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Abstract ii

Abstract

SrMg^Rui-iOa thin films were made by using pulsed laser deposition on

SrTiOa (100) substrates in either O2 or Ar atmosphere. The thin films

were characterized by x-ray diffraction, energy dispersive x-ray microanal-

ysis, dc resistivity measurement, and dc magnetization measurement. The

effect of Mg doping was observed. As soon as the amount of Mg increased in

SrMg-cRui-iOa thin films, the magnetization decreased, and the resistivity

increased. It had little effect on the Curie temperature (transition tempera-

ture). The magnetization states of SrMgiRui-iOa thin films, for x < 0.15,

are similar to SrRuOs films. X-ray diffraction results for SrMga-Rui-iOa

thin films made in oxygen showed that the films are epitaxial. The thin films

could not be well made in Ar atmosphere during laser ablation as there was

no clear peak of SrMg^Rui-iOa in x-ray diffraction results. Substrate tem-

peratures had an effect on the resistivity of the films. The residual resistivity

ratios were increased by increasing substrate temperature. It was observed

that the thickness of thin films are another factor for film quality: Thin films

were epitaxial, but thicker films were not epitaxial.
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Chapter 1. Introduction

Chapter 1

Introduction

A variety of applications for different ferromagnetic substances in computer

memories, electronic and spintronic instruments was the main motivation

for further understanding metal-insulator transition and therefore thin film

preparation of SrEui-iMg^Oa. SrRuOs was reported [1, 27, 23, 24] as an itin-

erant ferromagnet (Tc=Curie temperature^ 160°K) and it has been widely-

studied either as a polycrystal or a thin film grown on SrTiOs, MgO, and

LaAlOa substrates at least for the last ten years [2, 4, 8, 17, 18]. The fer-

romagnetic order of SrRuOa at low temperature results from 4d electrons

based primarily on the Ru site [2]. It is one of the highly conductive metallic

oxides, and it has good thermal conductivity and stability and high resis-

tance to chemical corrosion [3]. Its easy epitaxial growth on various per-

ovskite substrates makes it suitable for multilayer device applications [22].

SrRuOs is metallic and belongs to.the ternary ruthenium oxide compond fam-

ily that includes BaRuOa and Sr2Ru04 [24] . It belongs to the space group of

Pbnm (62), with nearly cubic perovskite structure (orthorhombic) [27] and

its lattice parameters are determined to be a=0.5570 nm, b=0.5530 nm, and

c=0.7856 nm. [14].





Chapter 1. Introduction

Probing the effects of various dopants in SrRuOa has been under investi-

gation for a long time. There is research on SrRuOa thin films [2, 3, 8, 17, 18]

Sri_aCaa;Ru03 and SrRui-xTijOathin films [2], and BrRui-iPb^Oa as a

polycrystalline material [5].

The table 1.1 illustrates some of the thin films, which have been examined

so far.

Thin film
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at a; = 0.1 (Fig. 1.1) [6]. Measurements of magnetization show a ferromag-

netic phase for T < Tc and a paramagnetic phase for temperature greater

than 160 K (Fig 1.2). Comparison of Figures 1.1 and 1.2 illustrates that

even after doping, ferromagnetism persists. Apparently Mg doping produces

a transition from a ferromagnetic metal to a ferromagnetic insulator.

The data of Fig. 1.1 show that the temperature dependence of the resis-

tivity is not consistent from batch to batch. The behaviour of the x=0.05

sample is different in 1.1(a) and 1.1(b). This may be due to poor inter-grain

connections in low density ceramic samples.

The goal of this thesis is to make epitaxial thin films of the SrRui-iMgiOa

system by using the laser ablation method and to study the structural, elec-

trical and magnetic properties of the films. The hope was that if epitaxial

films could be grown, inter-grain connection problems could be avoided, and

resistivity data collected, leading to an insight as to why the metal-insulator

(MI) transition occurs. For example, as will be explained in chapter 4, the

temperature dependence of resistivity is different depending on whether the

MI transition is produced by disorder or by a change in the band structure.

We present our thesis in three major chapters. Chapters 2 and 3 deal with

the making of SrRui.xMgxOa thin films by laser ablation, and characteriza-

tion of the films by x-ray diffraction and magnetic measurements. Studying

and analyzing the temperature dependence of the resistance in order to un-

derstand the metal-insulator transition makes up chapter 4.
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100 200 300

Temperature (K)

Figure 1.1: Resistivity vs. temperature for polycrystalline

SrMg^Rui_^03 [6]
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Chapter 2

Ablation Targets and Thin

Films

The procedure for making the samples is the main part of the this chapter.

Accuracy in the way of the preparing samples had been the first and the most

important part of the process. SrC03(99.994%-metals basis), MgO(99.99%-

metals basis), and Ru02(Ru typically 74%), which are manufactured by Alfa

Aesar (Johnson-Matthey), were used as raw materials to produce SrMgiRui-iOs

with different x values. For this experiment x chosen to be 0.0, 0.05, 0.1,

0.15, 0.2, and 0.25. Before making thin films, it was necessary to make

polycrystalline target pellets.

2.1 Instruction for making polycrystalline

SrMg^Rui_^03

Appropriate amounts of SrCOa, MgO with Ru02 were ball-milled in a con-

tainer. The powders were shaken for at least one and a half hours. At this

point, the mixed powder was put in a pellet with 1.5 cm diameter. Twenty
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tons of force for each pellet was applied. Then, they were put in the furnace

for 48 hours at 1200°C. After baking, the pellets were reground, repressed

and refired to obtain homogeneous samples.

The details of raw material mass ratios are given in table 2.1.

Materials
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Figure 2.1: Guinier Camera-with a Circulair Film Holder

it was washed in distilled water. Each negative was developed and fixed for

5 and 3 minutes, respectively. Figure 2.1 is a picture of the Guinier camera

2.2.1 X-ray data for ablation targets

ZnS was chosen as the reference material. It was observed that there were

three clear lines belonging to ZnS on the developed negatives [(111), (220),

(311)]. ZnS exhibits FCC structure, where h, k, and / should be all odd or

even, and the lattice constant is 5.41 A [15]. By applying

{P + h^ + k'^)/o? = 1/^2 (2-1)
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and Bragg's law (2d sin ^ = A) a graph of 9 vs. distance (d) on the film could

be made {e.g. Fig 2.2). The fine position with respect to the zero line and

their uncertainties are hsted in table 2.2. The slope of Fig 2.2 is used to

obtain the rest of the 9 for SrMg^Rui_a;03. Note that ZnS/SrMgiRui_i03

mixtures were used for all Guinier photographs.

Figure 2.3 is an example of a developed film which illustrates fines belong-

ing to SrRuOs (SRO) and ZnS, but no impurity lines. The indexing (fisted

in tables 2.3 and 2.4) for SrRuOa was done by comparison to a pattern gener-

ated by the program "Crystal Diffract" [7] . Unfortunately certain extra lines

on the negative, e.g. the 132, 312 splitting, are not distinguishable in these

low-resolution Guinier photographs. The data of tables 2.3 and 2.4 show that

the d-spacings do not depend strongly on the magnesium concentration as

previously reported [6]. Impurity phases begin to appear for x = 0.2 as there

are some unknown lines, which are listed in table 2.3. Hence the x = 0.2 and

X = 0.25 sample were abandoned at this stage of the experiment.

Distance (X) in cm
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30

25

^20

15

10

ZnS(lll),

ZnS (220),

_L _L

40 50 60 70 80
X=Distance on the negative

ZnS (311)

90 100

Figure 2.2: Sample Guinier photograph ZnS calibration curve
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x = 0.0
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a: = 0.15
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SRO SRO (p^j

JSRO

Too til•ne

Figure 2.3: Negative of x-ray diffraction result of SrRuOs/ZnS mix-

ture

• d spacing obtained from the SrRuOa sample is in agreement with pre-

vious measurements [6].

• The structure of the pure sample does not change significantly with the

magnesium concentration, for x < 0.15.

2.3 Pulsed laser deposition

Pulsed laser deposition (PLD) is known as an application of laser ablation for

thin film deposition. Figure 2.4 is the schematic diagram of the system used

to make all thin films. The type of laser throughout the experiment was XeCl

with the 308 nm wavelengh. The beam of the laser passes through the lenses





Chapter 2. Ablation Targets and Thin Films 14

to hit the target at the proper place, which is neither in the centre, nor close to

the outer edge. Under proper gas pressure, substrate temperature and laser

fluence, the film grows epitaxially. One of the mechanisms through which

energy can be transferred to the target is called electronic sputtering. There

is a group of processes, all of which have the common feature of involving

some form of excitation and ionization. The target is struck by the incident

photons, which produce electron-hole pairs and an electronic excitation in a

very short time. Energy is transferred to the crystal lattice, and in a few ns

there is an equilibrium between the electrons and the lattice. This causes

a huge heating of the lattice, while irradiation still continues. Therefore a

massive particle emission from the surface of the target takes place [11, 9].

These materials are so hot that part of them are ionized. The existence

of the laser beam makes them more ionized. By this time a fully ionized

plasma is formed. The expansion of the plasma is like the rocket exhaust

from jet nozzles, and the visible part of it called the ablation plume. On

the other hand oxygen pressure has an influence on the length of the plume,

increasing sharpness of the plume boundary, slowing of the plume relative to

propagation in vacuum, and some other advantages [11,9].

2.3.1 Thin film-Laser ablation method

SrRuOa thin films have been grown by several groups using laser ablation [8,

17] and provided the basic recipe for growing SrRuOs (SRO). Nevertheless we

studied the effect of the substrate temperature, and of the ambient pressure
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O
:i

z^
=lxt=

temp,

controler

Fijsm 3.1: Schematic drawing of the FLD tyaiwn. Legend: A-
.; -i^.y ,*, Toughjng/bicking pump; B-turbomolecuUr pmnp with » thnA-

,"-
''

}.
,

tie valve; C~vacuum valvca; D-mirror; E-lena; F-^juarti win-
» dow in vacuum chamber; G-vacuum gauge; H-flpiiming target

fastened to target bolder on target changer assembly; J-plumc
of particlM ablatad from target; K-axygen gu iiJet; L-qoartz
thirkaeM monitor; M~driving motor for target spinning; N-
substrate bolder In the heater, fbtod oo ceramic rod; 0-«piral
of resisitive heating element; P-thennocoupIe; R-variable leak
valve for fine adjiuttment of Oj partial preasure; S~«ubatrate on
the holder

Figure 2.4: Schematic drawing of the PLD system [34]
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on the film quality. When it came to grow Mg, doped samples, the eflFect

of different atmospheres (Ar, and O2) were studied because we anticipated

difficulty in depositing Mg, as encountered in previous work [33]. The most

important problem might be due to chemical reaction between Mg and the

oxygen atmosphere during the deposition. Thin films were deposited on (100)

SrTiOa (STO) substrates by pulsed laser deposition (PLD), using a XeCl

laser. SrTiOa is one of the most applicable substrates with a perovskite

structure and the lattice parameters of a = 6 = c = 3.905 A [8]. Table

2.5 indicates all the thin films and the conditions in which they were made.

Dmring deposition of SrRuOa, it was noticed that the colour of the plume in

O2 is orange. As the amount of Mg was increased, the colour became yellow-

orange, and in Ar atmosphere blueish- yellow was visible. Another significant

difference was in the shape of the plume in these two atmospheres. The plume

in O2 was almost a conical shape, but in Ar it was more spherical.

2.4 X-ray data for thin films

SrMg^Rui_:,03 thin films were grown on (001) SrTiOg (STO) [32]. The

diffraction patterns of BrMg^Rui-ajOa (SRO) thin films deposited on STO

substrate have been determined by powder x-ray diffraction (XRD) at Mc-

Master University. Two of the films, DM22 and DM24, were characterized by

energy dispersive x-ray spectroscopy(EDX). EDX is a microanalytical tech-

nique that uses the characteristic spectrum of x-rays emitted by the specimen
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after an excitation by high-energy electrons to obtain information about its

elemental composition [35]. These measurements were done at McMaster

University as well.

2.4.1 SrRuOs thin film-DM9

As one may notice the results of the 29 x-ray scan for DM9 show only the

(00£) peaks (Fig 2.5,2.6), which might be explained by growing the thin film

with its c-axis normal to the substrate surface as in previous reports [8]. No

impurity phases appear on the x-ray diffraction pattern for DM9. However

the SrRuOa films do not have as good epitaxial quahty as in the previ-

ous report [8], since the lines have a large value of full-width at half maxi-

mum(FWHM).

2.4.2 SrMgo.05Ruo.95O3 thin film-DM20/22

By adding Mg the same pattern as pure SrRuOa is obtained. A wide range

intensity vs. 20 graph still confirms no impurity phases for DM22 where

the target is SrMgo.05Ruo.95O3 (Fig 2.7). But there is no clear sign of any

diffraction peaks in DM20 (Fig 2.9) as for all the other thin films grown

imder Ar (Fig 2.9, 2.11 and 2.15). It suggests that the Ar atmosphere might

not be a proper environment for epitaxial growth of thin films. It is not clear

whether the x-ray data indicate amorphous films or extremely thin films.

Unfortunately EDX was not sensitive enough to measure any trace of Mg





Chapter 2. Ablation Targets and Thin Films 19

o

I
5

STO(002)
SRO(004) DM9

02 200 mT
500 C

STO(003)
SRO(006)

30 40 50 60 70 80
20 (degrees)

Figure 2.5: Wide-range view of the x-ray diffraction pattern for sam-

ple DM9
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a
3
ou

I

STO(OOl)

STO(002)

SRO (004)

SrRuO,

I I I I I I

20 21 22 23 24 25 44 45 46 47 48 49 70 71 72 73 74 75

29 (degrees)

Figure 2.6: Expanded view of the x-ray diffraction pattern for sam-

ple DM9
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compared to Ru for DM22.

s
3
Ou

at
a

DM22
X = 0.05

02 200 mT
500 C

40 50 60
29 (degrees)

STO(003)
SRO(006)

Figure 2.7: Wide-range view of the x-ray diffraction pattern for sam-

ple DM22

2.4.3 SrMgo.1Ruo.9O3 thin film-DM16 and DM19/24

Another interesting result of x-ray diffraction is in the significance of the

thickness of thin films. Sample DM19 (Fig 2.10) and DM24 (Figs 2.12,

2.13) were grown under the same conditions, but with a different number of

ablation pulses. The peaks of the SRO for DM24 are more distinguishable in
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10"-^

10^ T

o

^ 10^-
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DM22
x=0.05 (O2)
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Figure 2.8: Expemded view of the x-ray diffraction for sample DM22
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comparison to DM19, since thickness should be proportional to pulse number.

But some other lines are exhibited on the wide-range graph of DM24 (Fig

2.12). This is not an epitaxial growth any more, but there are no impurity-

phases apparent in figure 2.12. EDX measurement for DM24 shows the

existence of Mg in the thin film. This result is close to target stoichiometry.

The ratio of atomic % Mg/Ru is 0.0855. In other words for every 100 atoms,

8 atoms are Mg and the rest is Ru. X-ray diflFraction for DM16 (Fig: 2.11)

does not show peaks for SRO, therefore either this sample is too thin or an

amorphous film was made on the substrate.

2.4.4 SrMgo.15Ruo.85O3 thin film-DM13/15/25

Figures 2.14 and 2.15 suggest that the chosen growth conditions were not

proper for epitaxial growth of SrMgo.15Ruo.85O3. In comparison to figure

2.14, figure 2.16 shows that even with more laser pulses there is no evidence

of epitaxial growth of the thin film doped with Mg (x = 0.15). The sample

DM25 was grown by using 50000 pulses compared to 20000 for the sample

DM13.

2.5 Lattice parameters of thin films

The epitaxial growth of SRO film on STO substrate using laser ablation has

been observed before [8]. It has been suggested that SrRuOa grows on (100)

SrTiOa such that (IOO)sho
|| (110)^x0 [8, 18]. Based on the results of XRD
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Figiire 2.10: Expanded view of the x-ray diffraction for sample

DM19
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Figure 2.12: Wide-range view of the x-ray diffraction pattern for

sample DM24
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Figure 2.13: Expanded view of the x-ray diffraction for sample

DM24





Chapter 2. Ablation Targets and Thin Films 29

10"^

10^-.

i

^^ 10'-

C

S in210^-

10'^

10"

STO(OOl) STO (002)

SRO (004)

I I I I I'M
20 21 22 23 24 25 44 46 48

29 (degrees)

DM13
x=0.15 (O2)

STO (003)

SRO (006)

70 72 74

Figure 2.14: Expanded view of the x-ray diffraction for sample

DM13





Chapter 2. Ablation Targets and Thin Films 30

STO(OOl)

SRO (004)

STO (002)

DM15
x=0.15 (Ar)

STO (003)

SRO (006)

20 21 22 23 24 25 44 46 48
29 (degrees)

70 72 74

Figure 2.15: Expanded view of the x-ray diffraction for sample

DM15





Chapter 2. Ablation Targets and Thin Films 31

10°^

10^^

i2
c





Chapter 2. Ablation Targets and Thin Films 32

(see figures 2.6, 2.8, 2.10, 2.13) from graphs and using the orthorhombic

equation for d spacing between each plane l/(f = h'^/a'^ + k'^/b^ + P/c^, the

lattice parameter c of the SRO was determined. For instance, XRD data of

Fig 2.8 for DM22 illustrates three (OOfc) lines from which a graph of k vs.

sin 9 could be constructed (Fig 2.17). From the slope of this graph which

is A/2c, one lattice parameter of SRO, c, could be determined. The results

are listed in table 2.6. The lattice constant of cubic STO is a=3.905 A.

The (110) diagonal shown in 2.18, which parallel to the (100) of SRO, is

therefore 5.523 A, which is shorter than either a=5.57 A or b=5.53 A, the

lattice parameters of pure polycrystalline SrRuOa [8]. Hence there should be

a natural compressive strain of about 0.5% in the a, b plane of the SRO thin

films tending to make the c-axis of the films longer. If the volume of the SRO

cell were to remain constant at (5.53)A*(5.57)A*(7.85)A = 241.8A^, then one

would expect the c-parameter of epitaxial films to be 241.8/(5.523)^ = 7.93A

which is close to the value found for DM22 as table 2.5 indicates. As seen in

Fig 2.8, 2.10 and Fig 2.13, the film DM22 has the best epitaxial quality of all

the films examined as evidenced by the narrowest of the diffraction peaks.
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Figure 2.17: Index (00k) vs. sm9 for the DM22 thins film extracted

from Fig 2.8
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Chapter 3

Magnetization

3.1 Magnetism in metals and insulators

3.1.1 Paramagnetism and Ferromagnetism

The simple semi-classical explanation for paramagnetism of a set of non-

interacting spins is as follows [19]: The magnetic dipole moment // is de-

termined by the current of an electron multiplied by the area around which

electron rotates. The angular momentum is L = mr'^uj, where co is the an-

gular velocity. For one electron we can easily show that the current is equal

to e(a;/27r) and the area of the loop is Trr"^. Therefore the relation between

angular momentum and magnetic moment is /x = {—e/2m)L. There is also

a magnetic moment associated with the spin, which is /x = {—e/m)S. The

magnetic moment /i can be expressed in terms of the total angular momen-

tum J as II = g{—e/2m)J, where g is gyromagnetic or magnetogyric ratio.

To calculate the magnetization of a doubly degenerate J = 1/2 states one

considers the different populations in the Zeeman split states. In the pres-

ence of an applied field, degenerate energy levels are split by the Zeeman



4
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energy E = —fj,.B = gfXBBrrij. jjlb is called Bohr magneton and if J = 1/2,

ruj is 1/2 or —1/2 resulting in a double splitting. The magnetization is given

by M = g^isiNi — N2), where A^i and A/2 are the number of atoms per unit

volume in the lower and upper levels, respectively. As the magnetic field be-

comes larger, the spacing between the levels increases and the dipoles drop

from higher to the lower level, leading to net magnetization. This magne-

tization is induced by the field, which can be an internal field, and has the

relation as M = XpH, where Xp = C/T. [19]. The spontaneous magneti-

zation in transition metals (Fe, Ni), rare-earth elements (Gd, Dy) and in

transition metal oxides such as Cr02 and SrRuOa is called ferromagnetism.

It is due to interactions between neighboring spins. Finding this property in

transition and rare-earth elements indicates that it is related to the unfilled

3d and 4f shells in these substances [19]. Ferromagnetism appears below a

certain temperatmre, which is called the Curie temperature Tc or the ferro-

magnetic transition temperature. At temperatures above Tc the substance

is paramagnetic and the magnetic susceptibility is given by the Curie-Weiss

law.

3.1.2 The Curie-Weiss Model

This model describes the magnetization in the paramagnetic state with lo-

calized spins. The Curie Law for a simple paramagnet is Xp = C/T[Eq.l\.

In a material with N atoms of spin S, one assumes the spins tend to hne up

parallel to each other and the Exchange Field Be [15].
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Be is assumed proportional to magnetization: Be = AM where A is a

constant and independent of temperature. At Tc and above (paramagnetic

phase) the spontaneous magnetization vanishes. If we apphed one magnetic

field, Ba and considering Xp ^^ paramagnetic susceptibility, magnetization is

obtained by:

M = Xp{Ba + BE) (3.2)

By substituting Eq.l into Eq.2 we have:

X = M/Ba = C/{T-CX) (3.3)

In the latter equation, C is called Curie-Weiss constant while Tc = CX .

This constant is obtained from the following formula:

N is the number of effective spins in the sample, which in this case is Ru'^'^.

fieff is the effective moment per magnetic atom in the paramagnetic state.

If such a ferromagnet with localized spins were placed in an external

magnetic field below Tc, M would increase until all the spins were aligned, a

condition called saturation.

3.1.3 Ferromagnetism in Insulators

In an insulator the spins are localized on the atomic sites. Above the Curie

temperature the moments are oriented randomly, resulting in a zero field net

magnetization and in this region the substance is paramagnetic [19]. Below
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Tc the internal exchange interaction between neighboring moments tends to

hne them up parallel to each other.

3.1.4 Ferromagnetism in metals - itinerant model

The magnetic property of delocalized electrons can be explained by the

itinerant-electron model: The electrons in a band divide into two spin sub-

bands, up and down. Considering magnetic energy, E = —fi.B, where /j, is the

magnetic moment, electrons tend to go to the lower energy, so if the internal

B is in z-direction so electrons move from the down to the up direction and

as result there exists a net magnetization and therefore ferromagnetism [19].

Ferromagnetic metals also obey the Curie-Weiss law above T^ however it is

not fully understood yet why. By looking at equation (3.3), one can say as

temperature is lowered to T^ x diverges. In the temperature range T < Tc,

magnetization can also be saturated by applying a large enough field. The

saturation moment is represented by /x^. A method for distinguishing be-

tween localized and itinerant ferromagnetic material is to consider the ratio

of fXeff/fJ-s- l^eff is the effective moment per atom in the paramagnetic state.

fXa is the effective moment per atom in the ferromagnetic state as determined

from the saturation magnetic atom. For a localized ferromagnetic material,

fieff/lJ's is one or close to one. If the ratio is more that one, the material is

an itinerant ferromagnet [12].
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3.2 Procedure and discussion

The SQUID detection system (Model MPMS/MPMS2-Quaiitum Design),

was used to explore the magnetic properties of SrMgiRui-xOa. Here, poly-

crystalline pellets, substrates, and thin films were under investigation. First

we observed the results of polycrystalline samples. The magnetization of

SrMgiRui-iOa pellets was measured as follows: The samples were cooled

down to 5K in zero field, then hysteresis curves were measured {e.g. Fig 3.1,

Fig 3.2). After that remanent moments at almost zero field were estabhshed.

We measured the remanent moment versus temperature till 170K. Finally

the applied field was increased to 1000 G, and the moment measured for

180K <T< 300K in the paramagnetic state.

3.2.1 Magnetic properties of polycrystalline

SrMg^Rui_^03

In this study we measured the magnetic properties of polycrystalline sam-

ples. Hysteresis loops of polycrystalline samples were plotted at very low

temperature (Figures 3.1, 3.2). Magnetization increases rapidly with an in-

crease in the magnetic field since the measurement is at temperature much

lower than Tc. The maximum magnetization decreases from pure SrRuOa to

SrMgo.15Ruo.85O3. The maximum external field for these experiments was 5T,

but even in 44T there is no evidence of magnetic saturation for SrRuOa [31],

hence it was not possible to measure /Xj. In figure 3.3 the remanent mag-





Chapter 3. Magnetization 40

netization versus temperature is illustrated. Note the similarity to previous

measurements shown in Fig 1.2. But Mg has an effect on the ferromag-

netic and paramagnetic phases. The temperature dependence of the inverse

magnetic suseptibility in the paramagnetic phase (well above the Curie tem-

perature) is shown in figure 3.4. The effective moments per Ru atom, fi^ff,

for polycrystalline pellets of BrMg^Rui-xOs, where x = (0.0,0.05,0.1,0.15),

were calculated from fits to % = M/Ba = C/{T-Tc). The slope of figure 3.4

is equal to dNksfilff. This calculation leads us to figure out fig/f- The ef-

fective moment per magnetic atom shows a systematic decrease from 3.12//^

for X = 0.0 to 2.2/iB for x = 0.15 as hsted in table 3.1. Those results are

similar to previously reported data [6].

3.2.2 Magnetic properties of SrTiOa substrate

The response of the SrTiOs substrate became significant during the experi-

ment particularly when the thickness of thin films was very small. For this

reason the magnetic property of the substrates were investigated. The sus-

ceptibihty of an insulating crystal consists of a pure diamagnetic term and a

term representing paramagnetism [30]. At 5K the moment of two substrates

versus applied field were measured (Fig 3.5). The mass of these two sub-

strates are similar to each other (0.13 and 0.12898 gr). The result confirms

that SrTiOa is a diamagnetic material. On the other hand between up to

1000 gauss magnetization contains some positive numbers, which is a sign of

paramagnetic impurities in substrates. Figure 3.6 illustrates magnetization
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versus temperature at very low field. Note the hysteresis: the response is

different depending on whether temperature increases or decreases. We do

not understand the hysteresis. It is unlikely to be due to condensed solid

oxygen which should have a peak near the 7-/? transition at 44K [37]. The

hysteresis loop of SrTiOa (Fig 3.7) shows the effect of the paramagnetic im-

purity in region between -1000 gauss up to 2000 gauss. As will be seen, the

magnetic response of the substrate must be considered when understanding

the measurement on some films.

3.2.3 Magnetic properties of SrMga;Rui_a;03 thin films

The effect of Mg substitution is remarkable in SrMg-cRui-xOa thin films. As

one may notice by looking at figure 3.8, the hyteresis loops for thin films

grown in O2 atmospheres show a systematic decrease in magnetization as

the amount of Mg increases in SrMg-cRui_3.03. For thin films grown in Ar

the results are different (Fig 3.9). Comparing Fig 3.9 and Fig 3.8 with Fig

3.1 one sees that the thin film signal is strongly affected by the substrates.

The magnetic data of figure 3.9 is consistent with the lack of diffraction

peaks in Fig. 2.9, 2.11. and 2.15. It is evidence that good films can not be

grown in Ar. Fig. 3.10 is interesting. It compares the magnetic moment of

a thin film sample grown in O2 (DM19) as a function of temperature with

that of a substrate on its own. The moments were measured while cooling

the samples from 300K to 90K in a 5000G field. Although the x-ray data

(Fig 2.10) suggest the presence of BrMg^Rui-iOa in DM19, the film must





Chapter 3. Magnetization 42

be very thin as there is no trace of ferromagnetism. It can be concluded

from Fig 3.8, 3.9, and 3.10 that film signals for DM13, DM15, and DM 19

are too small. On the other hand DM24 is a much thicker x=0.1 film. As

discussed in chapter 2 it is not epitaxtial, but it does show similar hysteresis

curve data to the polycrystalline target (Fig 3.11). The results of XRD for

DM9, DM22, and DM24 indicate a distinguishable peak for SRO, and are

consistent with results of remanent moment measurements (Fig 3.12). We

cannot compare the different data in Fig 3.12 with each other because the

thickness of the films are unknown and probably different as the number of

pulses is different.

Me// ± S^eff
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Chapter 4

Resistivity

4.1 Theory of resistivity in metals and

insulators

4.1.1 Resistivity in metals

The simplest formula explaining the resistivity of a metal is the Drude equa-

tion p = m*jne^T, where m* is the effective mass of the carriers per unit

volume, r is collision time and n is the number of carriers. Although highly

oversimplifying the conduction process [26], it is consistent with more realis-

tic treatments. In simple metals n is temperature independent, and changes

in p are due to the changes in r. According to Matthiessen's rule the resis-

tivity can be decomposed into some physically different models of scatter-

ing [15]. The electrical resistivity of most metals is due to collisions of the

conduction electrons with lattice phonons, collisions with impurity atoms

and/or mechanical imperfections in lattice, the magnetic resistivity due to

spin scattering of electrons, and collision between the electrons by themselves.

Considering all the mechanisms mentioned above, the total resistivity is cal-
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culated by ptot = Po + Pph + Pm + Pe, where po is the residual (impurity)

resistivity, Pph is the resistivity due to electron-phonon scattering, which ap-

pears in the Bloch-Griineisen equation, pm is the magnetic resistivity due to

spin scattering of electrons [17], and Pe is due to electron-electron interac-

tions. The temperature dependence of the different scattering mechanisms is

shown in Fig 4.1. As one see magnetic resistivity (spin-disorder scattering)

for T > Tc is constant. For T < Tc, there is no general accepted relation

between pm and temperature [20]. Electron-electron collisions yield a term of

resistivity proportional to T^. There is an argument by Baber\ which says

that an electron in a state near Fermi Energy Ep can transfer momentum to

another electron only if its energy is within ~ /cbT of Ep.

4.1.2 Resistivity in insulators

. In a simple filled band insulator the resistivity is determined by p =

Poexp{Eg/kBT), where Eg is energy gap, fcs is Boltzman constant, and n

number of carriers is proportional to exp{—Eg/kBT).

There are several models for electron transport in semiconductors and

insulators. In intrinsic semiconductors the Conduction Band (CB) is empty

and Valence Band (VB) is filled at T=OK (Fig 4.2), but both CB and VB

are delocalized and there is an energy gap Eg in between them. The carriers

can be thermally excited across the energy gap (the process (A) is shown in

Fig 4.2). Here the Drude formula is still vafid, but the number of carriers n

^W. G. Baber's argument is noticed in Metal-Insulator transition by Mott [20].
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changes with temperature as well as r.

Electrons

• Q

Process (A)

Conduction Band

] delocalized

Band Gap

Valence Band

delocalized

Holes

Figure 4.2: Simple band picture for Conduction and Valence band

in Semiconductor and Insulators. (A) is exitation of e~

from VB to CB creating a free e~ and a free hole in

delocalized states.

The effect of impurities is important in insulators. For low impurity con-

centrations the states of impurities are localized. Excitation from impurity

states to conduction band (The process A in Fig 4.3), or hopping from impu-

rity states to impurity states occurs (Variable-Range Hopping)- (the process
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B in Fig 4.3). If the impurity density is high enough then an impurity band of

delocalized state can be formed . In a locahzed state, the electron is restricted

Canduction

Band
Impurity States

. r

Valence

Band

m

Figure 4.3: Simple band picture for Conduction and Valence band

in insulators with impurities, A:excitation of ceuriers to

delocalized states, B:inter-site hopping

to movement around only one particular atomic site, while in a delocalized

state the electron is extended throughout the solid [19]. A localized electron

is strongly bound to its site, and hes deep within its potential well, separated

from the neighbors by high, thick potential barriers. Still a few electrons can
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be excited from site to site at room temperature if the barrier is small [19].

This process is known as hopping.

According to the Bloch theorem, in a crystal the band states are delo-

calized. If there is ,for instance, impurities, the main body of the band are

delocalized, but the states in a band tail become locahzed (cross-hatched

states of Fig 4.4). The bottom graph of Fig 4.4 shows that mobility is finite

in delocalized states but zero in localized states. Since the mobility of a

localized electron is zero, so at the tail of the conduction and valence bands

the mobility drops fast. Although there is no energy gap, one can see a

sharp mobiUty gap. In a simple words, disorder can cause conduction band

to become localized [19].

In the Anderson-transition model the Fermi energy can be in conduction

band but disorder can cause CB states to become localized. There might be

electron hopping from site to site even in conduction band.

Magnetic insulator is yet another kind of metal-insulator transition and

is due to Coulomb repulsion. The Fermi energy level is in conduction band

but because of (on-site) electron-electron repulsion U, there is no conduc-

tion, in another word the material become insulator \i U > B where B is

bandwidth [19].

4.1.3 Variable-range hopping

The electrical resistivity of insulators is governed by variable-range hopping

(VRH) at low temperatures [21]. There are two possible conduction mecha-





Chapter 4. Resistivity 61

Valence

^ band Conduction

band

\

VB
CB

-E.Ol

Ey

Figure 4.4: Simple band picture for Conduction and Valence band,

Anderson Transition [19]





Chapter 4. Resistivity 62

nisms for states in which electrons are localized [20]:

• Excitation of the carrier to a mobility edge.

• If wave functions are localized, so that average of conductivity is zero,

then conduction at low temperatures is by thermally activated hopping.

The following definition has been given for VRH by Mott [20]: Every

time an electron moves, it hops from one localized state to another, whose

wave function overlaps that of the first state. Since the two states have

quantized energies, the electron must exchange energy with a phonon(or

spin wave)each time it moves. If there is no interaction between electrons,

resistivity is obtained from Mott formula [20] which is, where po and Eo are

meterial-dependent constants [10].

p = poexp{Eo/kBTY'\

It is now realized that it is only near the transition that above equation

is valid-and even that is not certain [20]. Another equation in this range

developed by Efros and Shklovskii [36]. It basically says if there is a Coulomb

repulsion between carriers, it can cause hopping. Then, they introduced

following equation where Eo = /cjgTo = 2.8e^/{Ka) , «;:dielectric constant, a:

intersite distance.

p = poexp{Eo/kBTf'^
,

And finally if carriers excited from localized states to delocalized states across

a mobility gap. The following equation applies for this model:

p = poexp[Eo/kBT)
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4.2 Preparing Thin Films for Measurement

There is a method of resistivity measurment developed by L.J.van der Pauw

for the samples of arbitrary shape. If the contacts are sufficiently small and

located at the circumference of the sample, the specific resistivity can be

measured [16].

Four small gold contacts were evaporated neax the edge of the samples

(Fig 4.5). These thin layers of gold were made in order to have a good

possible contact to the system. The contacts are nearly at the circumference

of the thin films.

Silver paint glue or soldered Indium was used to make contacts between

gold wires and gold contacts on the SrRuOa and SrMgiRui-xOa thin films

respectivily. The thickness of thin films was unknown, so what we measured

is resistance [actually it is p/t, resistivity/thickness] versus temperature. All

the measurement were begun at room temperature and the temperature then

decreased down to 12K. Then again we measured resistance versus tempera-

ture while we increased temperature from 12K to 300K. A Continuous Flow

Hehum Cryostat, manufactured by Helix Technology Corporation, was used

for cooling down the samples.
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Thin film: Four gold wires connected to four gold contacts on tite surface of

Ihin film near to circumference, and solder to 4 contacts for van der Pauw

measurment (A, B, C, and 0]

Thin Film

Tap view

Figure 4.5: Thin film contacts
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4.3 Results and Graphs

4.3.1 Resistivity of SrRuOa thin films

In general all of the pure SrRuOa thin films that were made exhibited the

following general resistivity behaviour (Fig 4.6 and Fig 4.7): The resistivity-

increased with temperature and the derivative, dp/dT, changed value at the

Cvirie temperature. It was larger for T < % than for T > Tc- The change

in dp/dT is caused by the transition from paramagnetic to ferromagnetic

order and the reduction in spin-disorder scattering discussed earlier. These

results are consistent with previous works, in which thin films of SrRuOa were

grown on miscut SrTiOa substrates [17], regular SrTiOs substrates [17, 8],

LaAlOa substrates [17], and MgO substrates [4]. We made two tests on

pure SrRuOa films. We studied the effect of deposition temperature, and

the effect of the pressure of the O2 atmosphere. Fig 4.6 shows the effect of

increasing substrate temperature while keeping the oxygen pressure constant.

The residual resistivity ratio p{2^QK) Jp{lhK) which usually increases as the

level of impurities decreases in the film is larger for the film grown at 600°C. In

figure 4.7, the variation among the DM7, DM9, and DM11 has been caused

by different O2 pressure. Apparently, as oxygen pressure in laser ablation

chamber increases, the resistance of thin films decreases. We observed a

systematic decrease in resistivity in constrast to earUer work [18]. Note that

with different pressures we might get different thickness, which could affect

the interpretation of this graph. The ratio between the resistivity at 290K
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and 15K for DM7, DM9, DM10 and DM11 are 2.16, 1.96, 3.28, and 2.11

respectively. These resistivity ratio suggest that substrate temperature is

more important from oxygen pressure in determining film quahty. Our films

have higher resistivity ratio than films made by other groups [8].

4.3.2 Resistivity of SrMg^Rui.^Os thin films

Four trends were studied: The effect of (I) Mg content (II) atmosphere 02/Ar

(III) substrate temperature (IV) film thickness. We observed that as the

amount of Mg in SrMgiRui-^Os increases, the resistance of thin films in-

creases. In Fig 4.8 and Fig 4.10, thin films which have been made in O2,

show an increase in resistance with increasing Mg contant. Thin films which

have been made in Ar show the some trend but are more insulating (Fig

4.9). Figure 4.11 illustrates resistivity versus temperature for the thickest

film DM24. This sample supposed to be the same as DM19 except for the

thickness. DM24 is thicker than DM19. Below 50K curve shows insulating

behaviour while for T > 50K one can observe the metallic behaviour, which

is different from the result obtained for DM19 (see Fig 4.8). Fig 4.8, 4.9, and

4.10 are consistent with the basic trend of increasing Mg increases sample re-

sistance, exhibited by polycrystalline samples [6]. We also studied the effect

of substrate temperature on the electrical properties of the films. Fig 4.12

shows that increasing the substrate temperature decreases the resistivity of

the SrMg-rRui-iOa films. This trend is similar to the trend for pure SrRuOa

films shown in Fig 4.6.
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In summary the plots of resistivity as a function of temperature illustrate

four points:

• The resistivity increases with Mg content.

• More insulating thin films were made in Ar than in O2.

• High substrate temperatures produce lower resistivity films. This trend

should be carefully explored in conjunction with XRD measurement.

• The sample thickness affects the resistivity behaviour as seen in a com-

parison of DM19 (Fig 4.8) and DM24 (Fig 4.11). DM24 is not epitaxial as

discussed in chapter 2. DM19 is a poor quality epitaxial film. It suggests

that the microstructure of the film is affecting the resistivity behaviour.

4.3.3 Low temperature resistivity in insulating

samples

In this section, all three models of hopping discused earlier are applied to

the resistivity data at low temperature {15K < T < 50K). The origi-

nal goal of this thesis was to analyze the p{T) behaviour of the thin films

in order to understand the MI transition in SrMgiRui-xOa. Before doing

this it is useful to examine the complete set of the sample characteriza-

tion data as as listed in table 4.3. One thing that has been learned is that

we are not even sure whether BrMgiRui-^Oa has been grown in Ar atmo-

sphere. There is neither XRD evidence, nor magnetic evidence. Hence films

grown in Ar will not be analyzed. There is neither XRD evidence nor mag-
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netic evidence for successful growth of SrMgo.15Ruo.85O3. This leaves the

films DM22(SrMgo,o5Ruo.9503) and DM19/DM24(SrMgo.iRuo.903). DM22

is metaUic and hence will not be analyzed. DM19 and DM24 were ana-

lyzed for goodness of fit to the various models discussed in section 4.1.3.

The equations were linearized (Fig 4.13, Fig 4.14, Fig 4.15), (e.g. Inp =

Inpo + (To/T)^/^) was plotted as Inp vs. IjT^I'^ and then a goodness of fit

parameter A = Ei(Pt - Pt/ieo)^ calculated. As can be seen from table 4.2

and 4.3 the best model is simply activated resistivty p = poexp{Eo/kBT).

There is no evidence for variable range hopping in the resistivity data of

these samples. The picture presented in Ref.6 that Mg^+ substituting for

Ru^+ in SrMga;Rui_a;03 causing a metal-insulator transition due to disorder

is too simple. Further work must be done to understand the relationship be-

tween stoichiometry, sample microstructure, and the electrical and magnetic

properties of this material.
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Film
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Hopping Model





Chapter 4. Resistivity 78

^3

«03 0.35 0.4 0.45

X=T
1/4

D DM19 15K<T<66K
A DM24 11K<T<50K

0.5 0.55

Figure 4.14: Test for fitting the resistivity of DM19/24 in low tem-

perature range to p = poexpiTo/Ty/'^





Chapter 4. Resistivity 79

5 -

Vi A

'a

^3h

DM19 15K<T<65K
A DM24 1 IK <T<50K

/i<\''i^/'AAAAAAAA A A A-A —

0.1 0.15 0.2 0.25

X=T
,-0.5

Figure 4.15: Test for fitting the resistivity of DM19/24 in low tem-

perature range to p = poexp(To/T)^/^





Chapter 5. Conclusions 80

Chapter 5

Conclusions

Making epitaxial thin films of SrMga.Rui_j;03 was our first goal of this

project. We were successful in growing films for x = 0.0, x = 0.05, and

X = 0.10. In particular, the epitaxial growth of DM22 {x = 0.05) was good.

We were not successful in growing x = 0.15. We learned several things that

could guide further research:

• Films should be grown in O2 not Ar.

• The film resistivity is decreased by increasing substrate temperature

from 500°C to 600°C This effect should be further explored in conjunc-

tion with XRD, EDX, and electron microscopy to separate the effects of

microstructure and sample stoichiometry on the electrical properties of the

thin films, the thickness of the film effects, epitaxial quality and resistivity.

• Thin films of SrMgo.osRuo.gsOa and SrMgo.1R.Uo.9O3 have similar mag-

netic behaviour (ferromagnetic, Tc ~ 155K) to polycrystaUine samples.

• The Mg content of thin films is comparable to content of polycrystaUine

target (e.g. EDX study of DM24). This trend should be explored further.

Unfortunately the study of the temperature dependence of resistivity did

not lead us to a clear understanding of MI transition in BrMgiRui-^Os. The
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fax;t that the resistivity of x=0.1 films showed all three kinds of behaviour

(metallic, insulating, and metal-insulator transition) points out the need for

more work to separate the effects of stoichiometry and microstructure in

these materials.
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