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Abstract

We report direction dependent magnetization measurements in La2−xSrxCuO4 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 Hc1 at T → Tc. A difference in Tc

of 0.65 K was observed between parallel and perpendicular direction of the opti-

mally doped samples (x=0.15). Higher anisotropies in Tc 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

La2−xSrxCuO4 exhibits two-dimensional superconductivity from a Meissner effect

point of view.



Abbreviations

SC Superconductivity

2D Two Dimensional

AF Anti-Ferromagnetism

SG Spin-Glass

TSFZ Traveling Solvent Floating Zone

LSCO La2−xSrxCuO4

LBCO La2−xBaxCuO4

SQUID Superconducting Quantum Interference Device

Sr Strontium

La Lanthanum

Ba Barium

Cu Bismuth

ZF Zero Field
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Symbols

Tc Superconducting critical temperature

Hc1 First superconducting critical field

ρs Superfluid density

x Strontium doping level of La2−xSrxCuO4

∆ The superconducting gap

∆Tc Difference in Tc between AB and C oriented samples directions

T Temperature

M Magnetization

D Demagnetization factor

J Electric current density

A Magnetic vector potential

H External magnetic field

B Total magnetic field

χ Magnetic susceptibility

χm Measured susceptibility

χ0 Intrinsic susceptibility

H⊥ Magnetic field applied perpendicular to the planes

H‖ Magnetic field applied parallel to the planes

λ London penetration depth

ρab In-plane resistivity

ρc Resistivity along the c- axis

c Speed of light
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e Electron charge



Chapter 1

Introduction

Due to the layer structure of the cuprates one might suspect that superconductivity

occurs solely on the two dimensional (2D) CuO2 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 Tc 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, ρab and ρc, upon application

of magnetic fields up to 9 T in single crystals of LBCO (La2−xBaxCuO4) with

x = 0.095 . In the configuration where H was applied perpendicular to the planes,

H⊥, the field had a drastic effect on ρc, significantly depressing the temperature

at which ρc → 0, while the effect of H⊥, on ρab was rather weak (fig. 1.1). In con-

trast, the effect of a parallel applied field was modest for both ρab and ρc. These

5



Chapter 1. Introduction 6

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.

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 Tc 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
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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, ρsab (not to confuse with the resistivity), reaches a finite value while

the interplane superfluid stiffness ρsc 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 La2−xSrxCuO4 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 Tc than the H‖AB

(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 (La2−xSrxCuO4) is two dimensional.
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1.1 The La2−xSrxCuO4 Compound

High-Tc Superconductivity in cuprates was discovered in 1986 [7]. Bednorz and

Müller found that the LBCO system had a superconducting transition temperature

at Tc = 30K. Later that year, the LSCO compound was discovered, exhibiting

superconductivity up to 38 K. The record Tc 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 Tc 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 Å. 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.

Figure 1.2: The crystalline structure of La1−xSrxCuO4. (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 3+ and of O is 2−. Therefore, in the parent compound

(x = 0) all the Cu ions are in a Cu2+ 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 x and

the temperature T 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 TN 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 Tc superconductivity extends between

x = 0.055 and x = 0.26, with the maximum transition temperature Tc ' 38K

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

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 Tc

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. ∆(k) = ∆0(cos(kx) − 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 x = 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 x = 0.27, superconductivity

vanishes and LSCO behaves as a normal metal.

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-Tc 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-Tc 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 o 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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Figure 2.1: The inner core parts of the floating zone image furnace.

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 ,lamp 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.

La2−xSrxCuO4 Crystal Growth

Powders of CuO (99.9%), La2O3 (99.99%) and SrCO3 (99.9%) were dried at high

temperature (between 500 oC o 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 o C in a box fur-

nace. Such high temperatures induces diffusion of the reactants and binds the

chemical together to form La2−xSrxCuO4. 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 T = 1230 oC 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 θ 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 θ and d values involved.

Figure 2.5: Illustration of the Laue method principal.

nλ = 2d sin θ (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−Å

to 2.35Å. 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 (χ) 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 χ depends on the sample geometry via the Demagnetization factor

(D) which is further discussed in Appendix A the measured susceptibility χm is

given by eq. 2.2:

χm =
χ0

1 +Dχ0

(2.2)

where χ0 is the interesting quantity. For needles like samples D ' 0 and χm equals

χ0. Figure 2.6 presents the chosen configuration.

Figure 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 CuO2 planes. The result is a rectangular plate which is further cut into an

A-needle.

Figure 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:

Φ0 =
h

2e
= 2.07× 10−7G− cm2 (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.

H 

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 Tc, 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); ρab is the in-plane

resistance, and ρc is the resistance along the c-axis. Magnetization data in Fig. 3.1

exhibits clear difference of Tc between A and C needle samples. On the other hand,

Resistance data exhibits no observable change in Tc between ρab and ρc. The ob-

served anisotropy of Tc for optimally doped LSCO was ∆Tc(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 Tc dome, small doping variation between samples, are not

24
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Figure 3.1: Anisotropy in Tc 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 Tc, while

resistivity shows no difference between measurements.

likely to explain the discrepancy of Tc 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 ∆Tc(7%) = 4.5 K and ∆Tc(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 Tc 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 Tc 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 Tc of LSCO with 8% Sr doping. Magnetization
measured upon application of H = 0.5 Oe as a function of temperature.


