different from the intrinsic one, and

strongly depends on the geometry of the sample, for example a sphere has D = %’r

while for an infinite needle, D = 0. We are interested in measuring the ”clean” in

and out-of-plane susceptibility, therefore we chose needle like sample which reduce

D to minimum.



Appendix B

An Alternative Approach for the

Anisotropic London Equation

An alternative approach for deriving the anisotropic London equation (proposed

by Jorge Berger) is to express the free energy as,

b\ ab\>
_ 2 e hihd
F —/ b° + ()\xax) + ()\yax) ] dxdy (B.1)
The variations is
b— b+ db (B.2)
A(b+ 6b)\> d(b+ ob)\°
_ 2
F _/ (b+ 6h)* + (Am 5 ) + (Ay 5 dxdy (B.3)

ob db 0b 0b 0b Ob b 96b
F=[|P+2 2 (290 o I0 2 (DD IV ID
/ [b 2000+ A <3x Ox T Ox 8x) A (8y dy * Oy Oy )1 dady

(B.4)

b 9ob b 96b
F=2 2 === 2 === B.
J /[béb%—kx (63: 8x)+)\x (8y 83/)} dxdy (B.5)
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Integration by parts

2 2
§F =2 / [b e AQQ] Sbdzdy + {AQ@M)} n w@&)}
boundary 8y boundary

¥ 0x? ¥ 0y? Y ox
(B.6)
On the boundary db = 0 so
0%b 9%b
SF =2 [b—)X=— — \2— | Shdxd B.7
or
9%b 9%b
2 2

Both methods lead to the same equation. When used for needles we have for

C-needle

9% 9%b
2 2
b= Awz ~ /\aba_yg =0, (B.9)
and for A-needle
2p 2D
po 22l 2 00 (B.10)

¢ Hr2 aba_yg



Bibliography

1]

Q. Li, M. Hucker, G. D. Gu, A. M. Tsvelik, and J. M. Tranquada. Two-
dimensional superconducting fluctuations in stripe-ordered Las_,Sr,CuQOy.

Phys. Rev. Lett., 99(6):067001, 2007.

A. A. Schafgans, A. D. LaForge, S. V. Dordevic, M. M. Qazilbash, W. J.
Padilla, K. S. Burch, Z. Q. Li, Seiki Komiya, Yoichi Ando, and D. N. Basov.
Towards a two-dimensional superconducting state of Lay_,S7r,CuQO4 in a

moderate external magnetic field. Phys. Rev. Lett., 104(15):157002, 2010.

J. M. Tranquada et al. Magnetic-field-induced uniaxial resistivity in a high-tc

superconductor. con-mat, (arXiv:1009.0031v2), 2010.

E. Berg, E. Fradkin, E.-A. Kim, S. A. Kivelson, V. Oganesyan, J. M. Tran-
quada, and S. C. Zhang. Dynamical layer decoupling in a stripe-ordered

high-T, superconductor. Phys. Rev. Lett., 99(12):127003.

David Pekker, Gil Refael, and Eugene Demler. Finding the elusive sliding
phase in the superfluid-normal phase transition smeared by c-axis disorder.

Phys. Rev. Lett., 105(8):085302, 2010.

Priyanka Mohan, Paul M. Goldbart, Rajesh Narayanan, John Toner, and
Thomas Vojta. Anomalously elastic intermediate phase in randomly layered
superfluids, superconductors, and planar magnets. Phys. Rev. Lett., 105(8):
085301, 2010.

50



Bibliography 51

[7]

[10]

[11]

[12]

[13]

J.G.Bednorz and K.A.Miiller. Possible high T, superconductivity in the Ba-

Ba-Cu-O. Z. Phys. B:Cond Mat, 64, 1986.

R. J. Cava et al. Bulk superconductivity at 91 k in single-phase oxygen-

deficient perovskite BayY CuzOg_s. Phys. Rev. Lett., 58(16), 1987.

L. Gao et al. Superconductivity up to 164 k in HgBasCay,—1Cu, Ogpioys
(m=1, 2, and 3) under quasihydrostatic pressures. Phys. Rev. B, 50(6):4260—

4963, 1994,
Z. Hussain A. Damascelli and Z. Shen. Rev. Mod. Phys., 75(2), 2003.

J. Orenstein and A. J. Millis. Advances in the physics of high-temperature

superconductivity. Science, 288(5465), 2000.

E. Torikai K. Nagamine H. Kitazawa, K. Katsumata. Coexistence of magnetic
ordering and superconductivity in La-Sr-Cu-O system revealed by positive

muon spin relaxation. Solid State Communications, 67(12), 1988.

M. Sato and Y. Ishii. Simple and approximate demangeritzation factors of
uniformily magnetized rectengular rod and cylinder. J. Appl. Phys., 66(2),

1982.

Jiaqiang Yan. A Study of bond-lenght flunction in transition metal ozides.

PhD thesis, The University of Texas at Austin, 2004.

K. Kishio, J. Shimoyama, T. Kimura, Y. Kotaka, K. Kitazawa, K. Yamafuji,
Q. Li, and M. Suenaga. Carrier doping and interlayer coupling in htsc single

crystals. Physica C: Superconductivity, 235-240(Part 4):2775 — 2776, 1994.



DYY2)a N7 YT MM by
La,..Sr,CuO, v or1rns

21894 H9)



DY) N1 1T M by

IPNN DY NN

JVO)N ININD NJAPD MYOIITN DV IPIN NI DYWD
NPYDY92 DYDY

21894 H9)

DNIVID ONDNDV DN — 11NIDVN VIDD VIIN

2011 N NN N7YVYN 2 TN



I TPRY 99 NPNINA NWYIN IPHN DY 2NN

NP D90 NVNPII

NTIN NHA0N

TUNA TYTYN NNDAON ,NDMINN 7PN DY YIP NNIY /91990 1T MIN
ININAPA OXNTIAY NNMPN

N NNIAN DMIXTN NIDNA NITY DY YPNODIA NPYID NTNPN NTIN
DRIV NTIN .TITN NIPNN INMNIM INNY DY W NS NTIN 1D I1ND
DN DY DTN DRIV PR TNIND 7T

NN NDPNN DY MO '9NLN NXIAPY AN HIY NTIN

.NOA0M NANNND DY NYOY NTNYN NTIN

TYNA N2XTIN TADIN N2ANN Y 11209 NIV 7N

STNONYN



NP

D TIVND PN N ,DX0I0PN NNOWNN DYN-"2"01) DY YNAOWN Mann YO
,OYTN VTN NYVINFINNND NN TIN P NNYPNN YN MDDIMN NYan
MIND MI12Y) SIWAN INN NI NIND 12VNY NINXND MINN-PNIN NNNINRNY NON
DONYT NN 199Y DXTN NYIDY NN PN NI TTON 0N 1NIY MDIWYNA
DNY TUNI DTN MNIWA POUVIIN-NINA NDY N DOTIN-IT  DOONN
,DYT) NVIZVA DI 1D D) NNMPNN MION-5Y D INNN NNNIN NN TION
DY DYN-DY DINN DMIVIIN DI NV (T) NVIIP NNVIVV NHMP I
DMIPNN ,NINT MY .DMNYINN 992 POIN-DYN ITON VNI DY NTNN NIND
NYVINIT YNNI P TIDISN TYNRD D) DPPNND NDIDY HYN MDD 1D 1D DXWTN
9901 YV NNSa 0VNN MTY Moyosna ,LBCO-n naoana .pnmnn xnn
AN VPN NNVIVNLY NNNN DN NMIAY MTNNN DTN ,MIDV
NYNI NADN NTIAY .JPOINX MTNNND NTTN) OPIN 23PN IWNRD DXNWND
DNYINAN P2 TIDNN PIIY N, 00NN AX2 SVNN NTY NOYINIY NNNRIN

.D2INA NNIN 2Y-MDMIN HAPD TR DI DY

P2 PRYN Y AURD D MDIN TUN NPININN 19010 WX YR MTIAY Mapya
NINON DY INIVOID NIXNN ;NN TIND 2ININ DX0 NTO P27 MDINN-5YN
TNV MADN MIYYN DX NYIIN PINNID NNINN TIIN-DYN ITON VNI HY
P82 FTO-IN 1D DOVINP HY YD ,DX0HNN NI MIAIWN NPNIAN MOIYNI D
YT YT NIND I2YN MW MTIN MIAOVN 1Y I8N I8P MIAOWH 287N

2TIN-NONN NINOM YN DY I NN NIVIMNLA

-YT DY-MDOmM DY MYMND DNYN TONNA IONIY NIIPOIN NMTYN MY
YD 281 DY WAWNY DIDYW 92T ,05712) DOVINN MTY 1DV DIDIN ,NTION
MTNNN 0N TN M RINND P2A0N NINN MTTNA ,TID 0N .NOIWNN DY
VPONY 11 DY MDD DWW IMNIND 12NN PIO0 ,)99) DY-MDINN) TYTHD 1N Dy

VTN 2123 - I0INN DY HOVIPN NTYNN DN DXVNN MTYI 7IDMN

DXV POIN-DOYN NINAN I2YN OV NPTHND IR NIPN THPNONN NTIAYA

M O DY Ny 0o Mnd oya (LSCO) La,,SrCuO, Sv oo



YT DY YUY 1NN DY DIDOYON L0210 DXVNND MTYA NI NMMDN MISDOVIN
119 NN YWY 1N 1T 7772 .(La) DNRRVINDN DIPNA (SN DPINIVD HY NODIIN

DY ANNN NN NN PAYND TI2) NYIN-INNNN MIYIN PYONN IXW) DXINN
PVMIPN NNVINNIVLN DY VIDYY DN DY MDD DY 281D VIN TN

N NP0V YN TNYIN NN NPV MYSHNNRA NI DITPNN DIWN NN
M99 115792 NPT MNID YIIR MHPINN I1DIN NN DOVNHNYN
ININ IINNN TP VI DX NIND NN NITIII NMINIAN .M POON MOY2 MINN
VN DI TIIND YVIN AXPA 72NN YR TNIN 91 NN 12 MINM DD OI¥N
NYXD NOTHY DOV TN WD wANND PN TIIND DN TN
DY PN NN WAPY M Yy (Laue Camera) mxD Nnosn MySHNNG MISVINININ
NNI DIDXTY IDNNI DION TINIVIPNINRD INKRD .ONYY DXINDVDIPN
VNNN PO OIAPN DXNYNIN DY NNN ,NINY NPSVINININ ONY YoYI DVNND
nwyy NN .(C-needle) VNN YD DX DNWININ N2 IV (a-needle)
TIPN AWANRNDY 0NN NTN NIAZIWN 12 THPN DIV TINN NON NMYNNNI
D212 NNIX I DXOVND TPXNNNP MYNNINA .Y NXDD MISVIMNIND INND
,ONY NANMN NANNN DX INNN-NYININ YNNI TV MOVNN NIANNN IR TYTNID
NN DT WIDY )0 1ND .NIIND NIV P 7Y KOY P NINA
DY MIVNNNDN NN NYNN ,ISDOVNNT NOVPIN NYAYN NN PLPH DOVNN

LDOND TIND 2P DY VP SW DT MDNIN DOOND NAYY NN ,0XTN

NY WarD WX L(SQUID) NP 90mLINT NYSD PSDVLIND MTTI NN
NYNN ST DY NYNIAND NTTHN .NINVIDNVA I DTV N DM PN WD
NN DN ININ IYNI Y0NNN GOV NPYN DR VPN DY LD TIT OITN DY

1I7IP DIXTN OV VININY SVINN GOV NPV IR NPHN WX SQUIDN
INND INNON OVNN NTY DONA ,NTTN DI 29D NYWY PNYP 1-2 DY YUIN 19N
.DYDXTN DY INVNNN NTTHN (TOONN 0.5) YOP INNN NTY DYNN NY POIN

TPXPVNNI TPMYPYN PANITVIVIN PN TPNINN NTIAYD DIV DINIINM
(a- and c- needles) NTTHN MM NY P TN WA IMND INPY DMNT
NN OHYa OO NaY NN DY NNN 0T P2 T2 HT1ana IRVIANNY
INSIND DX WO NNYsn 0anna ,x=0.07,0.08,0.12,0.15 Sv nmv oo

NI INY ONMYHYN TN Ta HTaNN 2D NNIAN ,TI0 qONA .0MXTH DI MY



YONI TN DXNYINN P TINNY TD ¥ DY NN 201D 1) .MM DD
.D1ON N DY

Y NTND 1N DY NIPA N0 DV NITO NYNI DY DIRINDNN NN ITIURD 1IN DY
TNIY DITTH DY .OONHN DININND NN IPX DTTAIY  MDNIVIVIND
NN 59122 OXTAWY NNNA NN D XTNY YT ONXPN MTY DY OONY DY
NYIVI NOIYNA DITAIY NRY NMININD YT .0MIXTN DY PO HYN NN NN 1IN
mMono (He) PUNIN OVMIPN NTYN NNIIND IR NN, NPLN MNIIWN
PR DN NITIY DOWIN D NNIM NPT .NIRIND H2YND P NNIVINILVA
TPXVITININD NMYV D NXIN D1TIN DD THINRD DNYY DION NN DINIIN
DTN WOAVYN TN NPT 1D 10D ,POO0N XNMIVNVN DTIND NN NPN DMNTN
TPAIVIVINNY NIPONY NNMIN DN NYXIY MPITAN DI .NININD DY DIIXTH

INNON DN DY DTN NN NN NNON XN DIMNPOIN P2

72N IND YNINNY IWND NMIX D0 0NN NV P NTTNIY T2 57100
P70 11 PIVAN PN TN NPVNINID INRD ANV TIIN ITO DY YTDI0-1T NIND
D152 NPTNN POIVY TIN DI YND-IT) VPIND T-2 Y 12NN NN I0ND
TYITIO D91 NN INNND TAN T 97 OYP 990 ,NNIY A8Pa 972NN DNIYN
210¥ NNY MITIANN AXP ,0XTN DTN YOP NI TNN PRIY TWRD P OVNN DIPD
TTRIA-YTN PTND IRNWN MYNNND .OMNIN NV P2 NV T-5 MININY Myva
DO NPTNN SPPIYY NXRIN ,DMNYN DINPI NPTNN PRIY NN NN
MIRID XD NODPY MRHOND ,INK 002 .Y T, DY DITINND DMWY
NN NN DPTNN OPMY TINN ) M IND-DTN VPN AN T2 HTANNY

DY2IYOND TPMON NINNN PN DNYD DINPID PO Syn D1 Mmooy
-aW 7O DY MYANN MNONN NTIAYA NYINY NMININD ,DI1PDY .DYONNDN

MY T ML TN ITO DY STIMI-1T MRS Yayn vwnIinn LSCO



SYIPOTI NITION NTIAYN

WYY MTIAYN NN NIV NTIAYD YPIN NN DXPI0DN DX 1 P19 e
0NN

2022 ©MIXTN NIOND NYNPNYN N2 MOIYNHN NN INNN 2 P91 e
N2 NTTHN MOLIY SY MNIPYM NPNINONN DX NN 1D N
2Avnvnn

MNIN NNXIN THPYNT .DMDNN MINHIN MNDHD 3 P91 e
OV NITO NN2Y LDXTN IXVINININI MOND PXDVNNT MTTIN
NDN HY MNXNHN NNXID 19N INKD .Y DIOD Dya OINIXT
DOVHN MTYA DTN : MNNND NN NTNY NVYPNWN D2 NIPAN
oW NPYTA ,MINOD 2YND P DXVIPN MTYN NDTH 0NV
oY NYawnn NN NOTIV DO DION NN
MINRNIND DY DX NIVNIN)

PNNOND JPONN P WP NONIN MIRNNA DTSN EPIY @

T APNN NNYMIY NTIAYN IR DIDN 5P e



