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Abstract

Interest in mixed-valent perovskite manganese oxides of La\-xAxMnO^ (v4-divalent alka-

line earth Ca, Sr or Ba), whose unusual properties were discovered nearly a half century

ago, has recently been revived. The discovery of the colossal magnetoresistance and pres-

sure effects introduced new questions concerning the complex interplay between lattice

structure, magnetism and transport in doped perovskite manganites. In this study, we

report our experimental investigations of pressure and magnetic field dependencies of

La-i/sCai/sMnOs (LCMO) epitaxial films with various thickness on SrTiO$ substrate.

An analysis of film thickness dependency of the resistivity of LCMO epitaxial films un-

der pressure and magnetic field has been performed by taking into account substrate

contributions. This verifies the correlation of lattice distortion with magnetic and trans-

port properties. Strong dependencies of Mn — O — Mn bond bending and Mn — O bond

stretching with pressure as well as Mn spin alignment with magnetic field, and the lattice

distortion induced by the substrate are discussed.
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Chapter 1

Introduction

La X -.xAxMnOz (where A is a divalent ion such as Ca, Sr or Ba) is a perovskite manganite

compound, whose electrical resistivity and magnetic properties were first investigated in

the 1950's [1]. The discovery of giant magnetoresistance renewed interest in studying this

compound. From the point of view of designing a future magnetoresistive detector, the

main technological requirement is a strong magnetoresistance around room temperature

with linear or no temperature dependence [69]. The strong pressure dependence of the

resistivity and the accompanying effects in thin films have potential for application in

pressure-sensing devices. In the last two decades, the giant magnetoresistance behavior

in this compound has been the subject of intense research. This behavior is believed to

be due to the spin dependent scattering close to the ferromagnetic-nonmagnetic phase

boundary.

In the high temperature paramagnetic state, the compound's resistivity resembles

that of a semiconductor. On cooling, it reaches a maximum (at about 270 K) before

dropping to a metallic value, with a magnitude several orders smaller. The large change

in the value of magnetic entropy near this interface makes manganese oxides promising

candidates for magnetic storage.

Structurally (chemically), starting from an insulating antiferromagnet, x = 0, the

resistivity drops with increased doping (substituting for the larger La3+ ion site with a

smaller ion such as Ca2+ , which is the case in this study). Doping is accompanied by an

increase in number of Mni+ ions in Mn3+
sites as a consequence of charge conservation.
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It also gives rise to a progressive change from planar antiferromagnetic to ferromagnetic

order.

Based on work done previously [2], it was established that conditions in LCMO are

optimized for a value of a; = 0.3. For this value of x, the compound's structure has

an optimum value of a ferromagnetic spin mixture of Mn3+(3d4
) and Mn4+ (3d3 ) ions,

and as a result, resistivity is minimized [37] and the compound's sensitivity to pressure

and magnetic field is increased. This composition yielded the highest reported Curie

temperature 1 and the lowest resistivity when the conduction becomes metallic-like.

The main focus of this study is to investigate the effect of film thickness on pres-

sure and magnetic field dependence of the transport properties in crystalline thin films of

La2/3Cai/3Mn03. It is known that under an applied external magnetic field [37] or exter-

nal quasihydrostatic pressure [67, 68, 19, 72], the metal-insulator and the ferromagnetic-

antiferromagnetic transition temperatures shift to a higher value in La2/3Cai/3Mn03.

The pressure work on thin films and bulk samples are compared. Thicker films' proper-

ties resembles that of the bulk sample. Due to technical difficulties, thick films or single

crystal of La2/3Cai/3Mn03 compound could not be produced. As a result, we compare

with polycrystalline samples. Furthermore, resistivity drops for all ranges of temper-

ature, and the metal-insulating transition occurs over a broadened temperature range.

In this study, we investigate the variation of these effects with film thickness. Other

features which have been investigated in the course of this study include the pressure

and field dependency of the semiconducting energy gap, the low temperature resistivity

under pressure and in magnetic field, magnetoresistance ratio, and the possible conduc-

tion by polarons for various film thicknesses. The high temperature resistivity, above the

transition temperature, is thermally activated and conduction could also be explained by

the variable-range hopping model.

1 Transition temperature from the insulator antiferromagnetic to metallic ferromagnetic state.
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To achieve this, several crystalline thin films of La2/3Cai/3Mn03 2 were grown by the

pulsed laser deposition method (PLD) on SrTiO$ (001) single crystal substrates. Two

sets of films were grown separately under almost identical growth conditions, except

that their thicknesses were varied by changing the number of laser pulses. The first set

of films was used for the pressure measurements and the second set for the magnetic field

measurements. These studies were conducted as a function of the film thickness. The

film thicknesses of the first set are 250, 326, 840, 1080, and 1440 A and that of the second

set are 120, 250, 340, 570, 860, and 1060 (±50)A.

In chapter 2, the crystalline structure of the compound is described, and possible

conduction mechanisms are discussed. In chapter 3, the experimental parameters which

were used to prepare the samples are tabulated, and the apparatus used to make the

samples and to do the measurements is described in detail. Results of this systematic

thickness-dependency study are presented in chapter 4. The pressure measurements,

magnetoresistance measurements (including a discussion of the magnetoresistance ratio)

and the magnetization measurements are treated separately. These studies are crucial in

understanding the relationship between film thickness and the transport and magnetic

properties in this compound. At the end of this study, in chapter 5, our findings are

summarized.

2The exact Mn and Oxygen contents in the samples were not confirmed.





Chapter 2

Review of Theoretical work and discussion

The compound under study, A\±xBl
+ (Mn\±xMnx

+
)Ol~ , has the general (distorted)

cubic structure, where A and B are, respectively, a trivalent rare earth and a divalent

alkaline earth ion. In some texts for simplicity the parent compound, x=0, is referred to

as the ABO3 compound, where A represents a large ion such as La3+ , Ca2+ , Ba2+ or Sr2+

and B is Mn3+
, Mn4+ or other ions. Such a compound's structure can be characterized

by the Goldschmidt tolerance factor t [3], where t = (r + rA )/\f2{r + rB ), in which

ta, tb and r are the radii of the ions A, B and Oxygen in the AB03 compound.

Megaw [4] suggested that, for 0.8 < t < 0.9 the structure will form an orthorhom-

bic (monoclinic) structure, whereas 0.9 < t < 0.97 should lead to cubic symmetry and

0.97 < t < 1.02 to tetragonal symmetry [5]. The parent compound LaMn03 , t = 0.89,

has an orthorhombic Jahn-Teller distorted structure due to the Mn3+ ion (3d4 ). When

chemically substituting for 1/3 of La3+ ions with an ion such as Ca2+ , we reduce the

value of tb and consequently increase the tolerance factor to a value above 0.96, which

would lead to a rhombohedral perovskite structure. As a consequence of this substi-

tution, the La,2izCa\/$MnO$ system would experience a continuous linear decrease of

lattice volume and increase of MnA+
[5]. The decrease in volume, as discussed next,

creates distortions in its structure. These distortions are known to contribute to the

electrical and magnetic properties in this compound. Chemical substitution for La3+

by Ca2+ introduces holes into the eg orbitals, that are mobile and mediate an inter-

atomic ferromagnetic interaction between the Mn atoms; the eg electrons gain kinetic

4
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energy through the Double-Exchange interaction, which is discussed latter. The lattice

of La2/3Cai/3Mn03 undergoes a structural phase transition between the orthorhombic

form (low temperature phase) and rhombohedral form (high-temperature phase) with a

change in the composition x and/or the temperature [61].

These manganite compounds are insulating and antiferromagnetic at the end point

values of x, ie.. x=0 and x=l, in the above general formula. Whereas for 0.2 < x < 0.5

they conduct and become ferromagnetic when cooled to some critical temperature, Tc ,

and at low temperatures are described as metallic. Tc increases with a tolerance factor

above 0.96. The strong positive magnetic interaction between Mn3+ ions and Mni+
ions

in comparison to the very weak interactions between the like ions [7] are believed to

be a major contributor to the properties under study. At higher doping levels, x > 0.5,

the structure goes through a series of antiferromagnetic charged supersaturates and will

approach the cubic perovskite type structure of pure CaMnOz [6] which is an insulator.

The crystal structure of Lai-xCaxMn03 is shown in figure 2.1.

A large La3+ (or a smaller Ca2+ ) ion sits at the cube centre, a manganese (3+ or 4+)

ion at each corner and an oxygen atom at the bisectors between manganese ions. The

parent compound shows ferromagnetic ordering in the a — b plane and antiferromagnetic

ordering along the c-axis. Ferromagnetically ordered Mn — O layers of a — b planes are

separated by nonmagnetic La(Ca) — monolayers. With increased doping, the moments

tilt toward the c-axis producing ferromagnetic order [62]. For simplicity, the atoms in the

unit cell in figure 2.1 are shown to be located at 90° angles to each other. Among the

variety of compounds exhibiting the cubic perovskite structure, only a few are perfectly

cubic. In reality, the unit cell has a distorted shape. This distortion is due to the

replacement of the larger La3+ ion with a smaller ion. This substitution creates an extra

free space in the lattice, which is filled and hence shifting the Mn — O — Mn arrangement

away from forming a 180° chain.
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Figure 2.1: The ideal antiferromagnetic cubic perovskite structure for LaMnOj,. In

the actual structure, the Oxygen octahedron is distorted with a combination of the

basal-plane distortion mode, the octahedral stretching mode and a rotation [8].
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Two different distortions are known to characterize the structure of LCMO [8]. The

first distortion is due to a tilt of the MnOe octahedra (the arrangement of six O atoms

surrounding the Mn3+(
-
4+

^ ion shown in figure 2.1 ), with its origin (Mn ion) shifted

towards the free space left behind as La is replaced by a smaller atom such as Ca. This

shift modifies the bending of the Mn — O - Mn bond angle 0, and hence affects the

strength of the hopping of the free electrons through the Mn3+-02~-Mn4+ chain, and

influencing the electronic properties of the system.

The second distortion is related to the strong Jahn-Teller character of the trivalent

manganese in the octahedral sites, due to its 3d4
: tl\g

e
g
electron configuration [9, 10].

The Jahn-Teller effect is a distortion of the highly symmetrical molecule, which reduces

its symmetry and lowers its energy by removing electronic degeneracy. The Mn3+ ions

have three localized electrons in t2g orbitals (xy, yz, and zx symmetry) and one electron

in eg states (z
2 and x2 — y

2 symmetry). The width of the z
2
-state band, which hosts

the electron which mediates the ferromagnetic interaction coupling in the Mn — O — Mn

chain, is susceptible to pressure. The band width increases with pressure and hence

increases the chance for the electron to delocalize [19, 67].

The single electron in the eg states is stabilized by a static Jahn-Teller orthorhombic

distortion that splits these energy levels. An electron in the eg orbital is strongly hy-

bridized with the neighboring Oxygen 2p states [60, 69]. As Mn4+ ions are introduced,

parallel spin alignments occur through the Mn3+-02~-Mn4+ coupling. The Mn3+-02~-

MnA+ couplings produce ferromagnetism through transfer between half-filled and empty

orbital states. Jahn-Teller distortion comes about in two forms. The first occurs when a

pair of diagonal Oxygen atoms (out of the four Oxygen atoms in the basal plane of the

octahedron) get squeezed closer to and the second pair move distant from the Mn3+
ion.

(The experimental value of this distortion is «0.15 A [63]). This state is responsible for

the insulating or antiferromagnetic state in LCMO-which occurs at temperatures above
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Tmi l
. The other Jahn-Teller distortion occurs at lower temperatures (below T/m), and

is characterized by all four (basal plane) Oxygen atoms squeezing equidistantly toward

the Mn3+
ion. This state is responsible for the metallic or ferromagnetic behavior of this

compound [8].

In short, the onset of long-range ferromagnetism in La2/3Cai/3Mn03 is accompanied

by a transformation of the a — b rhombus (basal plane of the octahedra) into squares, ie...

a local symmetry change from orthorhombic to tetragonal. The O-Mn-0 angles in the

octahedron have the same values between 70 and 300K [8]. What changes are the two

angles subtended by apical Oxygens and equatorial atoms. As a result, they decrease and

increase, respectively, by about 1° towards the ideal value of 90° when the system enters

the metallic regime [8]. Neutron scattering measurements show that the mean distortion

in the MnOe octahedra decreases by a factor of 3 below Tim [8]. This shows up as a

reduction in the Jahn-Teller distortion at the transition. Carrier derealization results

in weaker electron-phonon coupling, which weakens the driving force for the Jahn-Teller

distortion.

Some recent studies [49, 50] suggest that effects relating to static or dynamic lattice

distortions of the MuOq octahedra, are needed to understand the interplay between the

carrier's transport and the spin arrangement. Historically, prior to this, double exchange

model was suggested in order to understand the electric and magnetic properties of the

LCMO [51]. This model attempts to explain the carrier transfer between different sites

in the compound.

Zener [11] was the first to identify the double exchange process. By achieving the

right ratios of Mn3+ (3d4 ) to Mn4+ (3d3 ) (ie.. by replacing La3+ with Ca2+ ), the Mn3+-

2~-MnA+ chain is stressed out of a 180° configuration. In Zener's picture, an electron

hops from an Oxygen ion onto the Mn ion on its left, simultaneously with an electron

1 Metal-Insulating phase transition temperature
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hopping onto the Oxygen ion from the Mn on the right (as shown in figure 2.2).

Mn Mn

t

-H-

-H-

2g f f——•

6
—

^7
3 op 4

3d AV 3d

Figure 2.2: Crystal-field splittings and the ground-state orbital occupancies of Mn and

Oxygen ions in orthorhombically distorted Oxygen octahedra. Derealization (double

hopping) exchange with ferromagnetic spin polarization are indicated.

The result is an effective positive exchange coupling induced by the carriers, known as

the 'Double Exchange' interaction. A double hopping event, requires that both electrons

have the same spin (which must also be the same as the spin on the Oxygen ion). For

the parallel alignment of Mn moments with the hopping electrons to be achieved, it is

necessary that electron spins in Mn3+ and Mn4+ be aligned. Therefore, the requirement

for the hopping event to take place is that both Mn ions have parallel alignment (as

shown in figure 2.1). The angle between the Mn spins, O, is susceptible to magnetic field.

Application of a magnetic field helps decrease the angle 6, and as a result, decreases the

electron scattering due to spin. The energy has the lowest value for a parallel alignment

of spins. It was experimentally verified that, antiferromagnetic exchange is too weak to

compete with the ferromagnetic Mn3+-02~-Mn4+ interaction [52]. The Mn spin alone
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accounts for the experimental saturation magnetization of this compound [7, 12].

The double exchange model, alone, did not provide a satisfying representation of the

physics in the LCMO compound. The model could not predict correctly the behavior in

a magnetic field or at low temperatures. Furthermore, there is a great difference between

the observed and calculated value of Tc, and the value of the calculated resistivity above

Tc is consistent with data only qualitatively with it's magnitude several orders lower.

Millis [23] suggested that some other mechanism must be involved in reducing the

electron kinetic energy around Tc- He suggested polarons as a mechanism due to a very

strong electron-phonon coupling induced by the Jahn-Teller splitting. Kusters [54] also

recommended a magnetic polaron model. The polaron picture was favored by resent

direct polaron observations in electron paramagnetic resonance measurements [55], and

by a study of O 18 isotope substitution [56]. Direct Oxygen displacements studied by ion

channeling [57] found a very strong correlation of transport with local lattice distortions

of Mn sites.

The atoms that surround the stationary carrier will experience an additional Coulomb

force, which will alter their equilibrium position. The effect of these atomic displacements

is to lower the potential energy of the excess charge induced by the carrier. If the potential

well produced by the atomic displacement pattern is sufficiently deep, the carrier may

occupy a bound state. In this case the excess charge cannot escape from its position

without an alteration of the positions of the surrounding atoms. The carrier is said to be

self-trapped since the potential well that binds it, arises from atomic displacements caused

by its presence. The polaron is the entire unit comprising the self-trapped carrier and

the atomic-displacement pattern. The properties of small polarons are often opposite

those of quasifree charge carriers [58]. For example, because of its connection with

surrounding atoms, a small polaron has a mobility of less than 1 cm2/Vs, which is much

lower than that of a general quasifree carrier. Mobility of a quasifree carrier typically
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falls with increasing temperature, but that of a small polaron usually increases. Also, the

Hall effect dependence of the mobility would differ qualitatively [58]. A small polaron

circulates in a magnetic field in the same direction as an oppositely charged free particle.

As the temperature is decreased (<Tc), the measured distortion (atomic-displacement

pattern) decreases and reaches a steady state, and therefore, the carrier gains mobility

and is less attached to the surrounding atoms. As seen in chapter 4, in the region

T>Tc, the energy of a single carrier is temperature dependent. This signifies that there

is a sudden change in the coupled electron-lattice states which can exist stably in a

deformable lattice [59].

A superexchange mechanism (next-nearest neighbor antiferromagnetic exchange through

the intermediate Oxygen atom) in LaMn03 (weak ferromagnet) has been discussed in ref.

[8]. In the presence of isotropic Mn — O lengths at the transition in doped LaMnOz, the

preferential orientation of the partially occupied bonds, should be lost, and consequently

the superexchange mechanism would not give ferromagnetic planes. The experimental

observation of ferromagnetic coupling is, therefore, a strong indication against superex-

change and consistent with double exchange [8].

Other studies [64], on the competition between ferromagnetic double exchange and

superexchange show that these two exchange interactions lead to ferro- or antiferromag-

netic order with incomplete saturation of the magnetization at the transition boundary,

rather than spin canting. This is in contrast to results in the literature which find a

canted spin arrangement under similar circumstances. This difference is thought to be

the consequence of highly anisotropic exchange interactions. In addition to the electron-

mediated double exchange interaction, which is attributed to the ferromagnetic state, it

is believed that an antiferromagnetic superexchange interaction of comparable scale is

also present.





Chapter 3

Experimental Methods

3.1 Preparation of the ceramic target.

Ceramic target tablets of La2/3Cai/3Mn03 (13 mm. in diameter and about 4 mm.

thick) were prepared by citrate synthesis and pyrolysis processes. In the literature these

processes are also referred to as the Sol-Gel technique.

In general, La^izCaxj^MnOj, is prepared starting from the oxides by a number of solid

state reactions with grinding (several times) in between. The oxides (powders) are mixed

in the right proportions using a mortar and pestle, and then the mixture is calcinated at

1220°C for 6 hrs. in flowing 2 . The mixture is then re-ground and sintered at 1300°C

in flowing 2 for 15 hrs. twice. The powder is then formed into a tablet and fired at

1375°C in flowing 2 for 15 hrs. and cooled to room temperature slowly (2°C/min).

Although good results could be obtained using this method, it is a time consuming

process to produce a high quality single phased powder. The resulting powder should be

without impurities such as La2Oz, MnCOz and/or CaCO% (the starting oxide powders).

Also, the degree of compactness of the tablet should be kept in mind. This is to increase

surface contact between the powder grains. Extensive and repeated grinding increases

the homogeneity of the material and helps obtain particles of appreciably small size. This

could correct the above drawbacks. On the other hand, extensive grinding is believed to

severely restrain the solid state reaction [13].

Citrate synthesis remedies the above problems. The powder obtained by this method

12
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is ultra-fine and already has the correct stoichiometric values. This type of preparation

is fast and involves fewer steps. After the pyrolysis only one calcination is needed.

In this study, tablets were prepared in the following way;

• La2 3 , MnC03 and CaC03 powders of proper molar ratios (La:Ca:Mn) were dissolved

in Nitric acid (65%) individually. MnC03 and La2 3 were pre-heated and distilled water

added in order to be dissolved in the acid completely,

• After dissolving each of the powders completely, the three solutions were mixed to-

gether (in a larger beaker) and stirred continuously,

• Citric acid was added to the solution. At this stage, the solution turns yellow and

transparent from brownish opaque. 10-20 ml. of distilled water is added if not transpar-

ent,

• The pH of the solution is increased to a value around 6.82 by adding ammonia

(NH4OH) slowly. Ammonia should be added to the solution drop by drop at all times.

Special care must be taken, when the pH is close to 6.0. We suggest that the solution be

left to idealize at pH= 6.6 for a whole day and then re-checked. Ammonia is added as

need be. The pH will drop to a value bellow 6.6 as more salts dissolve in the Nitric acid

over night,

• The solution is transferred to an oversized beaker and put on a medium hot plate.

Most of the solution is allowed to evaporate. The remaining solution turns into a black

and thick compound. A spontaneous combustion is initiated and produces a very fine

powder, which fills the oversized beaker.

• The powder is collected and calcinated at 1100°C for 24 hrs, pelletized into tablets,

sintered at 1350°C for 20 hrs. in flowing 2 , and then cooled at a rate of 2°C/min.

To make about 3.8 g. (3-4 tablets) of La2/3Cai/3Mn03 using the Citrate synthesis, we

followed the recipe in table 3.1.
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Steps 1
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over a period of 3 days. This is so that all films (in each set) are deposited at the same

laser power. It was observed that, laser energy, pulse repetition rate, and pulse duration

effects the smoothness of YBCO films [14].

To maintain consistency in the growth conditions, after producing each set, films were

compared to each other. This was done by comparing the shineness, transparency in

relation to thickness, and X-ray diffraction pattern for the structural match. Thereafter,

a set was chosen for a more detailed testing (resistivity and magnetization measurements).

The growth was carried out in a high-vacuum chamber similar to the one illustrated

in figure 3.1.

temp,

controller

Figure 3.1: Schematic drawing of the growth chamber, Legend: A, B-pumps, D-mirror,

E-lens, F-quartz window, H-spinning target, J-plume of particles ablated from target,

S-substrate, N-substrate holder in the heater, O-spiral of resistive heating element, and

P-thermometer
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In figure 3.1, the whole growth chamber arrangement is roughly shown. The laser

beam is reflected by a 45° mirror through a quartz lens (to focus the beam) and through

window F onto the spinning target in the high-vacuum chamber. Pulses of laser beam

generate a plume of ejected particulates of clusters of La,2/3Cai/3Mn03. Films were

deposited on a pre-polished surface of a SrTi03 (100) crystal substrate (5x5x2 mm).

For the polishing procedure refer to table 3.2.

Steps 1
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the ablation process between the target and the substrate. This is done by producing a

highly active atomic Oxygen [15, 16]. To obtain an epitaxially grown crystalline film,

post-annealing in an Oxygen atmosphere at high temperature is needed. High tempera-

ture increases adatom surface mobility, and it improves the defects which result during

film growth, ie...improves film-surface morphology. The parameters used in producing

all of the films are summerized in table 3.3.

Steps 1

Growth chamber

evacuated to

10"5 Torr(l/2 Hour)

T (deposition)—800°C
(Temp, equilibrium period=l Hour)

02(dePosition)= 0-4 mbar (0.3 Torr)

* (annealing)—yUU L>

O2(annealing)—Q50 mbar
annealing duration=l Hour

Table 3.3: Parameters used in producing La,2/3Cai/3Mn03 thin films.

3.3 Measurements under hydrostatic pressure.

A set of 5 thin films of La2/3Ca 1 /3
Mn03 with various thicknesses were grown under

almost identical growth conditions. Pressure effects were measured up to 9 kbar using a

self-clamping type pressure cell, figure 3.2. Force is applied to the pressure cell at room

temperature by a conventional lab press. The force is transmitted to the sample region,

which is located under the nylon cap, figures 3.2 and 3.3, through a tungsten-carbide

piston. The applied pressure is transmitted to the sample through the transmitting

medium which is composed of a 1:1 ratio of 2-Methyl Butane and 3-Methyl-l-Butanol

solutions. The pressure in the cell was determined using the pressure dependence of the

resistance of a lead sample which is located under the same nylon cap, close to the film,

figure 3.3. In other words, the lead strip is an internal pressure manometer.

The resistance of the lead strip was measured by the four point contact technique in a

line configuration. Each time the cell was pressurized, a set of data were acquired for that

unknown pressure. Thereafter, data were normalized against the ambient pressure, and
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then fit to the normalized set of data which were collected for a lead sample under known

pressure. As a result, we were able to determine the actual pressure in the pressure cell.

The resistance of the film samples, figure 3.3, was measured using the four point

contact technique in the van der Pauw configuration [17]. In this technique, a thin gold

wire is soldered to each of the four corners of the film using Indium. First Indium is

melted onto a corner of the film, then a gold wire is laid down on the Indium spot and

soldered with Indium. The gold wires are then soldered to Cu wires. The four corners

were labeled as A, B, C and D. A current of 10 microns is applied between points A

and B, and voltage between D and C is measured. To eliminate thermoelectric effects,

current direction is reversed and another reading is taken and then results are averaged.

Thr resistance, Ri, is determined using an average of the two voltages and the applied

current. In the same fashion the resistance, R2 , across points A and D is determined.

The resistivity of the film sample is then determined by substitution of the resistances,

Ri and R2 ,
into the expression p = [^^]-[^L2-^]-[/(/^)]> where d is the thickness, p is

the resistivity and /(f
1
) the van der Pauw function.

The pressure cell is placed inside a 3-volumed cryostat. The outer dewar evacuated,

the middle and inner dewar filled with liquid Nitrogen. When the temperature reached

80K, liquid Nitrogen in the inner dewer is replaced by liquid Helium. The pressure cell is

allowed to cool down to around 5K, then measurements are taken as the system slowly

warms up.

Measurements (at every 0.5K.) were carried out first at ambient pressure. The other

measurements were taken following the subsequent application of forces of about 2.5,

5, 7.5, and 10 Tons. The drawback to this technique is that, as the temperature is

lowered, the pressure is reduced as a result of the thermal contraction of the pressure

transmitting medium. To account for this problem, as mentioned earlier, the temperature

dependence of the pressure was determined using the calibrated pressure dependence of
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the normalized resistance of the lead strip. A 3D graph of resistance, temperature and

pressure was plotted (resistance and temperature in the zy-plane and pressure along the

x-axis). Then a curve of resistance vs. temperature at a constant pressure was acquired.

At low temperatures (below 70K), data were scattered for different pressures. There-

fore, there was no point in comparing our films at those temperatures. To correct this

problem, possibly more time is needed for the temperature to equilibrate before the

measurement is started.

3.4 Characterization of films.

In total 9 crystalline films were chosen for characterization. These films were grown in

two separate groups using identical growth conditions. A set of five films with various

thicknesses was used for the pressure measurement (up to 9 kbar). The resistance of each

film was measured using the four point contact technique in the van der Pauw configu-

ration at different pressures (figures 3.2, 3.3) . The second set of six films with various

thicknesses, was used for the magnetization and the magnetoresistance measurements

using the SQUID magnetometer.

The first set was deposited on substrates which were polished here, whereas, the

second set was deposited on substrates which were pre-polished by the manufacturer. The

other difference is that each set was grown after a separate laser re-charging. Therefore,

the laser energy would be slightly different, which could impact separately each set.

The thickness of the films was measured, to within ±50 A, by utilizing the interference

effects when two reflective surfaces are brought close together and are subjected to a

monochromatic light. A shift in the fringe pattern resulted along the edge of film, which

was removed by chemical lithography. The magnitude of the shift was measured and

substituted in d = m(|), where d is the thickness, A the wavelength of the monochromatic
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Applied force

Thermometer

Nylon cap

holding the sample

Shown in

fig. 3.3

9-Cu leads for
data acquisition

Figure 3.2: Schematic drawing of the pressure cell. Showing the sample attachment in

place, and being clamped between two screws (from the top and bottom).
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SAMPLE

Lead sample

Figure 3.3: The sample attachment in the pressure cell
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light, and m is the relative fringe shift. To remove an edge from the film, the film was

submerged into molten wax except the strip which is to be removed. Using dilute HC1

acid, in a 1:1 acid-water ratio, the exposed film strip was dissolved. As soon as the film

strip was removed, the substrate was ultrasonically washed and then the wax was peeled

from the film gently. The film was washed with acetone and alcohol before the thickness

measurement.

Film characterization data are listed in tables 4.4 and 4.5.





Chapter 4

Results and Discussion

4.1 X-ray measurement

We have measured the degree of preferential orientation of the crystalline grains in the

tablet, which was prepared using the Sol-Gel method described in chapter 3 and used as

a target for the PLD, by measuring the x-ray 29 scan. Table 4.1 contains the strongest

lines of the x-ray diffraction pattern.

hkl
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measurements was to determine the degree of preferential orientation of the crystalline

films by measuring the x-ray 29 scan. After this measurement, it was noticed that after

annealing for one hour, when the heater was turned off slowly, the x-ray diffraction

patterns yielded a smaller number of peaks of much lower intensity in a broader 29

range (some times only one peak was obtained), yet these remaining peaks were at the

proper location. On the other hand, when the heater was turned-off more quickly, the

x-ray diffraction patterns yielded more peaks with higher intensity. The peaks with the

highest intensity in the previous case appearing in the latter, at the same location yet

sharper. The films with the more defined x-ray diffraction peaks, had a lower resistance.

The change in cooling rate could have affected the degree of crystalization. Annealing

would condition the surface of the sample by repairing the damage inflicted to the film

surface during deposition. When the annealed films are cooled more slowly, the grains are

given a longer time to re-orient themselves into their most preferred orientation. Hence

producing a more random structure. Whereas in the case of fast cooling, a more periodic

form is captured. All the samples in this study were produced by fast cooling after being

annealed.

In table 4.2, the locations of the strongest peaks for the LCMO films are listed. From

one film to another the location of the peaks was consistent with that of the literature

[16], with the difference that in some cases a peak was missing as a result of an overall

lower intensity. Strong (200) and (300) lines indicate the (100) oriented growth of LCMO

film on the SrTi03 . This (100) growth was confirmed also using the Laue X-ray back-

reflection technique.

For the second set, whose magnetization and magnetoresistance were measured, the

lattice parameters were determined and are listed in table 4.3.

The lattice constant mismatch is within 1.6% of it's real value for all the films. This

indicates that, our films are of a high quality. The values of lattice constant for the
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4.2 Pressure Measurements on La2/3
Ca 1 /3

Mn03 (LCMO) Thin Films.

In order to study the effect of pressure on the electronic properties of LCMO, five films

with various thicknesses were grown. The five thicknesses were 240, 326, 840, 1080, and

1440 (± 50) A.

In figure 4.1, the temperature dependence of p(T) under various pressures for the

above five films are presented. All films, more or less, exhibit a similar p(T) pattern as

their thickness vary. Each diagram in figure 4.1, actually is a prototypical example of

the pressure dependence of resistivity, p(T) , for a thin crystalline film (or single crystal

and polycrystalline) sample of the LCMO compound [18].

All samples were first cooled to about 5 K, then at ambient pressure their resistance

was measured during warm up to around room temperature. Then, the sample cell was

pressurized and again cooled to 5 K and another measurement taken during warm up.

This was done continuously up to the maximum pressure which our pressure cell could

tolerate.

As temperature is increased, the resistivity curve (p(T)) rises as the carriers are

increasingly scattered by phonons. At higher temperatures, > Tc (The Curie temperature

is taken as the maximum dp{T)/dT), the carrier mean free path becomes comparable with

the distance between ions, polaron 1 hopping of sets in, and the resistivity drops. This,

indicates a transition from a ferromagnetic metal (positive dp(T)/dT) to a paramagnetic

nonmetal (negative dp(T)/dT).

The Curie temperature is very close to Tmi, the Metal-Insulator transition tempera-

ture, which is taken as the temperature of the maximum in the p-T curve and was used

to compare our samples.

As seen here in the case of La2/3Cai/3Mn03 , applied pressure indeed depresses the

^olarons are discused briefly in chapter 2.
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resistance at all temperatures and TMi monotonically increases for each sample [19].

To examine the pressure dependency of p(T), for various film thicknesses, points were

extracted from figure 4.1 and shown in figures 4.2 and 4.3. In these figures, it is

observed that as pressure is increased, both the maximum resistivity and the resistivity

at 294K decrease [19]. The resistivity drops linearly for the ranges of thickness of 240

to 1440 A . It is also noticeable that the slope (dp/dT) for each film, decreases as film

thickness is increased, table 4.4.

In figure 4.4, we examine the thickness dependence of TMi- Points plotted in this

graph were extracted from the curves of figure 4.1. In figure 4.4, it is shown that

TMi is increased by applying pressure up to 8 kbar. Moreover, it is shown that Tmi

increases linearly and slightly faster in response to an increase of pressure, dTM//dP, in

the case of thinner films compared to thicker films. Overall, Tmi is higher for thicker

films. Generally, several parameters are known to contribute to the increase of Tmi- For

example, particle-size affects the metal-insulator transition temperature through change

in the Mn4+ composition by heat treatment [41]. Another factor which could lead to an

increase of Tmi would be the Oxygen content in the films. Higher Oxygen content yields

a higher transition temperature [42]. These factors would have a minimal effect on our

films since they were all well controlled during film growth. Here, thicker films have a

higher TMi as a result of being less strained away from the substrate surface. In regions

away from the substrate, since the MnO^ octahedra are in a more relaxed form and the

Oxygen packing is more dense around the La/Ca ions, electron transfer is more effective

and higher Tmi would be achieved. High Tmi m thicker films is also seen in the second

set of LCMO films which were produced for the purpose of magnetization measurements,

figure 4.14. Pressure increases the dense packing of the Oxygen around the La/Ca ion

resulting in a further increase of TMi [19].

In comparison to conventional ferromagnets such as Ni, Co, and Fe (dT^/dP about
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0.8

0.6

• 240 A, dp/dP=-0.022

326 A, dp/dP=-0.018

840 A, dp/dP=-0.01

1

A 1080 A, dp/dP=-0.013

1440 A, dp/dP=-0.006

2 4

Pressure, kbar

Figure 4.3: Temperature dependence of the resistivity at 294 K as a function of pressure
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0.000032 K/kbar for Ni and zero for Fe [21]), the films under study have significantly

larger dTM//dP values, see table 4.4.

The increase of the Tmi value upon application of pressure is a consequence of the

Double Exchange (DE) interaction. The strength of the DE interaction is enhanced by

applying pressure [19] which as a result, induces a higher Tmi and a lower resistivity

[20], [24]. Enhancement of DE is measured through the transfer factor ie// = t cos(Q/2),

where to is proportional to the band angle and the band length of Mn-O-Mn arrangement

and is the angle between the moments on the Mn ions in the lattice structure. t is

expected to be strongly pressure dependent. By applying external pressure the Mn-O-Mn

angle should increase toward 180° and the Mn-0 bond length should decrease. All this

should increase t and consequently teff. The more effective transfer of the eg electrons

upon application of pressure causes the resistivity to drop and Tmi to increase. From

figure 4.4 the rate of change of Tmi with pressure can be determined as a function of film

thicknesses. This result is shown in figure 4.5. In films with thickness greater than 250

A , dTM//dP is found to vary linearly as a function of thickness. In figure 4.5, the solid

square is our thinnest film, which does not lie on the same linear curve. To compare our

films with those in the literature, we plotted dlnTc/dP versus Tc for our data and data

from literature in figure 4.6. In figure 4.6, the solid circles with Tc lower than 250K are

from results on thin films in the literature [71], the solid circles with Tc greater than

250K are our data, and the solid squares are data from results on ceramic samples [24].

All data lie on the same linear curve. Notice that samples with Tc greater than 250K

are less effected by the external pressure. On the other hand, samples with Tc lower

than 250K respond quicker to external pressure. This difference in behavior is due to the

fact that, the e9 band width in samples with Tc lower than 250K increases rapidly with

external pressure, whereas in samples with Tc greater than 250K this is not the case. In

the latter samples, possibly an electron-phonon interaction is involved.
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The explanation of the observed thickness dependence of the magnitude of p(T) could

be related to the change in the lattice strain induced by the change in film thickness and

the consequences of the substrate lattice mismatch [24]. The lattice parameter of SrTi03

is about 3.905 A and that of La2jzCax/zMnOz (thin film, here) is about 3.844 A( a ~

3.867 A for bulk La-Ca-Mn-0 material [22]). The degree of lattice strain is expected

to decrease as the film becomes thicker. The more the film is strained, the higher the

resistivity and vice versa. For thick films near the substrate surface since the strain

is higher, there will be a higher resistivity and away from substrate surface strain is

lower and therefore lower resistivity is expected. The low-resistivity region dominates

the resistivity measurement as the applied current preferentially flows through it [22].

Curves in figures 4.2 and 4.3 show that pressure has a greater influence on resistivity

in thinner films. In thicker films, as mentioned, the applied current flows through the

region where films are less strained and therefore pressure appears to be less effective.

In this case, still by applying external pressure, as seen in figure 4.1, the Mn-O-Mn

angle increases towards 180° and the Mn-0 bond length decreases in each of the thicker

films. As a result, the DE interaction is increased which in turn lowers the resistivity,

and increases Tmi just as in the case of thin films.

In thinner films though, obviously due to a smaller number of layers, strain is a dom-

inant feature. With the size of the bulk reduced and somewhat strained, the resistivity

would be higher due to carriers being scattered by spins. External pressure is able to

reduce the resistivity through increasing the Mn-O-Mn angles throughout the film. As a

result we see a greater effect on the p-T character in thinner films due to pressure.

In figure 4.7 a comparison of dp294A:/dP for LCMO films and polycrystalline sam-

ples with different Tmi is made. Solid circles with Tm/<250K are for films of various

thicknesses deposited at different substrate temperatures and post annealed at different

temperatures [71], triangles are data on ceramic samples [24], and the solid squares
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with Tc>250K are our data. In the semiconducting region, two different mechanisms

are known to be involved in the variation of dp294/dP as a function of TMI . Similarly

to what is seen in figure 4.6, in films and ceramics with Tm/<250K the eg band width

increases rapidly with pressure causing a large resistivity decrease as pressure increases.

However, for films and ceramics with TM/>250K other mechanisms are involved in caus-

ing the LCMO compound to become more metallic as pressure increases-possibly the

change of electron-phonon interaction.

The high-temperature behavior of p(T) can be described as semiconductor-like with a

pressure-dependent energy gap , ES
(P). There is some controversy as to whether the resis-

tivity behavior is purely temperature activated or of the variable-range hopping type [66]

.

Figure 4.8 shows the pressure dependence of the semiconducting gap determined from

the high temperature data of figure 4.1, by fitting to the expression p(T) oc exp(Ep/kBT).

In this region, charge carriers move by hopping between neighboring sites [23], and resis-

tivity (hopping) is thermally activated to about 500K [31]. The semiconducting energy

gap depends weakly on pressure with a slope dE
fl
/dP w 4.5 meV/kbar. Moreover, the

effect of film thickness on the slope of the pressure dependence of the semiconducting

gap energy is indistinguishable. It seems that the slope of the pressure dependence of the

semiconducting energy gap is unaffected by thickness and governed by other parameters.

The low-temperature resistivity (100-175 K) under pressure has been fitted to the

empirical expression p(T) ~ p\T25 . This power term is responsible for the combination

of electron-electron, electron-phonon, and electron-magnon scattering. Results of such a

fit are shown in figure 4.9. A linear relationship seems to exist up to 8 kbar. We observe

that the effect of the pressure differs for different film thickness. Thus, scattering due

to these temperature-dependent processes is suppressed in thin films more rapidly than

in thicker films. Temperature-independent mechanisms are known to be less affected by

pressure [19].
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Figure 4.5: Thickness dependence of dTM//dP, extracted from figure 4.1.
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Figure 4.6: Tc dependence of dlnT^/dP, solid circles with Tc>250K are our data, solid

squares on ceramic samples [24], and solid circles with Tc<250K are thin films [71]

The same function was fitted to the resistivity at temperatures lower than 70 K, but

due to scattering of data (probably because the pressure transmitting medium froze), we

were not able to compare the data for different films.

It has been previously known that the conduction at zero pressure and high-temperature

for manganite of the A2/3B1/3MT1O3 family [28], has a form similar to that expected for

variable-range hopping [27]. In order to check if above T^/, the resistivity can be fit

to Mott's law, p = po exp(T /T 1/
'4

), which corresponds to the model of variable-range

hopping of electrons in a band of localized states in the absence of electron-electron

interaction [26, 27], we have plotted lnp vs T-1 /4
. Within this model, T is localization-

length-related and density of states related parameter. The spatial extent of the localized

states is given by / = (16/T g(EF))
1 ^3

, where g(Ep) is the density of state function at

fermi level [60]. Figure 4.10 is an example of such a fit to films of 240 and 1440 A
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Figure 4.7: Transition temperature, Tmi, dependence of dp/dP at 294K. Solid circles

(Tm/<250K) for films of various thicknesses deposited at different substrate tempera-

tures and post annealed at different temperatures [71], triangles are data from previously

published results on ceramic samples [24], and solid squares (Tm/>250K) are our data.
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Figure 4.10: Lnp vs T */4 at temperatures above Tmi for two films of different thickness

under pressure.
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a reminder, all films (those discussed here and those of the previous section) were grown

under almost identical growth conditions except that their thickness was varied. For this

study, films with thicknesses of 1060, 860, 570, 340, 250, and 120 (± 50) A were grown.

Curves in figure 4.11 are examples of the temperature dependence of p at different

magnetic field strengths for thin crystalline film samples of La2/3Ca 1 /3
Mn03 [18, 19].

The p-T curves gradually increase (with an activated behavior) with decreasing temper-

ature and then sharply drop around the Curie temperature. The temperature of the

resistance peak, Tmi, is driven to a higher value with increasing field strength for all

samples. The magnetic field reduces the localization process of the DE carriers and the

insulator-metal transition becomes smoother. The way the magnetic field affects the

transfer of electrons between neighboring Mn sites (derealization of the eg electrons)

is understood if we take into account tejf
= tocos(Q/2), where is the angle between

neighboring Mn spins. The magnetic field will align the spins causing to decrease, and

enhancing tejj. Hence the DE carriers gain a mobility due to a reduced spin scattering,

and as a result the resistivity is reduced
( [29], [19]). Application of external pressure

on the other hand, modifies both the Mn-0 bond length and the Mn-O-Mn bond angle

(decreasing the bond length and increasing the bond angle). Both trends result in an

increase of the effective bandwidth for eg electrons. Although effects of magnetic field and

pressure are different, the final results are similar in that both help reduce the resistivity

and increase Tmi-

The mechanism of conduction below Tc, under the influence of a magnetic field

is investigated next. Schiffer [53] analyzed the low temperature resistivity curves of

LaottCaottMnOz and found for T<0.5Tm/ the empirical expression p(T) = p + p\T25 .

The term p is the resistivity due to mainly temperature-independent scattering mecha-

nisms (ie.. chemical, nonstoichiometry, magnetic domain(s) and etc), and the power term

represents a combination of electron-electron, electron-phonon, and electron-magnon
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Figure 4.11: Temperature dependence of p(T) under various fields for six films of different

thickness
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scattering. We have tried to fit to our low-temperature results, 4-100 K, with different

exponents in p\Ta . a «2.4 for 860 A and a «2.9 for 120 and 250 A were found to give

the best fit for all magnetic field strengths investigated. The best fits to p(T) = p +piTa

for our data are shown in figure 4.12.

Figure 4.12 shows that the magnetic field effects thinner films more than thicker

films. Thicker films at low temperatures seem to be unaffected by field (see 120, 570 and

860 A). Figure 4.13 shows the contributions p and p\Ta make to the resistivity as a

function of temperature separately. A magnetic field of 1 T, figure 4.13 (in the case of

120 A), strongly affects the temperature-dependent term p\Ta . It is likely that the main

mechanism responsible for the magnetoresistance at low temperatures and low fields

is the influence of the magnetic field on the electron-electron, electron-phonon and/or

electron-magnon scattering. At higher fields, the influence of the magnetic field on the

temperature-dependent scattering mechanisms is reduced and temperature-independent

scattering mechanisms such as magnetic domains dominate. As the magnetic field in-

creases, the size of the magnetic domains increases and the scattering of the electrons due

to domain boundaries decreases. As seen in figure 4.11, overall, thicker films respond

slower to magnetic field. This is also seen in figures 4.12 and 4.13.

The field dependence of Tm; for films of different thickness is shown in figure 4.14.

Tmi values are extracted from figure 4.11 as the temperature of the maximum point of

the p-T curves. A linear relationship is apparent between Tmi and the magnetic field

strength. As film thickness is increased, Tmi also increases. In the case of thicker films,

dT^/drl is independent of film thickness (ie.. slopes are the same). In the case of

pressure, a thickness dependence of the rate of increase of Tmi is found for thicker films

(figure 4.4).

As mentioned in chapter 2, carriers rather jump from a site to another whose moment

is ferromagnetically aligned. In the extreme case, if the moments in the sample are
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completely aligned, the activation energy is destroyed [26] (p. 180). The magnetic field

helps to line up the moments, and thus reduces the activation energy as seen in the top

panel of figure 4.15.

The field helps reduce the activation energy more rapidly in thinner films than in

thicker films. In the case of pressure up to 8 kbar, as discussed in the previous section,

the effect of thickness was indistinguishable (figure 4.8). In thinner films, strain extends

further into the bulk of the film. Therefore, the magnetic field would align the local

spins and reduce carrier scattering due to spin. In thicker films although this effect still

exists, the region which is less strained will dominate during the resistivity measurement.

Therefore we see a lesser effect on the reduction of the activation energy in thicker films.

Another angle from which to view this is shown in the bottom panel of figure 4.15. In

figure 4.15 it is shown that as we increase the film thickness, the effect of magnetic field

on the semiconducting energy gap becomes weaker.

For completeness, just as in case of pressure measurement, in order to check if at

temperatures above Tmi the resistivity can be fit to Mott's law, p = exp^o/T 1
^), we

have plotted lnp vs T-1 /4
. Figure 4.16 is an example of such a fit to p-T curves for

two films 120 and 1060 A. Similar to the case of pressure, the curves above Tmi display

a linear form, which is also in agreement with conduction by polarons in this range

of temperature. To values extracted from the resistivity curves measured under the

influence of a magnetic field are found to decrease with increasing field strength (figure

4.17). That is, the polaron becomes larger and thus localization would be somewhat

suppressed [60]. This is because R( Size of polaron) is inversely proportional to F(Couiomb)

(F(Couiomb) oc -q2
/Rfsize of poiaron))- F{Couiomb) binds the carrier to the site. As a result, as

the magnetic field strength is increased, more electrons delocalize and a smaller number

of small polarons will form [19]. As far as the thickness dependence of polaron number

reduction goes, from figure 4.17 we conclude that the size of the polarons increases with
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Figure 4.15: Field dependence of the semiconducting energy gap above Tmi for different

film thickness (TOP); and thickness dependence of the semiconducting energy gap above

TM/ for different fields (BOTTOM).
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film thickness.

In this section, the effect of magnetic field on the transport properties of LCMO was

investigated and compared to that of pressure. In the next subsection using the same set

of data, magnetoresistance ratios, defined as MR = [R(4kG) — R(Field)]/R(Field) , are

determined in order to investigate, if any, the thickness dependency of the mechanism (s)

responsible for the large magnetoresistance.

4.3.1 Magnetoresistance Ratio

The same set of resistivity measurements, obtained by the four-point technique with a

constant current and an applied magnetic field of up to 7 Tesla, was used to calculate

the magnetoresistance ratio. The field is directed parallel to surface of the films.

In figure 4.18 we show the magnetoresistance (MR) ratio, defined as MR=[R(4kG)-

R(Field)]/R(Field), for this set of data. The temperature of maximum magnetoresistance

ratio is almost located in the metallic-behavior region on the low temperature side of the

resistivity peak. While the mechanism responsible for the large MR observed in the

La-Ca-Mn-0 films is believed to be related to the semiconductor-to-metal transition, the

exact mechanism(s) are not clearly understood [32]. Some reports suggest the possibility

of spin disorder scattering, magnetic polaron hopping and/or other mechanism(s) [33, 34]

to be present in this compound. It should be noted that the peak MR ratio occurs near

the magnetic transition temperature where magnetization (as seen in the next subsection)

is nearly vanishing. This says that spin disorder scattering is possibly a major contributor

[35, 36].

First we consider the dependence of the peak temperature of the MR ratio on film

thickness. As the thickness increases, the peak temperature tends to increase. Studies of

the effect of particle-size on the MR ratio and related transport properties reveal that,

indeed particle-size effects the peak MR temperature [39]. The exact nature of the
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Figure 4.16: Lnp vs T" 1/4 at temperatures above Tm/ for two films of different thickness

under different magnetic field.
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change in MR behavior with Oxygen partial pressure (ie.. during film deposition) is not

clearly understood [32, 38], but in case of La-Ca-Mn-0 films grown on Si (100), studies

suggest that Oxygen stoichiometry in the films is a crucial factor in causing the peak

temperature to shift [40] . In this study, these factors should have a minimal effect since

they were well controlled during the film preparation process.

Secondly, we see that as films become thicker, the MR ratio is lowered. This implies

that the MR ratio is smaller in films with high Tm/ [37]. The thickness dependence of

the value of the maximum MR ratio at different field strengths is shown in figure 4.19.

Thinner films respond to the magnetic field strength more rapidly than thicker films (see

table 4.5).

Film

thick.

(A)
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Figure 4.19: Thickness dependence of maximum MR ratio for films at different field

strengths.
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Figure 4.20: Field dependence of the magnetization at 10 K for four samples of different

thickness. The location of The critical field, Hc , is marked by the open arrow.
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with H up to about 500 Gauss. Subsequently reducing H leads to a hysteresis loop where

M(H) is larger than the initial M(H). The Critical field increases for films of 250 and 340

A(#c=341.1 and 379 G respectively) and then drops to 170 and 141 G for 860 and 1060

A films respectively. These observations indicate that a stronger field is needed to align

the magnetic moments in thinner films.

Figure 4.21, which shows the field dependence of the magnetization measured at 150

K, suggests the same thing. In order to compare the samples, figure 4.20 was altered such

that at zero field the magnetization was brought up to zero. Figure 4.22 is how figure

4.20 looked before this change. In figure 4.22, the moments are aligned in the opposite

direction at the starting point, where the sample is supposed to be in the unmagnetized

state. This is the result of a remnant field in the coil which was not possible to be brought

to zero.

In a conventional ferromagnetic specimen, if the field is removed, the material tends

to return to its unmagnetized state. But the motion of the domain walls is partially

inhibited by crystal boundaries (and other crystal imperfections, especially, here in case

of thin films, strain in the lattice as a result of substrate lattice constant mismatch). This

produces a kind of friction which causes the walls to lag behind the position they would

take if they moved easily within the sample
( [44], p.326). This irreversible process occurs

because there is insufficient energy stored in the domain wall to overcome the energy

which the domain wall has surmounted (due to a sufficiently large H) [45]. Insufficiency

accounts for the energy dissipated in moving a domain wall from an energy minimum, at

which the domain configuration is along an easy axis, to an energy maximum. Since the

magnetization in the direction of H must increase, the magnetization at MT is smaller

than Ms at H=500 G, but larger than that in the unmagnetized state. MT is the remnance

magnetization and Ms is the saturation magnetization.

Figure 4.23 shows the temperature dependence of the normalized magnetization. As
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Figure 4.21: Field dependence of the magnetization at 150 K for three samples with the

indicated thickness.
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seen in this figure, the saturation of the magnetization in thinner films decreases more

rapidly with increasing temperature than in thicker films. Tc systematically increases

with increasing film thickness as shown in the inset.

For thick films or bulk matter, a great number of domains exist within each of which

the spins are all aligned by very strong exchange forces. These domains are separated

by finite boundaries called Bloch walls. The spin orientation changes from the one in a

given domain to that in a neighboring domain by rotating about an axis perpendicular

to the plane of the wall. Domain walls in thin films are in general not of the Block type.

The simplest type of wall in a thin film is the Neel wall, within which the spins rotate

continuously from the direction in a given domain to that in a neighboring domain about

an axis in the plane of the wall. The Neel walls behave as a two dimensional structure,

whereas, the Bloch wall as 3D. In a Bloch wall, as the field is turned on, the domains

from all directions force each other to align either by each domain aligning itself with the

field or by moving the domain wall. Moving a domain wall means that a domain grows at

the expense of another. While in the case of thinner films the same thing occurs except

that the reinforcement from other domains is limited to immediate in-plane domains.

Therefore, as seen in figure 4.20, thicker films saturate at a lower field than thinner

films. In thicker films a smaller field is needed to align the moments since Bloch walls are

formed which force the neighboring domain moments to align. A slower decrease of the

saturation of the magnetization in thicker films as shown in figure 4.23 is due to larger

friction in the Block walls. In experiments conducted on thin films and bulk material

[43], it is shown that the magnitude of the saturation magnetization is strongly effected

by stoichiometric Oxygen and it is uneffected by film thickness.
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Chapter 5

CONCLUSION

Using the parameters listed in chapter 3, we have successfully fabricated polycrystalline

LCMO by the Sol-Gel technique. By forming it into a tablet and using the growth

parameters tabulated in chapter 3, we were able to prepare epitaxial La2/3Cai/3Mn03

films of various thicknesses on SrTiOz substrates (001) by the pulsed laser deposition

method. Our growth parameters, enabled us to tailor the films for optimum sensitivity

in the temperature profile of the pressure and magnetoresistance response. All films

exhibited low resistivity, of the order 10
-4

ficm in the low temperature metallic region,

which is an indication that they have few defects and are grown epitaxially (growth in

the c-axis direction).

In the course of this study, we have shown that thickness of films plays an important

role in shifting the transition temperature, in controlling the magnitude of the resistivity

and also in their response to pressure and magnetic field. In our opinion the sensitivity

of the response to thickness, is the consequence of the lattice distortion induced by the

substrate lattice mismatch. In short, thinner films show a greater response to pressure

than do thicker films. Furthermore, the metal-insulator transition temperature increases

as films becomes thicker. The transition temperature also increases with pressure and

there is a tendency for dTM//dP to decrease with film thickness. The increase in the

transition temperature with pressure can be interpreted as the consequence of pressure

induced contraction and alignment of the Mn — O — Mn bonds, which influences the

62
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magnetic exchange between Mn3+ and Mn4+
ions. This then leads to the delocaliza-

tion/localization of the charge carriers.

It was found that two different mechanisms must be responsible for variations of

dlnTc/dP and dp/dP as a function of Tc. This is clearly shown for La2/3Ca,i/3Mn03

samples with transition temperatures below and above 250K. Our data, with Tc>250K,

are compared with crystalline films and ceramic samples in the literature. For films

and ceramic samples with Tc<250K the eg bandwidth increases rapidly with pressure,

causing the resistivity to drop and Tc to increase as pressure increases. However, for

films and ceramics with Tc>250K other mechanisms, possibly the change of electron-

phonon interactions are involved in causing the La2/3Ca 1 /3
Mn03 compound to become

more metallic as pressure increases.

The film thickness dependence of the magnetoresistance (MR), and the MR ratios

was also discussed. The peak temperature of the MR ratio increases with film thickness.

Also, as film thickness increases, the MR ratio is lowered. The MR ratio is smaller in

films with higher transition temperatures. Thinner films respond less to magnetic field.

In the last section of chapter 4, we showed the evolution of the magnetization for films

with various thicknesses. Tc, taken as the minimum of slope dM/dT, increases with film

thickness. The saturation magnetization in thinner films decreases more rapidly with

increasing temperature. Thinner films require a larger energy to reach the saturation

magnetization. In other words they have a larger critical field value. This has to do with

the nature of their domain walls. Therefore, it is easier for the thicker films to magnetize.

Therefore, according to our findings, we conclude that 'thickness' in films of La2/3Cai/3Mn03

must be taken into account when engineering a sample for use in a device.
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