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Abstract

In this thesis, the growth ofaxis oriented SRuQ; thin films using pulsed laser
deposition andheir electricaltransport propertieare systematicallydiscussedThe
deposition and optimization processolved several progressive stefpecifically,
the first focusvason theSr,RuQs phase optimizatiom films grownon latticematched
(LaAlO3)0.3(SrAlo.sTan.s03)0.7 (LSAT) substrate. Film compositionwas found tobe
greatly influenced by changein oxygen pressuresubstratetemperature, target to
substrate distance, and laser fluettigh oxygen pressure, logsubstrateemperature,
largetarget to substrate distance, and high lasenfiemcreasedhe tendency to form
theRu-rich STRuQG phasen the film. The secondocuswason improving theslectrical
transport propertiesf SrRuQs from metalinsulating to fully metallic and eventually
to superconductingehavior

It wasobserved tht the full widthathalf maximum (FWHM) of the SRuQs (006)
rocking curves inx-ray diffraction XRD) scanwas related tothe quality ofthe
electricaltransportresponseBY fine tuning thedeposition parameters to obtain low
FWHM values, theelectrical transport behavior of the &RuQ: thin films was
consistently improved from metaisulating to fully metallic.In addition, localized
superconductivityvith enhancedguperconducting transition temperatlisensetwas
also observedmong the fully metalt film. An in-depth study of the XRD resulis
fully metallic films indicated the existence ofiefects(intergrowtts) along the eaxis
direction, which causklocalized c-axis tensile strain The existence ostructural
defects within the film wasikely to be responsible for the fact that only localized
superconductivity was observed in the #&lm Furthermore, he enhanced
superonducting transition temperatu€:) relative tobulk single crystalss likely to
be associated to localized strain in thefi

Finally, Nb doped SrTi@substrate wereusedto achievebetter qualitygrowth of
partialsuperconducting SRuQ; thin films. SrRuOs films grown on Nb doped SrT¥O
substratebadsmaller FWHM valuesandlower level of c-axistensilestran compared

to those onLSAT substrate Various partialy superconducting films with different

v



thicknesses and different superconductingvaluesare presentecand correlations
between fabrication process, film crystalline quality as well as transport propeeies
discussedThis work provides better understandingtio# importance of maximizing
crystalline qualityby delicate fine tuning of PLD deposition parameters to achigVve h

quality superconducting films.
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Chapter 1 Introduction

Superconductivity is na new concepandhas already found applicatiossch
asin SQUID (superconducting quantum interference devitaynetometenshich are
versatileinstruments foistudyng magnetic properties in materials. In our daily lives,
superconducting materiaggeused in applications ranging from healthcara@netic
resonance imagingo transportationmagley). In superconductoysomeelectrons
interact to formCooper pairsin most caseghe spin otwo electrons in a Cooper pair
are alignechntiparallel to edt other andsuch kind of superconductoareknown as
spin singlet superconductorshey are the most commotype of superconductors
knownto date and includefor example the elenental superconductors likgb, Al,
standard alloy superconductors like Nibdnd the high temperature superconductors
like YBa:CusOy.

In a very small minority of superconductorsknown as the spin triplet
superconductorshe spinof electrons in Cooper paisse thought to dalignedparallel
to each otheheoretically, @perling onthe angular momenturof the Cooper pairs
spin triplet superconductoresan be dividednto p-wave andf-wave However spin
triplet superconductorsr@a not commonlynor convincingly observedConsiderable
attentionhas been paido searchingand sudying for the existence ogpin triplet
superconductors.

In 1994 ,a piece oSrRuQ; single crystalvas fourd to exhibit superconductivity
This has attractedreatinterestamongscientistdhecaus&rnRuQy is potentially avery
rare example oén intrirsic p-wavespin tripletsuperconducté. Although SrRuQy
may not be the only materialvhich could have spin triptepairing, its simple crystal
structureperhaps rakesit the best example to understamintriplet superconductivity
(4 Thereforeit is highly expected thaBr.RuQ, could provideanswes tomany open
guestions suchswhether superconductivity can exist isg@ntriplet pairing and how
different this is from spisinglet pairing.

So far,a lot ofwork hasbeen carried out o8rRuCs, searching for evidence of



spin triplet supem@nductivity® 4. The most conviriag experimerg arefrom nuclear
magnetic resonand®MR) and muon spin relaxationgSR}* %. However,there are
many moreexperiments givingomeambiguous resulfespecially those includirthe
currentvoltage characteristics of the interfaces betweeiREBN and some other
material& * ©. This inconsistencyrom different experiments as hi nder ed
understanding o5rRuQ;.

Onedirect reason forhe problemis thatall the experimentasedSr»rRuOs single
crystals During theSrRuQy singlecrystal growth using théioating zone methdg,
Ru in the startingnaterial can be easily turned ifRuQu, which is highly volatil&’.
To compensat for the Ru loss, usually an excess of Rnasmally added into the
starting materialsEven though, theasgrown SrnRuQ: single crystal rod is still
inhomogeneous terms of compositiont is very common that the outer surfaocé
the SnRuQ; single crystalsis deficient of Ruandthe inner core contains Ru metal
inclusion$” 8. Given the dimension of the-@sown SrRuQ; single crystal rodwhich
is normally abou80 mm x4 mm x3 mmi?, this has posed a great challenge to sample
consistencySamples for experimental use havébxleaved from the rodnd chosen
with care In most caseghe cleavedsurfaces are namooth and there are always
surface step8. Moreover there ardifferentsurfacereconstructior’d on the cleaved
surfaces which would alter the surface electio state and lead to poor electrical
contact to thex-b plané!®. These problems haweatedmany challenges to further
processing, making it unfavorable for device fabricatidh, which isimportant to the
probing of the superconducting pairing stateSprRuQs. Therefore, it is not hard to
understand why the previous experiments fmabiguousesults.

These problems could ke alleviated by using thin films. The growth of
superconductin§rRuQ thin films would enablen situ-device fabricationin addition
SrRuQy has a perovskite struce, making it an excellent candidafer device
integration ast is chemically and strcturally compatible with numersuoxides*3.
Furthermore the good lattice matching between SIRuQ: with many other

superconducting materialeliminates potential niterface problem&3d. Thus a

Cci



superconductingrRuQs thin film is highly desirable. Many researchogps have
devoted a lotof effort to growng superconductingSrRuQ;s thin films, but no
satisfactoryesults in terms daflectricaltransporipropertiehave been reported date
Before ths work, only one superconductirg»RuQ; thin film has been reported, with
the onset of superconducting transit{@a) at 0.9 K*4, while the bulKT¢is 1.5 K The
primary challenge lies in the fact thatvave superconductivity is extremely sensitive
to impurities and disordé?: for example, structural disordesuch as planar defects
within the range of thén-plane coheence length(66 nm8 of SLRUQ, can easily
suppress superconductivity’. Therefore most attempts resulted in non
superconducting behavior with varying metaulator transition temperaturas low
temperaturd$” 18,

This PhDresearchs primarily aimed athe growth and characterizatioof c-axis
orientedSrRuOs thin films using pulsed laser depositiofihe detailed study of this
thesiswill be systematicallyiscussed in the followinghapters Chapter 2 introduces
thebasic superconductivity theoand some conceptslated tathis researchChapter
3 is asystematicliterature review orpast andcurrent resear@s on SnRuQs. As
another interesting pathe SrRuQ:-Ru eutectic systemwas also introducedhapter
4 discusses the thin film growth principles, including fhdsed laser deposition
technique used throughbthe researchChapter 5describesall the characterization
techique involved in this researciChapter 6to 8 are the experimental chapters.
Chapter 6s SpRuO: thin film phaseoptimizationand transport optimizatioit. mainly
describes how the deptisn parameters affect the film composition, quality and
transportChapter 7 discusses the superconducdnBuQs thin film grownon LSAT
substrateln this chapter, the low temperatuesistanceas a function ofemperature
and currenas a function ofoltage measurementgere performed icollaboration with
Prof. Francesco Tafuri and Dr. Davide Massardthe equation used in Chapteng
discussed in the Appendidn chapter 8 fabrication of superconductingsSprRuQ,
epitaxial thin films was on Nb-STO substrateswas discussed The STEM

characterization was carried out in collaboration Atbf. Kelvin Hongliang Zhang



Dr. D PingstoneandDr. Vlado Lazaov. Chapter 9 is a summaand outlook based on

the presentvork.



Chapter 2 Physial Theories

Electrical resistancef metalsarises from sdgering of conduction electron8s
temperature decreases, the scatteof electrons is also reded due to reductian the
crystal lattice vibration speed and electron sped. Therefore, for many
metals/conductors, their resistances gradually decreakededreasingemperature,
approaching the residual resistance at Oilike theseconventional conductorbelow
a specifictemperaturgethe d.c. resistanceof a superconductaifropssharplyto zero
This temperature is defined as tbitical temperatureT) for superconductordn
practice, zero resistanoeeanszero energy dissipation, which can be observed in the
form of perpetuaturrent ina superconductdoop.

A morefundamentatharacteristic of superconductaame n the year 0f1933,
when W.Meissner and R. Ochsendé discoveredheMeissner effectit is the ability
of a superconductor t@ompletely expel an external magnetic fieldSuppose a
superconductoin the superconducting stateplacedin azero external fieldandthe
extenal field is gradually turned onAccording to the Meissner effeche magnetic
field inside the superconductonust bezero. Now consider things the other way.
Suppose the superconduci®placed in an external field when it is at the normal state,
in this case thenagnetic field easily penetratego the superconductodowever, a
the temperaturis cooledbelow theT., the magnetic fielihside the superconductis
expelled.

The magnitude of the magnetic fidltat can be expelleoly a superconduat is
not infinite. When the external magnetic field becomes exceedingly strong that it
exceeds the field that the superconductor can tolerate (defined as critical field), the
superconductivity is destroyebh fact, different superconductors behave défely
when the applied field approaches the critical field. Thisow superconductorare
categorizednto type | and type Il supeonductors

For type | superconductorshe Meissner effect happens when the external

magnetic field is lower than the tdal field, Hc. Beyond the critical field



superconductivity is destroyed and the superconductor behaves like a normal metal
even though the temperature is still belol. On the other hand,ype I
superconductors behave differenflhere are two levelsf critical field in type I
superconductordVhen theexternalmagnetic fields still weak the Meissner effect is
unaffected Oncethe external fieldeacheghe lower critical field Hc1, magnetic field
can penetrate into the superconductor in thmfof vortices The vortex consists ofa
regionwheresupercurrentirculatesaround a small central core whiistin thenormal
state The magnetic field is able to pass throughgbhperconductoinside the vortex
cores, and the circulatirgupecurrentscanscreen out the magnetic field from the rest
of the superconductor outside the vort€ke superconductor thussaid to be in a
mixed stateconsistedof normal and superconducting regio$ie density of the
vortices increases as theld increass until the field exceed the upper critical field,
Hez, and superconductivity is destro¥d This process shown in Figure 2.1.

In other words, superconductivity in type | superconductors is abruptly destroyed
when the external magnetic field exceed its critical field. In contfastiype Il
superconductor, there is a range oagmetic field fromHc to He at which the

superconductass in a mixed statbefore it is entirely destroyed upon reachihg.

(a) (b)
H Type 1 H Type 11
HC H6‘2
H, Mixed state
. T \ T, T

Meissner state

Figure2.1The HT phase diagram of tydeand typell superconductors. In type
Il superconductors the phase beldw is deroted the Meissner state, while the phase

betweerHq andHc is the mixed stat®!.
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Many theories have been developed around superconductivity ever since its
discovery Here we will not gohtroughall the detailsor complexderivations but will

mention some key theiesand concepts.
2.1 Basic Superconductivity Theory

2.11 The Ginzburg-Landau Theory

For superconductorsthe abrupt transition from the normal state tothe
superconducting state a phase transitignwhich involves the change in their free
energy.Analogous tovater and icevhich are two different states of the samatter
the normal state and the superconducting statalsoéifferentthermodynamictates
of the samematerial The fact thathetransition isspontaneouat zero magnetic field
indicates that the superconducting state is a more stableatiate temperaturesit
meanghat under these conditiorthe Gibbs free energy of the superconducting state
is lower than that of the normal stafehis forms the framework of the Ginzburg

Landautheory.Based on thisGinzburg and Landau made the following totetior/?Y:

Q Q |gs T¢gs (2.9,
where f, andfs are the free energyensity for the normal and superconducting state,
separatelylJ andb both depend on temperature and matefialis the wavefunction
associated with the macroscopic superconducting state

Y (22),
where[ [ “ is the densityof superconducting electrons, aritis a spatially varying
phas&3. [ is also the superconducting order parameteris Itzero when the
superconductor isat the normal statgT > T¢), but has a finite valueat the

superconducting staf@ OTc)*9:
T Y 'Y
r’yY m’'Y 'Y

Two important lengths can be derived frdme GinzburgLandau theoryThe first

r (2.3).

one is theGinzburgLandaucoherence length 19:



Y s—s 7 2.9,

where, is the coherence length at zero temperaturé€Y can be understal asthe
length over which the order parameter can vary witbowantedcenergy increaseFor
examplejn the situation whera superconductor iplacednext to a normal metathe
order parameter is zem the normal metabhutnonzero in the supercondtor. Since
the superconducting transition is a second order phase transiteorder parameter
should becontinuousin this sensghe order parameter gradually changes from irero
the metalo a finite value after a distange into the superconductorfhisis illustrated
in Fgure 2.2 where[ is the value of the order parameitethe superconductdar
away from the interfaceThe value off as a function of distancBom metal to
superconductocan be found accordintgp equation (2.5). The value of(T) can be

obtained from equatiof2.4).

@ [ OATE— (2.5f19,

y(x)

0.61y,

Figure 22 GinzburgLandau oherence length in the case of a superconductor
placed next t@ normal metalx is the distance from the normal metal to the

superconductdi?.

The GinzburgLandau coherence lengtbh anideal case for superconductiFor

a more common situation where a superconductor has imputigespherence length

8



of the superconductatecreasgunder the influencef impurity scatteringPippard??
pointed out that the coherenlemgthof a superconductor in the presence of scattering

eventss related to thelectronmean free path

- - - (2.6),

where, is the coherenciength of asuperconductan anideal case, is the actual
coherene length of the superconductor in the presendepfrities.

The seond importantlength scaleis the GinzburgLandau penetration depth
Although a superconductor can expel an external magnetic field umite aélue the
magnetic field cam factpenetrate into the superconductor by a aedapth, as shown
in Figure 23. This is defined as the superconducting penetration detbr instance,
if a superconductor with the thicknebéd > g is placed in a magnetic fielétom the
surface tahe center of the superconductdne magnetic fieldlecayedexponentially
to zero by the following equati&d:

0 w 0 mQ~ (2.7,
whereB;(0) is the external field at the surfa@(x) is the magnetic field that penetrates

into the superconductandx is the distancento the superconductofrom its surface.

Z
superconductor
B.(0)
1
~B.(0) 7 B.(x)

X

Figure 2.3lllustration of superconducting penetration depth in one dimensiosal ca

Thex-z planedenotes the superconductdr



2.12 BCS Theory

Today themuch morewidely used theory ighe BCS theoryprovided by J.
Bardeen, L. Cooper, and R. Sigifer?> 28, The basic idea of the BCS theory is that
the effective force étween two electrons can berattive rather than repulsive, and
thus electronganform into pairs in the superconducting stafdis counterintuitive
ideaarises from the interaction between electromsdthe lattice An electron can give
momentum awayo the lattice in the form of phononsyhile another electron can
absorb the phonon via the lattice. In thisy, we cansay that the electron interagtith
another electron by exchanging phonons via the mediation of lattice.

Theinteractioncan be intitively understood in té following way. Owing to the
fact thations aremuch heavier than electronfie elastic relaxationate of ions are
slower compared to electror®&ipposenelectron travelling in the lattice interacts with
the surrounding iongolarizing the ions in the procesBhis polarizationinevitably
0 d i StheolatticesAs dectran traves muchfaser than the elastic relaxation rate of
lattice distortionthere would be enough time for a second electron to interact with the
ions, whid were polarized by the first electradm. this sense, the two electrons are

coupled into gair, which is calledhe Cooper pair.
kz

exchange k',

’

2 k,

Figure 24 Electronelectron interactiongia phonon&4.

In other words, an electron withewave vectok; in the crystal lattice can emit
a phonon described by another wave vegt@nd thus its new momentukiPis given

by ki°= ki - g. This emitted phoon isthenabsorbed by a second upcoming eleckign
10



and the new momentuk?is k2= kz + q. It is clear thaky +kz = ki® + k249, This
process is shown in Figure42.

Electronsobey both the Pauliexclusion andhe Coulonb repulsionprinciple
therefore the force between electrons a combination under the/o. Theinteracton

force can be written as:
® sQ s —— (2.9,

wherey is the frequency of the phon®andy p is the Debye frequency of the phonpns
getis the couplingonstaritd. Thisinteractionis attractive when < ¥p.

As a matter of fact,at all electrons in the superconductor jggpate in the piaing
processThis attractive interaction onlgccus near the Fermi surfacthereforeonly
electronswith the energy close to the Fermi surface dgbuate to the superconductivjty
while thosefar from the Fermi surface do not

Thedifference between superconducting state and norma(istédems of critical
temperature, critical magnetic field, or critical curreintjicated the existence of an
energy gagy). It is found that ven the superconductor istimenormal state, there is
no energy gap and the density of std@s)) is continuousup to the Fermi level;
however when the superconductor is in its superconducting state, there is an energy
gap closdo its Fermi level, and the density of stassshangegasshown in Figure 2.5
Thisenergy gagan be understood e minimum amount of energy to break a Cooper
pair and create excitatiorisis temperature dependeritreaches maximum when the
temperature is zerandis zero when temperature is|&{ as shown in Figure 2.6he
BCS theory accurately gives the value of energy gap for a wide range of

superconductors dt=0:

Yyn p& @Y (2.9)(24,
andanother approximation whethe temperature is closeTe
— pxTp — 7 (2.10)2Y.

11



g(e)

gt A

v

&p g

Figure 2.5The BCS energy gap and density of states. daghedine denotethe
normal state, while the solid lienoteghe superconducting statg(J) stands for the
density of states arid for the Fermi energylhe actual energgap is very small ah

normally of the order of ~ 10eV. The size of the energy gapthis plotis

exaggerated in order to be clearly $&&n

A(T)

1.76 kgT,

T, x

C

Figure2.6Superconducting energy gap a function of temperatdt@.
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Elementary particles can be divided into fernsiand bosons according to their
spin Spin is a particleds angul ar moment um.
and those with halintege spins are fermiongn this sense,lectrons are fermions, and
all fermions follow Pauli Exclusion Principle, which means no two identical fermions
exist in the same quantuntate On the other handZooper pairs are bosonshich
meansunlike fermionsthere is no limit to the number of Cooper pairs occupying the
same quantum stat&€herefore, all Cooper pairs are in the same quantum states and
have the same wave function

Undoubtedlythe BCS theory has contributed very much to our understanding of
superconductivity. In fact, Hese earlier theories are noutually exclusive It was
realizedo y G ol#7 éh&t some part ohe GinzburgLandau theoryis equivalent to
the BCS theoryFor example, e GinzburgLandau order parametegr is not ony
directly related to the wavefunction for the Cooper pairs, but also directly proportional
to the gap parametéY. Soon with the discovery and synthesis of new superconductors,
it was found thanhot all superconductors conforto the traditional superconaicting
theories, andhereforenew branches o$uperconductivitywere defined- so-called

unconventionasuperconductivity

13



2.2 Unconventional Superconductivity

The BCS theory has paved the road four present understanding of
superconductivitywhich explairs wellthe @nventional superconductors like N,
and technological superconductors like NbTI, s8ilp, etc. However, br later
discoveries like thdigh-temperature superconducting cupf@ethe heavyfermion
compoundg¥®, the organic superconducttfs SrRuQY, armd the pnictide
superconductat®d, the BCS theory alone is not adequateesesuperconductorare
therefore namd as uncorentional superconductors

Unconventional superconductivibias been studied for more than twenty years,
anddespitemany promisingesults scientists so far have yetfind aclear originor a
satisfactory explanatiofor unconventional supeonductivity. One reason for this is
that he materials displaying unconventional superconductivity normalle avy
complex composition and complicatstfuctures, whicltreatesmany difficulties for
experimental control or theoretical modellinflevetheless, here are several
characteristics that cahelp usdistinguish a conventional superconductor and an
unconventional superconductdiherefore, in this section, wahallgo through a very
brief introduction of unonventional superconductivity.

We first introduce the conceptf @arity, which can beassociated with the
symmetry of a system under reflectidn. most casesa system or a fundamental
particle can be represented by a functiéf, Under reflection transformation, if
"Qw "Q w, the syem is said to have even parity; Rw "Q w, the system
is said to havedd parity.

SuperconductingCooper pairsare describedby the wavefunctionf , which has
both an orbital part « and aspinpatrt ,, :

r e (2.1D).

Electrons are fermion®8y Fermi statistics, the wavefunction is antisymmetric
under electron exchange.This means the orbitale and spin part(, of the
wavefunction have opposite exchange symmeffizbe specificif the orbital par(e

is symmetri¢ i.e. the orbitalwavefunctionis evenparity, then thespin part(, is
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antisymmetric.In this casethe angular momentum saneven number : 0,
corresponding to thewave,d-wave superconductdn addition thereis only one state
in this casendthe electrons spins are antiparadslshown below:
. m PP gV (2.120119,
where means the electron is spin up afdmeans spin dowrit is hene called the
spin singlet state and the total spin S = 0.

If the orbital part(e is antisymmetric, which means the orbital wavefunction is
odd parity, then thespin part(, is symmetric In this case,lte angular momentum is
odd number: 1, 3, pwavefavave supescgnductdniacdigiont o t h e
there arghreepossiblestatesin this caseand the total spin S = 1. iEhstateis thus
called the spin triplet statén this state, the electron spins are parallel aligned, which
means the electrons chath have spisiup, or spisdown, or in a superposition of spin
up and spin down atd!¥ as shown equatio.13 Table 2.1 is a summary of the
superconductinggring states.

v
) goa 2.13
= 8a gra

Almost all the superconductorknown to date, be it conventional or
unconventional, are spin singlekor example, themost familiar elemental
swerconductors like Nb are-wave superconductorswhile cuprates are widely
accepted ad-wave.Spin tripletsuperconductors are rarely se€here has always been
the query searching for spiriplet superconductivity with the question of how it differs
from the spirsinglet superconductivity. To datié,s generallyagreed thathe heavy
fermion compoundJPt23 34 is aspintriplet superconductoAnother very promising
candidate as a triplet superconductd8igruQs, which will be discussedn Chapter3
and the rest of the thesis.

As mentioned beforghe superconductingransition is a phase transition. In fact,
a phase transition is always accompanied by one or more symmetry breakings. For

example, as the temperature decreases, the phase of Fenga frlono-Fe toUFe
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o-Feis a face centered cubic whileFeis a body centered cubie 3. The two ases
have different symmetry grouplefined by translations, rotations and reflection of the
crystal lattice. Similarly, superconducting transition is also accompanied by
spontaneousymmetry breaking. As a matter of fact, unconventional superconductors
undergo more symmetry changesmpared to conventional superconductassthe
temperature godselov T [*% 37, This part is beyond the scope of this study and will

not be discussed.

Orbital angular Party of orbital Spin state example
momentum wavefunction

swave even Singlet Nb, Al, etc
p-wave odd Triplet SRRUG
d-wave even Singlet cuprate
f-wave odd Triplet UPts

Table 2.1 Superconducting states and their pairing %tafes-wave superconductor

is the secalled conventional superconductor.

Apart from that, m conventional superconductors, the oagnetic scattering has
little effect on sperconductivity’. On the other handin unconventional
superconductors, the scattering can totally destroy the superconductivity if the
superconducting coherence length is longer than the mean fr€d path

Finally, it should be notedhat spin triplet Cooper pas also existin some
superconductoiérromagnéesuperconductdnybrid structuresBefore discussing about
the hybrid structures, it is important to understand the basic physical mechanisms of
ferromagnetismFerromagnetism ighe result ofelectron spin and Pauli exclusion
principle. When tw atoms with unpaired electrons meet, the orbitals of the unpaired
outer valence electrons would overlAgcording to he Pauli exclusion principlenly
two electrons with opposite spins can occupy the same orbital, while those with parallel
spins cannofTherefore, for electrons with parallel spgimey can only occupy different

orbitals. In thissensethe distance between electrons with parallel spin is bigger than
16



the distance betweenlectrons withantiparallel spin. This means the Coulomb
repulsionfor electrons with parallel spin is smaller compared to electrons with opposite
spins because they are further apart. Thus the exchange energy, which is the energy due
to the repulsion between the two electrons is minimiaed electrons with parallel

spins are more stabfd. Hence, in falomagnetiomaterials two atoms prefer to have

their electron spimin paralel direction (e.g. preventing thevo electrons to form an

orbital like in the case of opposite spin, which will result in strongasoblrepulsion

and instability).

In relation b supeconductoyspecificallyin spin singlet superconductotle spin
of electrons in the Cooper pairs is antiparalMghen a spin singletuperconductor is
next to a ferromagnet, the spin singlet Cooper pairs decay rapidly inside the
ferromagnet, witla decay length usually no more than 10¥nThis is because of the
exchange interaction mentioned above in the ferromagheth tends t@lign electron
spins parallel to each other and thueak the phase coherence of the spin singlet
Cooper pairsin Figure 2.7as shown by thescillationcurve the decay length of the
supercurrent isinglet junctions (Nb/Co/Nhyas simuhtedto gve thedecay length of
approximately 10 nm.

To achieve a long decay length, spin triplet Cooper peliestron spins are parallel
aligned) have to be generated in the ferromagmétich do notdecay through the
exchange field® 49, A straightforwardapproach t@chieve thisvould be a spin triplet
superconductor/ferromagnet junctibnHowever, no spin triplet superconductor is
available to date to conduct such research.

An indirect waywould beto generatespin triplet Cooper pairgia some spin
singlet superconductor/ferromagnet/spin singlet supercondbgloid structuresin
order to obtairspintriplet Cooper pairsn those structurethe singlet Cooper pain
theinterface next téthe superconductosideneeds tde exposed tan inhomogeneous
magnetization on the ferromagrsitlé*d, or in a variant, spin mixing and magnetic
disorder at the interfal& 42, The details of this mechanism involves non trivial physics

and will not be discussed in the present work.
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An example is theNb/Ho/Co/Ho/Nb structuré®, where Nb is an -svave
superconductor, Hand Co ardoth ferromagnetsThe magnetization of the two Ho
layers weremade noncollinear so asto provide the necessamnagnetization
inhomoegeneitynentioned abovéor the spn triplet Cooper pairsAs indicated by the
blue dotsn Figure 2.7,lhe characteristic voltage of such junctions clearly demonstrates
a much longer decay lengthf the supercurrenacross the ferromagnet (Caas
compared with theNb/Co/Nb control sampléthe oscillation curve)This clearly

indicates the existence of spin triplet Cooper pairs in the ferromagnet.
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Figure2.7 The decay of the characteristic voltageNb/Ho/Co/Ho/Nhunctionsasa
function of the Co thicknes#t 4.2 K.The oscillation cure is thetheoretical fitting of

the control dataof Nb/Co/NB*3.
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Chapter 3An Introduction to
SrRuO4

In 1958 J. J. Randall and R. Wasynthesized mA>BO4 type new compound
SKrRUO*¥. There werenot manystudies orSrRuQy until afterthe discoery of high
Te superconductof®, when scientistswere looking for suitable substratéo grow
high-T¢ superconducting filmdn 1992, F. Lichtenbergound that SbRuQ, is a very
good substrateue to itshigh electricalconductivityand good lattice matching with
high-Tc superconductofs 43, Due to this findingSrRuQy gained someattentionfrom
the sugrconducting communityrhe big turning point came i1994,whenY. Maeno
measuredthe resistance ol piece of SRuQs single crystaland founda clear
superconducting transitiamght below 1 K31, Since then, mangesearctgroups have
been investigating the superconductivitySRRUQu.

Back then most ofthe attention wa$cusedon its close structural similigy to
the highTc superconducting cupratés. Being the only copper free layered perovskite
at that time, SRuQ: seemed to be a perfect example to study the role of copper in the
cuprates and undei@nd the superewolucting mechanismVery soon after that,
scientists realized that the superconductivity #R80x is notlike that in the cuprates,
but a different neyphenomenornn 1995 Rice andSigrist suggestethatthespintriplet
pairing staté*® might be responsibldor the superconductivity inSrRuQu. Most
superconductorsnownto datearespinsinglet pairedSpin tiplet superconductivitys
veryrare andunusual This promising aspect &»RuQs has made it one of tHeottest
topics eve since.At the moment, direct prodhat SLRuQs is a spin triplet p-wave
superconductohas not beenseefh ¥, and there are mangmbiguousresult$> ©.
However,manyexperimental and theoretical warkave indirectly confirmedhat, at
least SrRuUQy is an unconventional supercondu€tdt. Thus, considerable work has
to be done in this aspect to gaimther understanding of the material.

In thischaptera systematic introduction on the progress and the established results

about the materials science aneélectronic properties of SbkRuQ; is presented
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Specifically, sction 3.1describes th@ormal sate of SsRuQy, includingits crystal
structure and transpoptroperties Section 3.2 describabe siperconducting state of
SrRuQy, includingits sensitivity todefects, and curremeview of some important
publications on théeiscussion ouperconduaig mechanism of JRuQs. Section 3.3
introduces the most widelysed fabrication methods of 8uQ;, including floating
zone methodised to grovgingle crystalsandpulsed laser depositida growthin films.
Section 3.4oriefly presents anothenaterialsystem related t&r»RuQs, which isthe
Ru-SrRuQs eutectic systemSection 3.5 discusses the pressure effects o tloé

SrRuQs single crystals.

3.1 Normal State of SLRUO,4

3.1.1 Crystal Sructure

It is important to understand tbeystalstructureof SrRuQs before going into any
details ofits propertiesSr»RuQs has aody-centeredetragonal structureith [4/mmm
space groupymmetry®, This structure isvery similar to that of La;xBaCuQy as
shown inFigure 3.1a). SrRuQs is a membenf a series of RiddesderPopperphases:
Sh+1RWOzn+1, Where n represents the numbeoctfahedran one unit cell as giwn in
Figure 3.1(b)Members irthe Sk+1RWOsn+1 Seriesshare similar crystal structuf&s
Two most widely studied materials é@eRuQ (n=1) andSrRuQ (n =b ) However
the transport properties of the two aeenarkablydifferent. While both materials are
metallic atroom temperatureSrRuQs is superconductor below about 1.5 hile
SrRuQ is ferromagnetic below about 153*R. The fact thaboth ferromagnetic and
superconducting properties are obsemtiin the samdruddlesderPopper series
one of the reasons ftine speculatiorthattriplet parity is possiblan SprRuQs. At the
moment, ©t many stdies areconductedon the restof the membersin the
Sth+1RWOsn+1 serie§® 59 andtheir properties are not clear at the momentwe are
not going to discuss them here

SroRuQy is bothstructurallyandchemicallystable There is little evidence for any
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structural distortion, and the temperature variation of the lattice parameters are
comparable with that of YB&wO7-{*Y, making itan appropriate substrate for film
deposition. At room temperature, tleplanelattice parameter for FRuQ; is about

a = b = 0.3873 nm, antthe out-of-plane parameterc = 1.27323 niil. In addition,
experiments have provethatno structural phase transition was observgaooling

the SLRUQy crystals down to 10€nK, no structuralphase transition was detedtéd

and the structure remaitetragondP¥. Furthermorethe Tc of SrkRuQy single crystals

did not changeconsiderablyafter high-temperature annealing in oxygevith the
pressure ranges from $@ 1 barf®. As will be discussedn this chaper, the Tc of
SrRuQy is extremely sensitiveo disorder Since little change inT. after the O
annealingprocesswas observed, this suggests there was little change in crystalline
quality. Thisimplies that the oxygen content in theFuQ;, single crysal must be very
close to stoichiometry under the oxygen pressdirt0? to 1F bar during annealing

and the annealing process did atbérthe oxygen content in the crystgipreciabl{?.
Currentlythere is no report dmow theT. of SLRuQs responsgto variations of oxygen
contentin oxygen nonstoichiometrisr,RuQs. What isknownis that S(RuQs bears a
close structural resert@mce to cuprates as previoudigcussd, andthe T¢ of cuprates

has a high dependency on oxygen cofiténtn YBa,CwOr.x, for instancepxygen
content can alter itsrystalstructuré&¥ and theT. valuedecreases as oxygen content

(x) increased from 0 to 0.65.
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Figure 3.1(a) The crystal structure of FRuQs and LaxBaxCuQs. Ru and O forman
octahedromwith Ruin the centeand O in thesix apical positionSY. (b) Crystal

structures of the $rnRwOsn+1 RuddlesdenPopper homologous seri&s

Moreover,no systematic studies have been carried out to examine the tolerance of

SrRuQy phase stabilityo variations in theSr/Ru ratio Nonethelessbeing one part of

the Sth+1RuO3n+1 RuddlesderPopper phase§rRuQ: (n = 1) has the highest Sr/Ru
ratiocompared to the rest thephases in the serieshich isSr/Ru = 2. Fothe rest of
thephases with n > 1, the Sr/Ratio decreasefom 2 tol, and Sr/Ru = 1 is frorhe
SfRu@ ( n = D)in ofhdr avards,. SRuUQ: has the highest Sr/Ru ratio while
SrRuQ has the lowest Sr/Ru ratia the seriesThis means that both SrRe@nd
SrRuOy have the most extreme compositions in terms of Sr/Ru 1@dosequently,
amongst th&kuddleslenPopper seriesSrRuG and SpRuQs shouldhave thehighest

tolerance taon-stoichiometric variations the Sr/Ru ratio.

3.1.2 Transport Roperties

In terms of electrical transport propertiekete are some differences in the
temperature dependencgéresistivities in bothin-planeand out-of-planedirection of
SrRuQu. As shown in Figure 3.2, the-planeresistivity ( ab) has a metallic behavior

which showsresistivity decreasingith decreasing temperatuia.contrast, heout-of-
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planeresistivity ( ¢) is totally different. Its resistivityirst goes upas the temperature
decreases from room temperature. The regigtpeaks at about 130 K, and starts
decreasing upon further coolinghe difference between tiveplaneandoutof-plane
profilescan be associated withe structure of SRuQs. In a layered materiaduch as
SrRuQy which consists of SrO and Rudayers theRuQG; is believed to be the major
conductive layewhile SrO is generally insulatifigl. In c-axis oientedSrLRuQy, both
SrO and Ru@layers are alternately stacked along téace(out-of-plané. Therefore
conductivityin thein-planedirection ismuchhigher because electrons caavil along
the conductive Ruflayer, whereas the conductiviin the out-of-plane direction is
much lower because electrons have to travel between the conductive aRdO
insulating SrO layeF. Owing to this factit is dovious that the resistivity of SRuQy

is highly anisotropic, witlihe ratio betweenut-of-planeandin-planeresistivityj ¢/} ao
being abou220 at290 K. This ratio further increases @bout850 at 2 KU, This
resistivity anisotrgpy of SpRuQs is not unique but verycommon among layered
superconductingnaterials For example, in YBCuzOyr.x, the ratioof § ¢/} abis about30
at 3@ KP¥:; while for Bi;Sr. 2Cap sCpOs, the ratioof | ¢/} av is in the magnitude df0®
at 300 K7,

In addition,at temperatures below 25 K, a quadratic temperature dependency can
be observedor bothin-planeandoutof-planeresistivity It can be fitted well to the
equationy 3+ AT? where A is a constant, apdis the residual resistivi§?, as
shown in the inset in Figure 3.Zhis quadratic temperat dependency matches a
theoretical model that at low temperatures the elealectron inteaction is the major
contributing factorto electrical resistivity*> 54, From the inset in Figure 3.2, the
constant A in equation s+ AT? can be calculated. They are 4 x°1 * ¢ nd And
5 x 10%q * ¢ niffoKin-plane and out-of-plane resistivity, respectively, which also
implies a highly anisotropic nature.

Finally, although both thén-plane and out-of-plane resistivity at temperatures
above 100 K display linear dependency on temperature, thessloptheresistivities

of the two directionare considerably different, with one positive and one negdihe.
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in-plane resistivity haspositive slopewhich representsnetallic behaviowhile the
out-of-plane resistivity has negative slope which represents latisig behavior

consistent with myprevious discussion.

40
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Figure 3.2 Thein-planeandout-of-planeresistivity as a function of temperature for
SnRuQy. The inset showboth thein-planeandout-of-planeresistivity quadratic
dependency on temperatuféie dashed line represeths fitting of} 5+ AT?,

and the solid lines represahe experimental dat#.
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3.2 Superconducting $ate of SLRUO4

The discovery of superconductivity in,BuQs madescientiss realizethat copper
is not a prerequisite tachievesuperconductivity in layered perovsldtilthough
SrRUQ: bears a very closstructural resemblance to that of2LkBacCuQu, the Tc is
much lower compared to that of the cupratesfact SrRuQs hasa totally different
superconducting behavito that of thecuprates This is explained in the following
parts.

Whensuperconductivityn SbRuQs was first discoveredas shown irFigure 3.3
the Tc was below 1 K. Now, with more advanced techniegifor single crystal
fabrication to reduce the concentration of impurities and detbetsxperimentalc is
approachingts theoretical valugl.5 K519, This greatprogressasthereforeenabled
scientists to carry oumany experimentdo study theintrinsic superconducting
parameters of SRuQs. Table 3.1 is abrief summary of thecurrent results oithe

measurements and estimaso of several importantSrRuQ; superconducting
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Figure 33 Magnetic susceptibilityleft) and resistivity measuremefmnight) of
SrRuQ; single crystalsy.
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Superconductinggrameters In-plane Out-of-plane
Upper critical field(goHc2) 15T 0.075T
Lower critical field(goHc1) 1x10°T 5x10°T

Coherence length, ) 660A 33A
Penetration deptte) 1520A 30000A

Table3.1 In-planeandout-of-planesuperconductinggarametersf SpRuQs at 0 K.
High quality SsRuQu single crystalgTc about1.49 K) were measured® 16 6062,

SrRuQy is a type lisuperconductdt. In the tablegois the permeability constant.

3.2.1Sensitivity to Impurities and Structural Disorders
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Figure 3.4 (a) Resistivity as a function of temperature of thrg@u8k single crtals
down to 130 mK: a nesuperconducting ZRuQ, a superconducting fuQ; with
Tc lower than 1 K, and a superconductingRarQ, with Tc about 1.5 K9; (b) Tc

dependencyn the residual resistivityf 12 pieces SRuQ; single crystald®.

A group of SsRuQs single crystalsranging from nonsuperconducting to
superconducting witfic > 1 K were selected and tinesuperconductivity dependency
on theresidualresistivity { o) was studied® %3. In Figure 3.4(a), three SRuQ; single
crystals with diffeent Tc were studiedAs can be seen, the sample with the highiest
and sharpest superconducting transition is the otinesmallest residuaésistivity The
residual resistivity of superconductingeBuQ is defined aghe following from the
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supercondcting onset transition, as shown in Figure 3.4(a), the resistivity carvee
extrapolated to T = 0 K as shown in the red dashedTine value marked by the red
dotat O Kis defined as the residual resistivity for the superconductor.

In contrast, thenon-superconductigp sample has the highest residtegistivity,
while another sample with a much lowkrand a broad transition has a medilevel
of residual resistivityFurthermore, anore general ruls shown in Figure 3.4(bwhere
more data wereollected With the increase in residual resvity, the T is reduced and
even being suppressed.

The residual resistivity is directly linked to the impurity amount in the sarapte,

themean free patfl) of Sr,RuQs can beestimatedisingthe followingequation:

\ 2 [19]
a S (3.1,

where B Q is known from the quantum oscillatidfs andd is the out-of-plane
interlayer spacing of SRuQu. Of all the data that has been reported,mean free path

for the cleanest samptd is about 700 nmwhile for theincipient superconducting
sample, the mean free path is ab@itnm,which isclose to the value dhe SpRuQ,
in-plane coherence lengthof 66 nm'®. Therefore, it can be concluded that
superconductivityin SprRuQ is destroyed when the mean free path is close to the
coherence lengkh 59,

The elements in the inupities were also studiét®. It was found thatthe
impuritieswere norrmagnetic Traces of Ba and Ca were fourljt Al and Siwere
dominart among the impuritiesespecially irsamples with loweTe. It was found that
in superconductin§rRuQs single crystal samplethe maximum amount of Al and Si
are50-100 ppm and 100 ppmespectivelyln the purest samplg3. > 1.3 K), the Al
or Si isless than 30 pph?.

Besides impuritiesstructural defects alsaffectthe superconductivity iBLRuQ;.
By controlling the growth conditions, mainly the growthte the T¢ for different
batches ofSpRuQs single crystals vary a Iptwhile the impurities can still be
maintained at low levef$* %9, Y. Inouestudied themicrostructures ofheseSrpRuUQy

single crystal§®. They foundthe existence dbcally distributedblana defects which
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were perpendtular to thea-b planes Especially n a sample with a much lowék
(about 0.4 K, many such kind of defects were discovemglichwere regardedspair

breakers fosuperconductingrRuCu.

3.2.2A Possiblep-wave Spin Triplet Superconductor

Thequeston of thesuperconductivitynechanismn SrnrRuQs hascontinuedever
sinceits discover{?!. Early in 1995, Rice and Sigrist® made an very intriguing
theoreticalsuggestiorthat the SIRuQs is possiblyan unconventionauperconductor
with atriplet pairing®. Soonafter thatresultsfrom many experiments began showing
up to sipport this speculatioifirstly, as described abov&jperconductivityin SLRuQy
is extremely sensitive talefects and impuritie® the extent thats T caneasilybe
suppressedy nonmagnetic impuriti€s!, which apparentlysuggested an unusual
pairing.Secondly, he enhanceelectroneffective massneasured in SRuQ; suggests
a strongelectronelectron interetion!®¥. This is reminiscent ofthe unconventional
heavyfermion superconductof®. Apart from the examples listed above, there are
many more findings that suggesteda triplet pairing state forsuperconducting
SLRUQ®” 8, Promising as these ressilare none of thengive direct proof of triplet
superconductivity

One of the mst definitive measurements determine the superconducting parity
is the nuclear magnetic resonance (NMR) techiffuevhichidentifiesthe change in
spin susceptibilityof the Cooper pail€. The spin susceptibility is the response of
electronspin to magnetic fields it often used to distinguish between spin singlet and
spin tripletpairing. For a spin singlet superconductor, the spin susceptilmfitthe
superconducting Cooper paneduces with decreasing temperature and finally
diminishes to zerat 0 K 5% 79 |nterestingly, h 1998, K. Ishida et atepated the
resultsof O in SeRuQ single crystalsneasuredy NMR. The experimentevealed
that thespin susceptibility remainezbnstanbelowTc. This is different from the result
of the spin singlet superconductguspviding astrong indicatiorthat SERuQs is a spin

triplet superconduct8t. Anotherpiece ofpersuasive evidence comes from the muon
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spin relaxationgSR) experimeneSR is a helpful technique in detecting time reversal
symmetry broken in superconductors. For all spin singlet superconductors, the time
reversal symmetry cannot be brokeinen the superconductor changed from the normal
state to the supevoducting statewhile it can be brokebelow T for some spin triplet
paring®. It was detected that below thigof SLRUQy, the time reversal symmetry was
broken® ", proving its pairing state as spin triplet.

However, the results from other experimeetpecially those involving the
currentvoltage characteristics othe interfaces between SprRuQ; and other
superconductors resulted somedisputes Since nosuperconducting SRRuQs thin
films grown so far can be reproducedused only single crystaBrRuQs were used.
Therefore the experiments were limitedMoreover,good control of the high quality
interface is very difficult. Therefore,llathe experiments so fado not provide
conclusiveresults

To name a fewJin et df! were among the earliest groups edt thiskind of
study.ln 1999 they designe@ Pb-SrRuQs-Pb junction In this junction,a decrease in
the critical curren{l¢) of the junctionbelow the T¢ of SLRUQs was observedThis
seemed to suggest anusual paring for SRuQy, astheexclusion betweeswave and
p-wave order parameter suppressed the critigakntof the junction just below the
of SeRuQys. Howevertheir SeERuQy crystalsinevitably have the inclusion of Rwhich
obscured the understanding of the resuitsher later work in 200 a In/SERUQ,
junction, Jin? found the Josephson coupling can dméppen inn-planeIn/SkLRuQ
junctions, not forout-of-plane junctions. This selection indicated that the order
parameter fo6rRuQs could bep-wave but equally could also lebwave Moreover
junctions with single crystals madesplayedooor reproduibility and hence this could
not be seen as strong pfoTherehave beemanysubsequengxperimentsAlthough
noneof theresultscontradicted to the spitniplet state of SRuQs, none of them is
conclusive orcan give a solid support due to the aboxabfems.More work in the
future is needed to unambiguously find the mechanism for superconductivity in

SrRUO,
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Recalling the work that scientists have done in the gfessymmetry of the order
parameter of highT. superconductorswas only settled afte phasesensitive
measurements were carried&if3. In phasesensitive experimestthe phase rather
than the amplitude of the superconductor order parameter is determined as a function
of crystal orientatioff¥. This is measuretthrough the Josephson effégf which is the
phenomenon of supercurrent flowing across a weak dimknally coupled by two
superconductol¥).

Similarly, this idea can also be usedifie work ofSLRuQ. AlthoughJosephson
junctions made of Sp,RuQs single crystal can also be used the aforementioned
problems aboujunction qualitywould continue to exist and hinder the interpretation
of the results. Therefore, high quality superconduc8n&u; in a thin film formis
preferred, which can facilitatbe insitu device fabricatiasn A possible phassensitive

devicefor S,RuQ; is shown in Figure 3.5.

Figure 35 A schematiadrawingof the phasesensitive devicéor determining the

pairing symmetry oSrRuQu. A magnetic field is applied along the junction pléhe

The Josephson current tlugh twoJosephson junctions on the opposite faces of a
spin triplet superconductowould be ouof-phase with one another by T8@vhich
means théntrinsic phase difference of the superconducting order paractetege by
18C° afterrotatior’. In fact, in a device where thewave superconductor in Figure
3.5 was Augslinos and SLRuQ; single crystal was uséd, a change of 1® in the
superconducting order parameter was observed under motalibis clearly
demonstrates jprwave pairing irSprRuQs. Neverthelesseproducibility and quality of

the junctionis still the problemTherefore, superconductiiBRus thin films which
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can be used in device fabricaticare highly sought after.
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3.3 Fabrication of Sr,RuQ4

No reliablestudyon SprRuQs canbe carried out without the growth lmgh quality
SpRuOQy samples SRuUQ; single crystad and epitaxialSpRuGs: thin films are both

being investigatedlherelatedtechniques are lefly discussed ithe following parts.

3.31 Single QGystal Sr.RuO4

The most commonly used methodgmw SrRuO: single cystak is thefloating
zone methodThe conventioal setup is shown in Figure 316 this process, a melting
feeding rod is suspended on top ofeed material The seed materialan be either
polycrystalline or single crystal $uQs. By moving both the feeding rod and the seed

material simultaneously, the single crystal gsasrtinuously on the seed matefal
45]

Figure3.6 Photograplof thefloating zone melting furna&d.

In this process, tte quality of thesr,RuQs single crystals depends arfewgrowth
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conditiong”. First is the growttrate or the moving rate of the two rod&.higher
growthrateresults in serious defects in the sample, whereas a lower grateitan
easily lead to Ru deficiency, both of which yield a much |67}, Second is the ratio
of thestartingpowdersDue to the fact thaRuO; can easily turn to the volatitgaseous
RuQ, the growth process getsomplicated The loss of RuQG results inphase
segregatiorand volumeshrirkageof the molten materidfsl. Therefore,an excess of
RuQ; powdersis alwaysadded in thenitial powdersin order to compensate for the
loss.It is crucial how much excesu O, is added An exass of 20% Ru in the feeding
rods would result in the inclusion of other unwanted phashieverthelesswith the
addition of excess RuQthe surface of theasgrown crystal still had a rough
polycrystallire appearancavhile the core region Is&uinclusions Hence crystals for
experimental use ahosenfrom the regiorbetween the core and the surfatdhe
singlecrystalrod¥. In other wordslarge samples areery difficult to prepare The
normal size for a crystas 80 mm x 4 mm x 3 mmi”.. The photograplof a typical

SrRuQ; single crystal is shown in Figei3.7

10 mm

Figure 37 Photograph of a SRuQ; single crystal grown by floatingone method.

3.3.2 Thin Film SrRuQq4

Growth of epitaxial thn film SrRuQs on latticematched substrates is another
alternative to achieve high quality samples. To date, techniques including both
molecularbeam epitaxy (MBEJ® and pulsed laser deposition (PLD) have been
employed* 17 18 47. 7681 15 grow SsRuQy thin films. However, results are far from
satisfactory. For MBE growth, there was only one report on the growthRiSrthin

films found in the literatufé® where monolayer doses of Sr and Ru were deposited
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alternatively. However, no transport properties on the films were reported. Therefore,
the advantages of using MBE to growFuQ, thin films remairs an open question. It

is apparent that MBE is a legspular method to grow SRuQq thin films compared to

PLD. One of the possible disadvantagessing MBEmightbethat in order to achieve

high quality films on a specific substrate, the atomic layer which is energetically
preferred for the nucleation &»RuQy has to be determined. Since this work has yet
to be done, the usage of MBE is limited.

Most growth ofSpRuQq thin films werecarried outoy PLD. Currently,epitaxial
SrRuQs thin films can be achievedut most othe thin flmshave a metainsulating
transitionat low temperature Reports of fullymetallic SfRuQs thin films growth are
raré’”. Prior to this work®, there has only beenone reporti*4, in 2010, on
superconductivity irSpRuQ thin films in the literature To make things cleathe
pulsed lasedeposition parameters and results of th&k8@ thin films from all the
publications hae been summarized in Table 3The deposition parameters vary a lot
amongdifferentresearch groups, whighdicates a vergquipmeridependent growth
condition ofSroRuQy for optimization.

The reasorior the difficulty in growing fully metallic or even superconducting
SrRuQ thin films isstill not clear yetGiven the fact thain single crystalSpRuQy,
superconductivity can beasilydestroyed by defects, it irasonable to associate the
nonsuperconductingrRuQq thin films with high levels ofdefects.Zurbuchef
studiedthemicroscopic structuref SpRuQq thin films andfoundmany planar defects.
These defectiie alongthe{011} Sr.RuQ planes as shown in Figure G#’® andare
called outof-phase boundaries (OPBs)OPBs are common defects in complex
oxide$®?, caused bya fractional misalignment in the-axis direction between two
neighboring regiosin the crystal’™d. In the SRuQy thin films as shown in Figure
3.8(a) the caxis misregistry across the OPB is 0.25i#n The defects eitharenetrate
thewholefilm thickness, oareannihilatel where pairs of opposite inclination meas$
shown in theschematic drawing in Figure 3t8. As a resultthe continuity of the Ru©

layerwhich is believed to be responsible for the conductivitissupted Furthermore,
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the distance between those defects are in the same ordeinagldmesuperconducting

coherence length of S|RuQy. This may explain why repors on superconducting

A

Figure 3.8(a) TEM image of a SRuQ; thin film with the common planar defects,

SrRuUQ thin films arealmost norexistent

some of which are represented by the arrows. The magnitude of the scale bar is equal
to 3a5(0) = 66 nnt” 73, (b) Schematiadrawingof the OPBs inSpRuQy films;

diagonal lines represent OPBs. Two OPBs with opposing inclinb&ige annihilated
each othewhere they met, whiletwo OPBs with parallenclination penetrate

through the full thickness of the filf.

Little is known about the nucleation mechanism of OPBs. A possible mechanism
associated with the nucleation process proposed arghown in Figue 3.9 Taking
the growth of SIRUQ: films as an exampldywo SrO and one RuQayers constitute
the unit cell of SIRuQs. Therefore many possible nucleation sequesoéthe layers
can happen on the substrdter example, on the LaA>subgrate shown belowthe
growth of the SIRuQy thin films can either choose SfRUG-SrO or RU@-SrO-SrO
orderind’d. If the two growth sequensdoth take place on the substratéienw two

adjacent partwith different growth sequenceeet, they will form an OPB.
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Figure 39 PossibleOPB nucleation mechanism. The coordinatetahedral of the

ruthenium are shownvith circles representing 'S%.
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Reference Temperature | Fluence Po2 Distance Comments
(N) (J/en?) | (mTorr) (cm)
S. lec[ig]avan et | 9507 1050 3i 4 17 2 7.5 | metalinsulating between 7
T 160 K
D. Ga-l[ighnlom et 1000 2i 3 0.003 not | }ao0K 4kis 10 for the fully
reported metallic film, while the
others had metahsulating
transitions below 30 K.
M. A. ;552‘;]"“6“ el 1000 2.7 | 0.0008i 7.5 Only one metallic film (the
0.005 resi dual arF&s
eqLkLcm), the
metatinsulating transition
below 50 K.
D. Rzlisglngef et 950 1.2 20 not not reported
reported
Y. Krgf;ﬁgberger 920 3 0.4 5 Superconducting Tc from
0.9 K (onset) to 0.6 K (zerg
resi s taobwlikis §2)
T. Ohnishi et af9. 1100 0.43 75 not not reported
reported
Y. Ta;ggashi et 1000 2.8 1.3 not Met al | ia6=2f7]
reported eqLLcm (2
J.Cao et &9. (my 950 1.5 75 75 Superconducting Tc onset
earlier work)
is 1.9 K.

Table 32 All the reportedgrowth parameters otraxis epitaxial SIRuQs thin film
growth by pulsed laser depositionthe literature
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3.4 Sr,RuO4-Ru Eutectic System

While scientists have been keen on studying the natuseperconductivityin
SrRuQy, anotherrelated system was discovered in 1988 This is the eutectic
SrRuUQ-Ru system, whichhas a much highef: at 3 K. SbRuQ:-Ru system is
commonlyseen in the core region of tB&RuQ, singlecrystalwherethe Ru content
is more than20% or when the growth speed is f&8t Figure 3.10is an optical
microscopic photoof the SsRuOs-Ru eutectic systemRu was distributed in the
SrRuQy matrix in the form of a lamellar patterihis lamellarpatternis a typical
eutectic solidification resuffl. The width of the Rulamellaris about 1lem, with the
length and depth both in the range of 1 toehd. The separation between two Ru
lamellaeis of the order of 18mi®l. The lattice parameters of.RuQ; are the same for

regions with or without Ru inclusiolis

Figure 3.10 Optical microscopy of (D 0) suface of the SRuQs-Ru crystal The

bright areas are Ru metals and the blackima SLRuQ/’.

SeparatelysrRuQy is superconducting at 1.5 While Ru is superconducting at

0.5 K. Interestinglythis SBRuQs-Ru eutectic system hashagheronsetT. at about3
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K. As shown in Figure 31(a) and Figure 3.1), SeRuQs-Ru eutectic system has wer

broad diamagnetic transition starting at 2.5 K compared to the very sharp transition at
1.45 K for pure SRuQy. Similarly, theresistivityalso undergoes a broad transition for
SrRuQs-Ru eutectic systers shown irFigure 3.11c). Nevertheless, the resistivity of

the twosystemsemain indistinguishable at room temperature.

- (@) : i

7' (arb. unit)

¥ "(arb. unit)
|

o
N

Pab (1E2 cM)
=
[

T (K)

Figure3.11(a) In-phaseand (b)Out-of-phasecomponents athe a.c susceptibility,
and(c) Thein-planeresistivityas a function ofemperature for both pe SeRuQs

(small, blurry symbolg and the SRuQ:-Ru eutectic systertbig, densesymbolsifl.

The reason behththis enhanced superconductivity is still not clear at the moment.
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It was found that the 3 K superconductivity happeear the interfacelose to the
SrRuQy part, not in the Ru inclusions. Thesiggests the enhanced superconductivity
probably originatesn the interface where a major modification of the electronic

structure can happ&rf4.
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3.5The Effect of Pressureon The T. of SroRuQO4
SingleCrystals

Uniaxial pressure can be a powerful way to control superconductivity as well as
the electronic structuf&®1. The electronic states of ;RuQ: has been both
experimentally and theoretically revealed to change drastically with an anisotropic
distortiori*® 88, Recalling the 3< phase mentioned in the previous section, hef
which is 3 K. One possible reason for the enhancement is that the presence of Ru
induces anisotropic distortions in.BRuQ: and furtherenhances th&. significantly*

89].

Subsequently the uniaxial pressure effect onfthe SprRuQq single crystals has
been systematically studiedihe findingsare briefly discussed here. Two RuQy
single crystal samples were used for the experiments: one with-atearolc of 1.35
K, and the other 1.45 KStrain has been appliesh two different orientations:1 0 O]
and [L 1 0]. The results were shown in Figure d) and (b), separatél{.

Tc enhancement was found thie two samples under either 0] or [11 0] strain,
with different resposes, though It is obvious that in Figure 3.1&), theresponsdo
[1 0 0] strain is symmetric, i.e. the enhancementTofinder tensile and compressive
[1 0 Q] strain is almosbf the same magnitud&é comparison, the response o] 0]
strain is weakr and mainlyinear®?. Tensile [L 1 0] strain enhaneghe Tc value more
thancompressive] 1 Q] strain.The reason for the differeifit enhancement response
to [L 00] and L 1 Q] strain mightbe rooted in thenature of thesymmetry of the

superconductivity in SRuQ®¥, which is yet to be answered.
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Chapter 4 Thin Film G rowth

As its name suggesta,thin film is normally a very thin layer of materiadith
thicknesgypically rangingfrom afew nanometers to micrometers coated on a substrate.
During thin film growth,a good control of filnmicrostructuresurfaceandinterface as
well as thicknessio doubt plag a vital roleint oday 6s el ectroni c
scientific studiesThis chapterintroduces thdasic principlesbout film growth and
thin film deposition techniquee Section 4.1 introduces the three growth modes of thin
films. Section 4.2 explains related information about epitaxial film growth. Section 4.3

is a systematistudyof pulsed laser deposition

4.1 Thin Film G rowth Mode
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Figure 4.1Atomic process during thin film growfi.

During tin film growth, the substrate exposed toheimpinging vapowof species
andis covered with highly mobile atomAs illustrated in Figure 4.1, the adatooan
be adsorbed andiffuse on the surfaceencounter otheadatomsor clugersto form

either mobile or stationary clusterget detached from a cluster and remain on the
43

dev |



substrate surfacer getre-evaporateld”. As more clustes nucleatethey would grow
and coalescence into either 2D or 3D nuckibsequentlyhe thin film continue to
grow to the full thickness.

Thin film growth is @nventionallycategorizednto three modesFrank van der
Merwe (layer by layeor 2D) growth,VolmerWeber(islandgrowthor 3D) growth, and
StranskiKrastanomixed growth growth The three growth modes are safatically
shown in Figure 43192, The followingis a briefdiscussion of tb three modes from

the thermoginamic and kinetipoint of view.

0100100000

Frank van der Merwe mode
substrate | > substrate

C%) OC%O Volmer-Weber mode @ @

substrate | > substrate
0100100000, Stranski-Krastanov mode M
substrate | > substrate

Figure 4.2Schematics oftiree hin film growth mode§3.

Thermodynamic Factors

In Frank van der Merwe modatoms are more strongly bound to the substrate
thanto each otherand they ee depositd onto substratén a layer by layermode
Therefore, pitaxial thin films (which will be discussed in section 4@own in this
mode usually have very smooth surfatbe total surface energhas to satisfy the
following equation

rr T (4.1),
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where 3, o= ,and os are the surface energied the interface, film and substrate,
respectivey!®a,

In Volmer-Weber growth modegtoms are more strongly bound to each other than
to the substratend atoms form island or clusters. Therefore, the surface of the epitaxial
thin film normally isrough.In this modethe following equation needs to be satisfied:
rr [ (4.2.

StranskiKrastanov growth mode often happens for §ilmaving very large lattice
mismatch with substrat&he first several atomic layers ateposited asnonolayers
but thesubsequent atoms tend to form islands after e .changefrom monolayer
to island growth usuallyhappens when straincreass after the formation othe first
few monolayers due t@attice mismatch.Therefore, this growth mode is a result from
lattice mismatch and accumulation of strain energy as the thickness increases. This will
be discussed in more details in Section 4.2 about the mechanism of strain relaxation.

In fact, thin film growthdepends not only on thermodynamic fast®ather, 1 is
affected by both thermodynamic and kinetic fadfrswhichis briefly introduced in

the llowing part

Kinetic Factors

As illustrated in Figure4.l, film growth kinetics includes the adsorption
(deposition on substrate or island cluster), diffusion, desorptieav@poration from
substrate or island cluster), as well as dissariatif the island cluster itsetfue to
secondry bombardment.These kinetic factorscan becharacterized by different
activation energieg-or example, the diffusion process is closely associated with the
diffusion activation energy vidghe diffusion coefficient (D)This can be understood
usingthefollowing equation:

08 Qoo Q'Y (4.3,
whereki s t he Bol t zTia thel Sulsstraempesature, b is the
activation energy for diffusion, which is a function of the species (e.g. mass|tsize).

obvious thaadatomswith low activation energy have high diffusion coeffidianhich
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are more likely to diffuse and coalesce into an existing island rather than nucleating
another new islandhis results in a lower overall island densitirerefore the island
density is related tthe adatom diffusion processhé& higher the diffusion coefficient,

the lower the island density.

Ledge T
Terrace vacancy rrace  Kink

2 l |

.

p

Figure 4.3A schematic drawing of thEerraceLedgeKink (TLK) model®2.

Film growth usually takes place at active sites, such as crystal defects, atomic steps
or impurities by surface diffusion alirect vapor impingemelit!, as shown in Figure
4.3. Two very important kinetic aspects afféhe growth process they are the
deposition rate and substrate temperature. At low depositios thee najority of
arriving species have enough time to diffuse along the terrace to the step edges (ledges
and kink) and get attached there, resulting i skeady advances of the film layers
along the terracdn addition, some terrace vacancy defects can also be filled, creating
a highly dense and high quality film. Similarly, high substrate temperatures result in
high diffusion coefficient, as can be umsk®od from equation (4.3). This means the
adatoms are more mobile amediffusion length increases at high temperatures, which
reduces the island density and fosters the layer by layer growth. Thus, sufficiently low
deposition rate and sufficiently higemperature are kinetically necessary for Frank
van der Merwe growtto take placeand epitaxial films arenore likelyto happen under
this conditionOn the other hand, excessive deposition rate or |atgate temperature
results in biImerWeber modewhich increases defects and decreases film epitaxial

quality.
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4.2 Epitaxial Films

Epitaxycan be defined a@betransfer ofcrystallographic order of the substréde
that of the film via a certain degree of lattice matchiigen thin filnms aredeposited
on singlecrystal substrasg the surface energg minimized by maximizing the density
of bonds (of appropriate length and anglengrgethe symmetries dhesubstrate and
film. Therefore it is energeticallymore favorable for thefilm to align itself
crystallographicallywith the substrate in ord&r o mat ch t he substrat
symmetry and periodicity, which, to put it another way, is to gepuaxially

There are two basic forms of epitaxy, and the simplest one is homoepitxig.
scenariopoth the composition and the structurdleg thn film and the substrate are
identical In this casethe interface surface energy)(vould be zero, angk = 25 which
satisfy equation (4.1)f the growth condition is optimum, Frank van der Merwe mode
always applies regaless of the film thicknessThe secondform of epitaxy is
heteroepitaxy which is the growthof a materialon a substratewith different
composition.The f i | més pr ef er r e the ane thatcan nairtimize n i s d
the energy of the systét. As the unit cell parameters between the film material and

the substrate angsuallydifferent, there is a lattice misatch:

Q. — (44),

whereas is the lattice parameter of the film, aagis that of the substraté positive

value off meanghat theearlier severdayers of theepitaxialfilm is in tension anda
negativevalue off indicates that thdilm is under compressiorEpitaxial gravth
usually happem when the latticeparametersand symmetry between the film and
substratare closelynatcted.In this case, this growth mode is favored sgly for low
misfits (i.e. lowd), in the presence of strong bonding between the film and the substrate,
which implies low interfacial energy, low film surface energy and high substrate surface
energy.

There are three epitaxial regimes depending orextent oflattice mismatch.
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Firstly, if there is littleor zerolattice mismatch as in the case of homoepitaxy, there is
no lattice strain and the film and substrate are perfectly matcfad is shown in
Figure 44(a). Therefore small lattice mismatch is highly desited
Secondly, ithe lattice parameters differs considerably between substrate and film,
there is a biaxial strain)(due to lattice mismatcH)( thus it gives rise to an elastic
energy Ee). Thisgrows as théilm thicknesgd) increass, asshown in equation (8)!°2:
O wQFp 7 (45),
whereY i s the Youngds modulus (assupgi nig film
t he Poi s Kétberilénss varyahini itoanbeelastically strained to the substrate
so that the thin layer and substrateentve same interatomic spacing. This is called a
coherent film andk illustrated in Figure 4(b).
Last but not least,nwe the film thickness exceetfe critical film thickness(dc),
the total elastic strain energwould be more than the energy associated with a relaxed
film which has some dislocation§herefore, dislocations start to form toieek the
elastic strainas shown in equation @)!*Z.
- QoY (46),
where S is proportional to tmeimber of misfit dislocations,and bis€ Bur ger 6 s vec
The Burger s vector of a dislocation quant
lattice around the dislocation and the perfect latfi¢deese dislocations are located at
or near the filmsubstrate interfacas shown in Figure 4(d). As a result, the film

becomes relaxed.

48



film

I} T B

substrate

matched strained relaxed

(@ (b) (c)

Figure4.4 Theschematic illustration ofilm and substrate matching: (&)tice-
matchedwhich is also the case in homoepitafb), film is strained, andc) film is

relaxed®?.
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4.3 Pulsed Laser Eposition

Thin film growth techniques can be broadly categorized into two areas, namely
chemical vapor deposition (CVD) apthysicalvapor deposition (PVD)As the name
suggests,CVD usually involves thechemical reactiors among differentgaseous
precursorsiear or on the haibjectsurfacé4. On the other hand®VD is usuallythe
process thanvolves the material transféiom its solid state to gasus state and then
back to its solid state.

Within the categor of PVD, thereare also manylifferent techniques, such as
pulsed laser deposition (PLDP3puttering molecularbeam epitaxy (MBE)glectron
beam evaporatioWhile each techniquéas its own distinct advantages, there are
severalkey factors which can gerally be used to determine which deposition
technique to choosél) the depositingnaterial (2) requirements ofilm crystallinity
and stoichiometryand (3) deposition raté®l. Generallyspeakingsputteringis more
suitable for tle growth of metals and nitrideln terms of scalability, sputtering can be
usedto uniformly grow very large areaith high growth ratePLD is widely applied
to growoxide filmswith relatively high growth rate compared MBE, which has a
slow deposition raté®.

With careful control andunderoptimized conditions,PLD is very versatile to
prepare mangtherkinds of thin films, including coplex oxides, polymef¥! like the
Teflon filmd®1, biomaterialslike the calcium phosphate bioceramic coatifiys
superlatticedike the BaTiQ/SrTiOs systen??, superconducting electronic devi¢®s
It is popularmainly due tq1) simple setup in terms opumping and gaflow systems;

(2) stoichometric deposition of films with muktomponents under optimized
conditions (3) fine control of thin film depositionn terms of film surface and
crystallinity; (4) ease of integratiowith otherequipmentike reflection highenergy
electron diffractio (RHEED) andx-ray photoelectron spectroscof¥PS), et¢®d.

Thin film depositionusing PLD happensn a vacuum chambewith or without

background gadt involves ahigh powerpulsed laseas an energy sourcehichgets
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focusedby a set of optis and entersthe depositionchamber.During depositiona
rotatingtarget is radiated by the laser ahd material componenggt vaporizedn the
form ofahigh energy directiongdlasma plumeUpon arrivalat the substrate, which is
usually a single crystaihe forwarddirected plumegets condensedndthereforeathin
film grows. Figure 45 is an illustration of a PLD chambéFhe quality in terms of
crystallinity, uniformity, and stoichiometgnd the growth ratef the thin filmdepends
on a lot of deposition parameterShere areseveal parameters whicltan be

independently controlled iIRLD, asdiscussed in the followingections

Gas
PLD chamber

substrate
=4

Figure 4.5A schematic drawing of the PLD chamber

Laser

A laser is the power source during pulsed laser deposit@most useful range
of laser vavelengths for PLD falls between 200 nm and 400 Tims is due to the fact
thatmost materials used for deposition have strong absomtihatrange. As the lase

wavelength gets shorter in thange, the penetration depths into the target mégeria
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are correspondingly reduced.hdrefore itis more favorable to use short laser
wavelengthto ablate thin layers of the target mats®9. In this researcha KrF laser

with the wavelength of 248 nmasused.

GasPressure

Many thin film depositios require a reactivgas atmospherér example, oxide
thin film depositios usually requirean oxidizing environmeninormally oxygei to
form and stabilize the desired phaBer species with high vapor presssjra high
oxygen pressure is needed to maintain gtoichiometry of the filmEFor example, in
the deposition of ZnG®&s thin films, Zn has a higher vapor pressure compared to that
of Ga. Therefore, a significant Zn deficiency was observed in the film deposited at low
oxygen pressures. By increasing the oxygen pressure, the Zrelessmpensat&d?.
Similarly, for BiFeQs, excessive substrate temperature was known to result-in Bi
deficient film and formation of secondary phases. This is due to the highlylevolati
nature of Bi%Y,

Apart from being a reactanthe background gas attenumtad thermalizethe
plume during depaon. Therefore, the amount of gas or gas pressures have a great
influence on the plume-or example, fthe backgroundpressure gets higher, the
collisions amog all species gets intensifiednd the plume propagationelocity
gradually decrease#n this regard, the plume spatial distribution, deposition rate and
the kinetic energy distribution of the depositing species can be abgradtering
background pressufé %9, This in turn affects the manner at which the deposition
species arrives at the substrate, resulting in diffdilemtqualities!®? Specifically at
extremely low oxygen pressurélse plumeessentiallyexpand rapidly to a wide angle
of directions upon ejection from targandthusthe amount oplume speciessaching
the substratenay bereduced On one hand thisanresult inlow deposition rate and
thinner films.On the othehand this would cause of§toichiometry inthe density of
various species on the substrate surfdeading to defects in the fill{9. At

intermediatepressure laser plumes are normally more directed altmgtarget to
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substrate direction. Consequently, the arriving atomic species carries some amount of
kinetic energy whicttanresult inenhancd diffusivity of the adtoms on the surface

and therefore forna layer by layer growth. Howeveat very high pressureshe
velacities of various species in the pluaereduced due to collisiorend scatterings

Thus, thedeposition rate would be very low and even sheface activation of the
species may not be possible. Therefarepptimal gas pressure is necessary to achieve
the uniform velocity distribution of various species, leading to a reduction defket

density in the filnht%3,

Target to Substrate Distance

In PLD, the plumehas a spatial distributioand the atomic species anen
uniformly distributed within the abation plume due toits highly forward-directed
nature Thereforethe energy and stoichiometry of thgiving specievary acrosshe
distance from thearget tosubstrate Near the target, the velocities of the different
species in the plume avery high,graduallyslowing down asthe plume travels from
target towards substratiie to collisionsand scatteringsvith the background gas.
Therefore,if the substrate is too close to the targeg film can be damaged liye
bombardment ofhese energetispecieswhich is also called rsputtering'®4. On the
other hand, taa relativelylong target to substrate distandbge particle flux of the
ablated species in the plume over the substrate area decreases. This lowers the
deposition rate and hence thilen thicknes$'®3. In addition if the distance is totar,
the surface activation may not be available by moderately energetic ions andaxtoms
it may beeven worse thasomespeciesin the plumemay be scattered off before
reacling the substraté®d. Apart from that, over a long target to substrate distance, there
could be preferential scattering of lighter atoms or atomic species which can result in
off-stoichiometryin the film. For example, inkhe growth of SrTi@ thin films, the
atomic mass of Ti igdhter than that of Sr. It has bedamonstrated thatlong target
to substratelistance can result in Bich compositionywhereasa short distance results

in Ti-rich compositioR®?. Therefore, the film compositids greatly affected by target
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substrate distance and an optimetance is required for deposition of the right phase
to occur.

Aside from target to substrate distance alone, other deposition parameters can have
the same effect as target to substrate distance, therefore creating an inter dependency of
these parameterin fact, the gas pressure (P) and target to substrate distance (D) are
not independent. They follow an experimentallfah+°3:

0 O 6 (4.7)1109,
wherer is positive and material dependent, & a constant which is both material

and deposition system depend&fit

Deposition Temperature

The effects okubstrataemperature on the film growth have been well studied,
and there are a large number of references in the litdf8tuBenerallyspeakingmost
perovskite thin films can be epitaxially grown at a processing temperagjner than
750€. For instance, highly epitaxial BSTO (RB&r.xTiOz3) thin films can be achieved
at a deposition temperature of 76B50 € with excellent physical properties and
epitaxy!®. In theory,ahigh processing temperatuvéll benefit the epitaxial growth of
such oxide thin films. Howevea much toohigh temperature will cause the inter
diffusion reaction at the interface between the film and substrate or substrate surface
reconstruction that strongly alters the physical properties of theoas filmg®.

In general, the deposition temperature can affect the film growth mainlweia t
major factors. For complex aes, if one of the cation species has a high vapor pressure,
it may easily evaporate at high temperatures. Therefore, a stoichiometric growth cannot
be realized and the film would have a deficiency of this species. In this way, the
deposition temperatuiie closely related to the gas pressimereasinghe deposition
temperature has similar effect on the film stoichiometryeaseasinghe gas pressure.

Take the example of the deposition of ZaGeagain'®, at elevated temperatures, due
to the high vapor pressure of Zn compared to that of Ga, the film exhibit a significant

of Zn loss.
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In addition, thesurface mobility of theatoms or ionds associated with the
substrate temperate. Normally films grown at room temperature are amorphous or
polycrystalline. Under high growth temperatgiremall crystallites cadiffuse more
freely to form a more ordered structure and also less pqraiitg leading to an
improvement in the filncrystallinity!d. As mentioned in the pvous section, film
growth modecan be affected by the temperature. Especially for the layer by layer
growth mode, which cafiacilitate the high quality film, a high temperature is necessary.

This, in turn, affecs the film quality.

Laser Fluence

The energy absorbed by a single atom should be above a threstobidhat the
energy from the laser pulse exceeds the bindinggredithe target atoms, resulting in
target ablation. This energy per unit area is defined as the laser fludaser energy
density.The area islependent on the laser spot size on the targser fluences one
of the most important parameters dgrithin film depositionswhich affects the
chemical composition of the plume and thaentrols the stoichiometry and
crystallographic qualityof the final film. However, excessivelaser fluence would
generate many particulaté&heyare bigclusterswith diameters ranging from 0.1 to 10
em, which can detrimentallaffect the film propertié®. In addition, a high laser
fluence would result in stronpomentumfor the speciesvhich canbombard the
existing film on the substrate, leading to damage. On the other hand, low fluence
generally results in nestoichiometry.Usually the deposited filmexhibit alack of
light (atomic mass) atoms due to the higher tendency to be scHfteFent example,
in the study of Y/Ba ratioof YBa.CwOv.x thin films, where Y is ligher than Bathe
stoichiometry in the film was greatly influenced by the laser fluekitms deposited
with laser fuence below 0.4 J/cmwvere Y.deficient and the Y/Ba ratio wasss than
1:2. On the other handhis was compensated in films grown with a high laser
fluencé''¥, Therefore, the laser energy density sdoille carefully controlled

depending on the material used for deposition.
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Laser Frequency

Compared t@ continuous laseg pulsed lasecan avoid oveheating the optics
and the targefTherefore, risks associated with high energy laser can be redieed.
laser frequencyuring depositiortan be adjusted according to different requirements
of the materialsAs different atomic species have different diffusion sroe a heated
substrate, the laser frequency mainly affiéhe phase formation and film quigli A
very low laser frequency results in excessive time delay between deposition pulses,
whi ch i n turn resul ts i n unwanted Aflannea
stoichiometrydue to the loss of volatile element in the fil@n the other hand, a very
highlaser frequency magaveless time for the ions and atoms to settle aratrange,
resultingin poor crystallinitysecondary phaser phase inhomogenelty.

It was shown thain the deposition of Ry Lax(Zr1 1 Tiy)1 ¢+ Qathin films, by
increasing the laser frequency to 15 e unwantedsecomary phasé¢therutile phase
of TiO2) appearedUnder such a high frequendye specie®n the substrate hatb
time to transform to the perovskite pha3derefore,clusters accumulatiein an

amorphous form and the Plionswerelost by reevaporatioR*3.

Target

During depositionthe target is normally rotated in orderichieveuniformtarget
consumption. After severdepositionsit is necessary to polish the surface of the target
because the compositiaf the ablated areean be totally different from the initial
stoichiometry. The target conditions can have a great influence on gtowth,
including film epitaxy, phase constitutions, deposition rate, and particutaite very
important to have higkensity andhigh homogeneityarget which helpsreduce the

formation of particulates during ablati&h

Substrate

In thin film growth, the condition of the substratan greatly affecthe film

propertiesimpurities on the substrate surface woaddl as an agglomeration source of
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theupcoming atomduring depositionand this can give rise to unwanted islands in the
film. Thus substrateshouldbe very clean before being mounted in the chamber

For a perfect substrat@ucleation happenketerogeneouslyn the substrate
surface.However,most of the timahere are defects on the surfacesobstratdike
atomic steps and dislocation intersectieitber due to mechanical cleavage or poor
crystal quality These defectsvill of no doubt offer low energy siteend thus are
preferable fonucleation

For more delicate purposesubstrates witkingle terminatioror adeliberate mis
cut (often called vicinal substratesje often selectedrigure 46 is an example of the
film growth on a vicinal substratBuring film growth, adatoms would nucleate at the
atomic steps, and propagate towards the stepwillgea smooth frontthen the steps
would move along the substrate surfatrethis way thin film thickness is giwn step
by step, or rathefayer by layerthusachieving high quality growth of thin film3his
is called thestepflow growth of thin filmgtt3,

Growing thin film

Growth

& ~
M I/ /4

Substrate
(vicinal surface) V

Figure4.6 Thin film step flow on vicinal substrdté?.
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Chapter 5 Characterization
Techniques

This researchinvolved characterizeon techniquessuch asx-ray diffraction
(XRD), low angle xray reflectometry (XRR)pw temperaturelectricalmeasuremest
andatomic force microscopfAFM) measuremes. XRD wasmainly used tadentify
the phasend crystal orientationof the thin fim. XRR wasusedfor film thickness
calculation Low temperatureslectricalmeasuremestwere mainly used to measure
resistanceas a function ofemperaturavith or withoutappliedmagnetic field. AFM
was used to check the topography of the film surfatese techniques are briefly
discussed in the followingection 5.1 discusséise fundamental®f XRD technique,
including several heawilused scan modes in this reseait2: cscans;¥y scansphi
scans, reciprocal space m@&sSM). Section 5.2 discusséise low angle reflectometry
(XRR) and high angle fringes to measure film thickned=sction 5.3 explains the
resistivity measuremenind the helium cooling principle, usifgpth a dewar anda

helium-3 probein the minicryofreesystem Section 54 is anintroduction tothe AFM.

5.1XRD

It is avery powerfuland nordestructivetool in material analysisXRD is widely
used inphase identificatiorgrystalorientation or epitaxgeterminationfilm thickness
calculation structural analysisand strain analysis x-rays are short wavelength
electromagnetic radiationibatare usually in the range between 0i0525 nm''3, In
mostcasesthe waelength is fixed and the most commonly usedrces CuKU, with
the wavelengtl®.15418 nm.

In a crystal lattice, tams are regularly distributedith long-range orderThe
interatomic distanceareof comparablenagnitudeo thewavelength of xays In this
seng, atomic latticesare analogous to thdiffraction grating for x-rays. Whenthe

incident beanis coherentlyscattered by the atonrtkere will beconcerted constructive
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interfererceat somespecific anglesThiscorresponds tthe diffractionpeaksobserved

in an XRD patternwhile the backgroundhoise is from the incoherent interference.
Generally speakinghe XRD pattern isa plot ofdiffraction intensityover a range of
angles The scanande depends on the scanning moddichis 2 dn a2 ek scan, or

¥ in an¥ scan.Thepeakintensity ismainlyrelated to the structure of the material, the
orientation, and instrumental parameters.

The x-ray diffraction process in a perfect crystal is demonstrateféigare 5.1
Atomsin the crysal are located on the paraliglanes labeled as A, B, C, etdth the
inter-planar pacingof d. The incident xray is monochromatic with wavelengthThe
incident angle igl, which isdefined aghe Bragg anglencident beam is diffracted
bythe atatntob e am 1 6, oceaurs tbrotisegpanalelbeams.

For diffraction to occuran essential condition must bdfill ed Take beam 1 and
2 for example,in order for the diffracted bearht 6 a rtad hav2 @onstructive
interference, the differences in theay path distance must hepwherenis an intger
The difference in the -xay pathlengthis simply ¢Qi "QéTherefore, thisessential
condition can be written as:

Qi Q¢ &— (5.12).

This equationis also calld@tagg 6 s eqguat i on

plane normal

Incident beam diffracted beam
A ® ° o e °
3 o 3’
019 d

C— o o o o o

Figure 5.1 Diffraction of xrays by a cryst&fd.
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In this research XRD were performed orequipmentin the departmentof
Materials Science and Metallurgy, Cambriddde phase identification of theLD
target was carried out a4 Philips diffractometeilhe analysis oépitaxialthin films
wascarried out on PWith a fourcircle Panalytical Emyrean vertical diffractorter.
P4 and P1 are the local names for the two different diffractometer in the department.
The commonly used XRD modes &afy scansy scansor rocking curvesphi scans,

reciprocal space magRSM). They are briefly described in tii@lowing parts.

d-2 dbcans

The working principle of this scan mode is demonstrated in Figurevbgrey
is the incident angle2d is theangle between detector and theay source s is the
diffraction vector which bisects the incident beam and the diffracted lbedms mode,
¥ is set to follow the value af, with a small offset which is used to align the diffraction

vector to be parallel witthecrystalplane normal.

S

X-ray detector

Figure 5.2 A schematic drawing of tHe dcans.

This is themeasurementf diffraction intensiy as a function od. According to
the Bragg equatiqrihe peak positiom the plotis related to the-spacing. licontains
information onthelattice parametewhich can be influenced by compositiochhnge
or strain In the case of symmetric scam#here the crystal plane normal is parallel to
the sample surface normal afid ¥= Jike the (001) plane in my research, thespacing
is reflecting the @xis value of the film. Therefore, tloait-of-planestrain of the film

can be easily estimated; thkrase of the film can be worked out by comparing the peak
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positions to those in the reference; the film orientation can also be determined by the
appearance of (0 |) family peaks; even the fringes in the vicinity of high intensity
peaks can be used tol@aate the film thickness, all these analysis will be discussed
later.

In this researchthis working mode iprimarily used in phase identification. A
phase is a specific set of chemical and atomic arrangement, and each phase has a unique
diffracted patern. If the material under investigatioonsistf more than two differen
phases, the diffracted pattern is just a simple sum of the component phases. The relative
intensity of diffracted peaks and their positions can be used to match with the reference
patterns so that the phase can be determined. Miller indigd$Wereused to identify
different planes and orientations.

Under ideal conditions in this mode, a single crystal only have one family of
diffraction peaks displayed in the diffraction it corresponding toh(k 1) planes
parallel with sample surfac&or a polycrystalline sample, there ararge numbeof
crystallites with random orientations. Therefore, all possible diffraction peaks can be

observedalbeit some with low intensity

¥ Scan

detector

Figure 5.3A schematic drawing of the scans

¥ scanis a plot ofintensityas a function of , which is also calledocking curve

In this modethe sample i®eing rocked in a small range, while theay tube and
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detector are fixeés shown irFigure 5.3(this is the case with the equipment used in
this research)or the sample is being fixed while theay tube and detector both move

by the same angle to make s@rés constantldeally, a well aligned (oriented) crystal

has a very sharp rking curvewith a small fultwidth athalf-maximum FWHM) value,
regardless of the broadening from the instrument. However, in real cases, there are
always factors like dislocations, mosaicity (which is caused byonesitations of
different crystals), awature and inhomogeneity. These defects cause disruptions in the
originally parallel atomic planes, and thus resulting in the broadening of the rocking

curve.

Phi Scans

For thin film analysis, ph{l) scars areusuallyused to measure the-plane
orientation of the thin film with respectto the substrate Phi scan is usually for
asymmetric scans, wheweis not equal tal. As shown in Figure 5.4his isdoneby
rotating the samplaroundthe sampl@ormal(sweepinghed angle$ while measuring
the intensity of a specific planar orientatiavith other parameters suels¥, 2 dand

y (chi) beingconstan(y is illustrated in Figure 5%

C detector

Figure 5.4A schematic drawing of the scans.
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The resuk of phi scan can be analyzed to determine the symmetry of the
crystalline phase in the film and substrdter instance, in #getragonakingle crysth
with tetrad axis parallel tathe sample normalasis thecasein this work,the phi scans

for inclined planes such as {103} planes will have four peaks when rotated through

360, corresponding to reflections frofh 03), (1 03), 013),and 0 1 3).

Reciprocal SpaceMap

An reciprocal space map ) consists ofmany sets ofd-2 dscans,each
measured a differenty offset It offersa rathercomprehensivestructuralinformation
about a material and is frequently used raistanalyss. The map is usually presented
as a contour map, andia different sets of axes can be used to present the data. As
shown in Figure 5.5, they are the diffractometer g®esand¥) and the reciprocal

space axefQx andQ;).

(a) (b)
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Figure 5.5Recipocal space map based @) diffractometer axes and (b) reciprocal

spaceaxeDat a extracted fromMilary Vickersoé

To enable easy calculation of lattice parametendbiprocalspacemap is usually
plotted inQx and Q;, which is essentially the inverse lattice spacing inxland z
direction of the diffracted plane, respectivetyreciprocal space, each point represents

a set of ( k1) planesBy comparing the twgoints whetier they lie parallel othe Qx
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axis we can tell whether the film isoherentlystrainedin-plane with respecto the
substrateFor example, if the peaks from two reciprocal peaks of film and substrate lie
parallel to each othawith the samé&)y, as shavn in Figure 5.5(b)it means that thim-
planespacing between the planes observed in bothdiilthsubstrate peaks is the same.
This consequently means that the film is fully strairieeplane by the substrate.
Moreover, the lattice parameters of both fitm and substrate can be calculated based
on their peak position in Figure 5.5(b). Therefore, it is more convenient to use the
reciprocal space axes to present the map.

The reciprocal space axes can be converted from the diffractometer axes using the

following equatiog™*d:

0 (5.2),

v — (5.3.
Apart from strain and lattice parameter analysis, the RSM indicates the crystalline

guality of the observed phase as well. For exangparp peak indicateggh quality

film.
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5.2Low Angle Reflectivity and High Angle Fringes

Low angle reflectivity (XRR)s mostcommonly used toneasure film thickness,
surface roughness and the density of the topmost layecdrds the intensity of the x
ray beam reflected by a sample at grazingesglhe operation modeds2d mode as
disccused in the XRD section. The typical range for measuremtns5$ 0 d. The
principle of XRR is based on a w&hown phenomenon in optics.

Optical waves have such a cheteristic that they can be completely reflected
below a critich angle (d;) when iradiatinga sample surfaceThis is due to the
differences in refractive indexes betwettre substance that constitute tbemple
interfaces For the incident angle greater thaml;, part ofthe xray can penetratento
the film. Therefae, reflection occurs at the tagurface of the film as well as the fim
substrate interfaceThe interference between theflected xrays give rise tothe

interference fringes which are angle deperi@@nt

1.019*10°

101910} — E_xperlrr_lental curve
— Simulation curve
$019*10°
2 D190’
g
= Fenn

1.019*10'

1.019*10°

0.62 093 124 1.55 1.86 217 248 279 3.1 N

20 (" )

Figure 5.6 An example of the experimental XRR data and the simulation result. The

simulation was carried out using software Reflectivity BiNRIytical.

An example is shown in Figure Siere are many periodic fringes in the plot.
The period of the interference fringes and the fall in the intensity are related to the

thickness and the roughness of the lafer. thin films, the separatiorbegweenthe
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fringes is inversely proportional to tfien thicknesg(t). It can be calculated using the

following approximatedquatioft'd:

o — (5.9,
whereds the separation (in radians) between two adjacent fril@graple with a
rough surfacescattes x-rays rather than refldog x-rays Therefore the intensity of
the rdlected beam can quickly decay and XRR is normally usedrhooth thin films
to determine the film thickness
The accuracy of this measurement depends largely on the range of the periodic

fringes. For interference fringes in a big angular rangepriesion isaboutl nii*d,

Substrate peak

Film peak

Thickness fringes

1004

14.0 145 150 155 ' 160 @ 185 = 170 175 180 185 190
Omegal2Theta (*)

Figure 57 Thickness fringes for films with 50 n¢(blue)and 10 nired). Data

extracted fromMary Vickes 6 | ect ure not e.

In addition,for high quality thin films, therenight be fringes(especiallynext to
the high intensity peaksn thed-2d scanswhichcan also be used to calcul#te film
thicknessAn example is shown in Figure 5. ¥he mechanism ithe same to the low
angle fringesAlthough in theorythis technique can be applied to any sample, only

those with high quality give rise to the fringdis is because thiinges require
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coherent scattering from all points in the filemy defect destrging lattice coherence
could extinguish these fringes long bedothe primary xay reflectiot*. Thefilm

thicknesss calculated using the following equati&ii:

FO Ve H—H— (5.5
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5.3ResistanceéAs a Function of Temperature

M easurement

Theresistance was measuredhgsa fourpoint probe geometry as shown in Figure
5.6.In thisgeometrycurent isapplied to the outer electrodaadthe potential drops
detected betweehe inner electrode€omparedo the twopoint probe geometrjour
point probegeometry avoids measuring the resistance of the connecting leads. This
means when the samgecomes superconducting, the measured resistance is zero and
not some finite valuedue to the contributiofrom theconnectingeads.

In this thesis, sample resistangas measurelly wire bonding electrodes on the
plain films, without any other pattemmg. The spacing between two electroaesthe

samples usuallyabout0.57 1 mm.

Sample holder

sample

electrodel

current () current

Figure5.6 lllustration ofthe four-point probe geometry

Theresistancaneasurements were cad out in two cooling systems because of
different temperature requiremsnone is thehelium-4 dewar for tenperature range
between 4.2 K 300 K; the other one ithe helium3 probe for temperature range
betwea 0.3 K- 300 K.The reason isxplained a$ollows.

Although SrpRuQy is superconductingt 1.5 K, he SpRuQ: thin films from early
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depositionsvere neither superconducting nor fully conductive down to 0.I8d{ead,
they either behawHike an insul#or or a metainsulator. In that casé is not necessary
to cooldown to 0.3 KA quick way to check thednsportpropertiesof the film is to
usethe helium dewar, which cdrequickly coded down to 4.2 K and this temperature
range (from 300 K to 4.2 K) is enough as a first check for thieu& thin films. For
SrRuQy thin films thatwerefully metallicdown to 4.2 Kfurther coolingwasrequired

to characterize the low temperature behavior ofilime Thereforetempergures below
1.5 Kwerenecessarin order to check whethdne films weresuperconducting or not.
In this situation,helium3 probe in the minicryofre systemis used to achieve
temperature down to 0.3 Besidesthe minicryofree is equipped with a magnetic field

up to 1 T, provingsgomecrucialfield dependent data for /RuQ thin films.

5.3.1 Tc Probe in Helium Dewar

Liquid helium is stored in a spmal vessel called dewalhe resistance was
measureddy mounting the sample ontdfasample holdemwhich is connected toome
madeT. probe The Tc sample holder is a copper pad with eight electrades he
sample was wirdoonded to the electrodes ugithe four point probe geometnBy
slowly dipping the probénto the dewariquid helium4 boils asheat is taken away by
the evaporationIn this way the temperature can be cooled dgwroviding the

resistances a function ofemperature datdgown to4.2 K

5.3.2 Helium-3 Probe in Minicryofre e

For emperature range between 0.3 BD0 K,themeasurements weoarried out
using thehelium3 probe in minicryofree systemThe minicryofree is a vacuum
insulated chambeused to supporand thermallyshieldthe superconducting magnet
andvariable temperature ins¢NTI).

Figure 5.7is a brief description of the cooling principle of thgstem At room
temperaturethe helium gas (helium) is stored in the helium dump.dobes into the

VTI via the gas inleand gets purified after tleharcoal filter. After the heatxchanger,
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the helium4 gas is cooled down below its boiling point (4.2 K) and condenses in the
helium pot. Then the liquid heliush expands after flowing through the needle valve
andis furthercooled down to about 1.6 &s it expanddt can be warmed through the
VTI heat exchanger when necessary. The hellugas flows past the sample and then

back to the helium dump.

pump
Helium Sample
gas inlet space
‘ Charcoal filter
heat VTI
exchanger
Helium Needle valve
dump He \ /
pot
VTI heat exchanger

Figure5.7 lllustration of the heliurm cooling principle othe minicryofree

Replotted from the minicryofremanual

Temperatures down 1.3 K areachievedn the helium-3 probe, which is more
complicated. A schematic drawing of thelium-3 probe is illustrated in Figure 5.8.
Thehelium-3 gas is contained in thelium-3 dump in the probélwo charcoal sorption
pumps (main sorption pump and the mini sorption pump) are used in pumping and
thermal isolation of liquidhelium-3. Basically, he main sorption pump is to control the
liquid helium-3 vapor pressure; whildhe minisorption pump is to control the amount
of the helium4 exchange gas in the inner vacuum chamber (IVC). The typical cooling
cycle is as follows. Thieelium-3 probe ignserted into the sample space in minicryofree,

andfirst getscooleddownfrom room tempiatureby setting the VTI at 1.6 Kollowing
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the cooling process discussed abdwering this process when the main sorption pump
reachedlO K, thehelium-3 gas is completely desorbed into tieium-3 pot. When the

mini sorption pumpreaches25 K, the helium-3 pot gets cooled by desorbing the
helium4 exchange gas into the IVC. When batum-3 pot is cooled down to 2 K, all

the helium-3 gas is fully condensed. Then the main sorption pump is set to 1 K, as the
temperature drops, the vapor pressure oidigelium-3in thehelium-3 pot also drops.

In the meanwhile, the mini sorption pump is set to 1 K, which absorbed the helium
exchange gas from the IVC and thermally isolatehdhiam-3 pot. Finally, by pumping

the main sorption pump on the condenkddim-3, thehelium-3 pot is reduced to 0.3

K.

Helium-3
dump

Main sorption pump

Mini sorption pump

» [IVC chamber
» Helium-3 pot

—— Sample platform

Figure 58 Illustration of thehelium-3 probe, which would baserted into the sample

space in Figure 5.during measuremerikeplotted from théelium-3 probemanual
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5.4AFM

The surface topography sbme of thehin films have beemeasured bAFM on
the scale from micrometelown to nanometerange The basic working principle is
demonstratedn Figure5.9. The sample surface is scanned bgaatilever with a
atomicallysharp tip.When the tip is dseenough to have interaction with the sample
surface the cantilevercan bedeflected.The deflection ighenmonitored by aiode
laser reflecting from the back of the cantilever towards photodetector. The
photodetectoris used to monitor and amplifyne cantilever deflectionA surface
topography image is therefore built Wpfeedback circuiis used tacontrol the tip

sample distance in order toaintaina constant forcand avoid damagghe tip or the

sampléd,
detector
v Piezo-actuator
Pc and
feedback —

electronics

sample |

Figure 59 A schematic drawing of the AFM working principfd.

One of he most commonly usedorking mods in AFM is the tappingnode.In
this mode, the cantilever sivenat orslightly belowits resonance éguencywith the
tip slightly taps on theurface of thesanple, making contact with the sample at the
bottom of its swingDuring scanning, Wwen the tip is gt far from the sample surface
the cantilever oscillates at a constant amplitMiben the tipis broughtclose to the
sample surface, several forces including the Coulombic and van der Waals interaction
contribute to the movement of the cantilevAs a result, le effective resonance

frequencyand the oscillation amplitude the cantilevers danpened as it approaches
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the sample surfacd@he amplitude would firsgraduallyreduce followed by a sudden
drop when the tigsample distance is close enough that the tip completely sticks to the
sample surfaceThe change in the oscillation amplitude sed to measure the {ip
sample distan¢&d.

TheAFM measuremestin this thesisverecarried out orthe AFM in my group
Multimode SPM Nanoscopd. SoftwareWSxM 5.0 developvas used t@analyzethe
AFM datd™d.
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Chapter 6 Growth and Optimization
of Metallic c-axis Oriented Epitaxial
SroRUO4 Thin Films

As mentioned in Chapter 8urrentlythere aremany research groupsying to
grow superconducting SRuQs thin films using either PLD or MBEUNforturately,
despite the effortsthe results areot so satisfactorycompared to the growth of
superconductingsingle crystal SRuQs. Before this work there was only one
superconducting SRuQq thin film reported in 2018%, and no following report
afterwardsThe extrere sensitivity of superconductivity @r»RuQ; to impuities and
disordermakes ita challenging task to grow superconductingR&rQ; thin films.

To makethings easierand tackle the problem progressivelystared out by
identifying the optimum deposition parametens parametewindows to grow c-axis
orientedepitaxial SRuQ; thin films. This is thefirst partof this chapterThe process
startedwith target fabrication ansubstrateselection and then witlthe optimization of
deposition parameter§he secongbartof this chapter isheimprovemenbf transport
propeties from metalinsulating StRuQs films to metallic SfRuQs films, which

involvesfine tuning ofsome keydeposition parameter

6.1 Phase Optimization for eaxis Epitaxial SrRuQO4
Thin Films on LSAT Substrates

6.11 Target Fabrication

It is known thatSr,RuQ; thin films grown from a pure target hatewer defects
than thos grown from a less pure tar§ét Thereforeatargetwith highlevel ofpurity
is thekey stepfor succeshul growth of superconductin@rRuQ; thin films. Due to the
fact thatthere isno commercid SrRuQ, target avalable, all the SpRuQ, targes

involved in thisresearclarehandmade via a solid reaction procé8s
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The starting powderswere SrICQ; (Alfa Aesar, 9%) and Ru@ (Alfa Aesar,
99.9%) Powderswere pre-heatedto removemoisturein order to be accuratehgn
weighing After weighing, heappropriate proportionsf powdersverecarefullymixed
in the mortar by continuously grindingith a pestleThe mixing process wasarried
outmanually until the color ahe mixturepowders SrCQ; is white andRuQG, is black)
wasfully uniform, at least to the naked eyes (e.g. no whitessgsible). After that,
theywere transferred to a dend pressed intapellet (1inchin diameterand 56 mm
thick, thicknesof the pelletdependedon the amount of powders beingepsedl The
pellet was then sintered ancleantubefurnace.In the first cycle of sintering process,
the pellet wassintered at 120@ in oxygen atmospherwith a heating rate set at
5 € /min. This wasfollowed by a24 hoursdwelling period which wasto make sure
that thestartingpowdershadfully reaced Subsequentlythe pellet was cooledown
to room temperaturén the same oxygen atmosphexgh the cooling rate set at
5 € /min. After thefirst cycleof sintering theassinteredpelletwas looseand porous,
and crumblectven by a slight touch. Moreover, it was very easy to crack. Therefore,
the pellet waurtherre-ground into powdes, pressed intanew pellet and underwent
the samesinteringprocessagain.After the seconatycle of sinteringthe target was
dense and hardhis resintering process redud¢he porosity of the targeln order to
make a dense and high quality target, the pelletusaallyground and sintered twice.

Three targets were made in this research and ahgirdifference was the ratios
of the starting powders in termsaibmic perceratge The first targehadSr/Ru = 2.1:1.
As the Sr/Ru ratio irsrRuQs phase is the highest among othefR&¥O phases, it
makes sense to have more Sr in the targehsure that only 86Sr,RuQs phasecan
exist in the targeHoweverdue to Sr excesanother unexpected phase: SrO was found
to be present in every filnThe details are shown the subsequesiection. Therefore,

a second target whidtada ratio ofSr/Ru = 21 was madetHowever it was still difficult
to get rid of the SrO extra phasethe films grownwith this target The major reason
for the extra SrO phas#servedn films grownfrom boththefirst two targets can be

associated with Ru deficiencyt high targetsintering temperatures, any volatile
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species in the target could be lost during sintering, especially near the surface. Given
the fact that Rean be easily oxidizeidto RuQ;, which isgaseous at high temperature,

it can therefore lead to Ru loss in the &dfy Thereforeit is possiblghatboththefirst

two targets wer®u deficient after two rounds of sintering, dral’e more tendendyp

form SrO extra phase.

Lastly, astraightforward way to compensate for the species loss and maintain the
targetstoichiometry is to add an excess amount of the volatile component to the starting
powders. Irthe thirdS,RuQ;, target, an excess @b at% RuG powderwas addedhto
theinitial mixture ofpowders Thisis also the same recipe for growing singlestai/
SrpRuQ’. This target subsequentbonsisted ofphaseSrRuQy, and thereforavas
usedfor the rest othework. After several rounds of grinding and sintering, the final
targetwaspolycrystalline, as shown in thRD results in Figure 6.Wvhich shows that

all peaks from the target match those of thdk8€ reference peaks.

Counts
200- — Reference
— Target
600
400
2001

0

10 20 30 40 50 60 70 80

20-0 (° )

Figure 6.1 xray diffraction onthe SbRuQ; targetwith 15at% Ru excess the
starting powdeand the referenddCHDS No. 010821096 pattern.

During depositionhigh energylaser can severely change the composition and the
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morphology of thetarget surface de to localized partial meltiftj. Therefore,
polishing using sand paper was done on the target suafeareevery deposition to
ensure that the compositional change from previous deposvill not affect the

subsequent deposition.

6.1.2 Substrate

As alreadystated in @apter4, the lattice mismatch betwe#me substrate and the
film has an importanimpacton film epitaxy.Therefore the lattice parameter of the
substrates is the §t criteriato be considered wheselectinga substratematerial
Several different single crystal substrates were comparelddingthe commoty used
ones and thee mat i oned i n ot $ aAlOPos(SrAlopTanddz)ofr epor t
(LSAT), SITiOs (STO), LaAlOs (LAO). Except for the lattice mismatch at room
temperature, the lattice mismatch at high temperature (growth temperature) and low
temperature (measurement temperature) have also to be taken into consideration. The
thermal expansion mismatch betwesebstrate and film might induce strain or defects
into the thin films.

Unfortunately there is no study on the lattice parameters #u&k at high
temperature at the moment, and no report the thermal expansion coefficient,
eithef*?d, An indirect way would be to compare the thermal expansion coefficient of
the different substrates in Table 6.1. At room temperature, the lattice mismatch between
SprRuQy and LSAT is the smallesttSAT has the smallésthermal expansion
coefficient?d among LSAT, STO, and LAO, which irgdites a minimum lattice
parameter change either under heating or coolingddition, theperovskite structure
of LSAT can facilitate the epitaxial growth of BuQs. Therefore, LSAT was chosen
as the substratéll LSAT single crystal substrates in thpgoject were ordered from
CrysTecGmbh

Every time before depositipsubstrates were ultrasonicatiganedn a bath of
distilled water, acetone ambpropyl alcoho[IPA), sequentiallyfor 15 min, and dried

with compressed air. Right after cleagirhe substrate was mounted oatoesistive
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heaterusingsilver paint, which guarantees not only a good adhesion to the heater but
also a good thermal conductance between the heater and the substitzeeported
depositiontemperaturevindow forhigh guality SLRuQ; thin film is less than 1@ 24,

it is important tanake sure a good temperature uniforrsitythat the&Sp,RuQ; thin film

is homogeneousThe substrate was heated up in a-$tegting moddo avoid any
thermal shock with heating rate ofabout 10€ /min. After reaching the desired
temperature, the substrate was Keptabout 10minutesto make sure the ssbrate is
uniformly heated After the deposition, the substrate was coodledvn to room

temperature at coolingate of 10C /min in the same oxygen pressure as during

deposition
Material | Latticeparameter| Latticemismatch| Thermalexparsion coefficient
(nm) VS SKRUQ; (%) (KD
SprRuUQy 0.3873 N.A. Not reported
LSAT 0.5468 0.16 8.2x 10°
STO 0.3905 0.90 9x 10°
LAO 0.3821 1.27 10x 10°

Table 6.1Lattice parameter comparison betweesR80; and other(0 0 1) oriented
singe crystal substrateat roomtemperature. The lattice parameters and thermal
expansion of LSAT, STO and LAO are all provided by CrysTec Gmbh. The lattice
parameter ofSpRUQ; is from JCPDS No. 60821096. The lattice mismatch was
calculated using equation 4dnless otherwise mewined,the orientation concerned

in thisreport is (00 1). ‘It should be noted tharf&RuQ: grownon the LSAT substrate
has to undergo a 45n-planerotation in order to minimize the lattice mismatch to

0.16%.

From Table 6.1it seems thathere is a bigdifferencein the in-plane lattice
parameters between,BuQ; and LSAT However, nh epitaxial thin film growthif the
difference in lattice parameters between substrate and film is very large, the film will

have tendency to rotate 4t-planeto minimize the lattice mismatcHn my case,
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SrRUOs unit cellsindeed undergoe4s® in-planerotation,asschematically illustrated
in Figure 6.2(XRD resuls presented in Chaptershowevidence of this rotatiom
Figure 7.1 (c))Thein-planelattice parameteafter45° in-planerotation for SsfRuCy
is 0.3873 xS 2 = 0. 5477 nmyesulting in only 0.16%ifference withthe lattice

parameter of LSAT

0.3873 nm \
) 5o

,—> _ 0.3873x\2=0.5477

Sr,RuQ,

Figure 6.2 Schematic showinthein-planerotationof SeRuQ film unit cellon the

LSAT substrate.

6.1.3The Influence of Deposition Parameters oM hin Film

PhaseComposition

In this research, théd106 PLD) systemin my group with a KrF laser (from
Lambda physik) was usedio begin with, a good vacuum is essential towards a high
guality thin film.Thefi 1 0 6 dydteBramormally cameach a base pressure between
10 to 10° mbar after an overnight baking and pumpimgaddition, chamber leakage
was testd every time before thedeposition to make sure the vaou for every
deposition was consister@ncethe desireddeposition temperature is reachéiae
system wageft at that temperature fabout 10 minso make sure the substrates at
a uniform tempeature. In the meanwhileO, was let in through the needle valve which
was connected to ax@eservoir. The lasernergyand ablation frequenayerealsoset

at the same timeThe target wadgirst pre-ablated for about 100 pulseshile the
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substrate was covered by a shufidre purpose of thre-ablationis to removeany

dirt and impuritieon thetargetsurfaceand leave a fresh surface for the real deposition.
After all the preparatios) depositionwasstarted at the chosen paramet®vienthe
deposition finished, the chambgascooleddown to room temperatureith O flow.

Althoughthe PLD targephasewasknown, it does not mean the composition of
the film would be the same as that of the tarDetk to the difference iparticlemass,
chargevaporpressureand sticking coefficientf the target specsethe composition
of the filmis expected tbe greatlyaffected by mangeposition parametessich ashe
gas pressuraleposition temperaturéarget tosubstrate distancandlaser fluenceln
the case of SRu-O, there could be a competition among the formatiosesferal
different crystalline phases: StG5rRuQs, SrRWO; and SrRu@. Therefore the
growth of SLRuQy thin films requires the delivery aheright ratio of speciedo the
substrates.

A survey ofall the reporte@yrowth of SsRuQs thin films by PLDwas recordeth
Chagper 3.In spite of thisthedivergence in some of the deposition parametedsthe
wide selectiorof deposition parametersack it difficult to select starting conditions
Thereforea careful optimizatiomvasnecessary to make sure t@mpositiondoes not
deviatefrom the desed one.To make things easy and clear, the optimization was
started by adjusting one parameter at a time: background gas pressure, deposition
temperaturetarget tosubstrate distance amakser fluenceWhen one parameter was
changed, the othergerekept constantThe fllowing partis a systematic study of the

influence of thedepaition parametersn the film composition.

OxygenPressure

The addition of oxygeduring depositiornis necessarfor oxide thin films which
not onlyservesas a background gaut alsasa reactive gaf?ure oxygen was used
in the depositionsThe phasgof the SfRu-O thin films were characterized by XRD,
asshown in Figure 6.3Different phass havedifferent thermodynamic stabilitiesnd

therefore require different amounit oxygert®. With the increase in oxygen pressure,

80



the dominat phases in SRu-O thin films were identified in order from SrO,.BuQ,

+ SrO, StRuQy, SERuQs + SrRu@, and SrRu@ This trend is consistent with the
chemical equilibrium of the SRu-O phases with different oxygen amount, asidin
the bulk SfRu-O system:

YIY® £ ¢Yi 0°Y6 O (6.2),
Yl YOOYIY®  YH O (6.211%3,

S ‘ P1

0.008 mTorr, StO (A)

P2
0.1 mTorr, Sr,RuO, (@) + SrO (A)

s

3
10 mTorr, Sr,RuO, (@)

Intensity (a.u)

P4

20 mTorr, Sr,RuO, (@) + SrRuO; (%)

P5
50 mTorr, SrRuQ; (%)

2 40 60 80

Figure6.3 XRD results of composition in the-Bu-O film with the change in
oxygen pressure presented alog scale, with the sample names to the right. The
influence of the oxygen pssure on SRu-O thin films was studied by adjusting the
oxygen pressure from low to high while the deposition temperature was settt 950
target to substrate distance at 7.5 cm, laser fluence at 1% ld/sen ablation frequency
at 8 Hz, and repetdn of 6000 pulses. Heating and cooling of substrate was done at a
rate of 10 €/minute. The peaks in the XRD have been identified by comparing to the
reference data (JCPDS No0.-0821096). S denotes the LSAT substrate. All the peaks
for SpRuQyidentified were (00 1) oriented. The thicknesses of the samples are given

in Table 6.2.
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The above chemical reactiorse for illustration purpses, and by no means
representhe real PLD growth process, which involves high density plasma that cannot
be simply desibed using simple reaction equatsoin reaction (6.1), more oxygen in
the system would make the reaction more favorable towards the left side, and thus easier
for SLRuQs to be formed. However, as shown in reaction (6.2), too much oxygen in
the system wuld facilitate the further formation of SrReirherefore, as the oxygen
pressure is increased, the phase in the film changed fraichSgshase (SRuQs) to
Ru-rich phase (SrRug).

In addition asmentioned in Chapter, 4he oxygen pressutesa greatinfluence
onspeies with high vapor gssures. In SRu-O series, Ru hashagh vapor pressure,
because it form&uQy gaswith a boiling temperature of only 40 €23, Therefore,
films grownat low oxygen pessuresendto have less RiAs mentioned in Chapter 4,
the loss of species withigh vapor pressurean be compensated by increasing the
pressureMy result isconsistent withthis in that at high oxygen pressur@pRuQy
formation wasfavorable Similar resuls have been found inPb-Zr-Ti-O thin film
depositionsPb deficiency was found iiiims grown at low pressures, but not in films
grown at high pressurégt.

Finally, it has to benoted that the gas pressure can affect the film thickibss.
film thicknesses were estimated frorray fringes, more details can be found in
Appendix I. As shown inTable 6.2 as the pressure increased, the film thickness
decreased, with thexceptionthat film deposited &2.008 mTorr was not in trend@he
reason is that high pressure reduceskthetic energy of the plume and creates more
scattering, causing a l@wvdeposition rate. Therefore, for the same number of laser
pulses, films grown at higipressure are thin&. However, for films grown at
extremelylow pressureshe plumebecomesvidely expanded due tie@wer collisions
with the gasmolecules therefore,reducingdeposition rate and giving rise to a thin

film 8. Thismay explainexception for the filndeposited at 0.008 mTorr.
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Sample | Oxygen pressure (mTorr] Thickness
(hm)
P1 0.008 48 £5
P2 0.1 63 +5
P3 10 57 +3
P4 20 43 +3
P5 50 36 +2

Table6.2 Thickness of the RRu-O films in Figure 6.3Thethicknesgs were
estimated from xay fringes the estimation of the thickneagad thicknesgrrorsfrom

x-ray fringescanbe found in Appendix I.

Deposition Temperature

Deposition temperaturgreatly affectsthe nucleation proce$8 by means of
activation energylo some etent it influenceswhich phase nucleates on the substrate.
Normally for thin film growth, the temperature shoulelligh enough sthat the atoms
can get sufficient surface diffusion and timmimizethe surface ener{l. However,
for somecomplex oxidessome cation species which have high vapor pressures may
be lost during depositidi? at high temperatures. Therefore, a stoichiometric growth
cannot be realized. In this way, the deposition temperature is closely teldtedgas
pressureln this specific case, increasing the deposition temperature has similar effect
on the film stoichiometry adecreasinghe gas pressure.

In the case of SRuU-O thin film depositionas already discusseu has a high
vapor pressurandeasilyevaporate in the form of Ru&?3. As can be seen in Figure
6.4, with the increase in temperature, th@minantphassin S-Ru-O thin films were
identified as SrRug) SekRuQs + SrRuQ@, SeRuQy, and SgRuQy + SrQ, progessively.

It is clear that Ruich phases such &RuQ formed at relative low temperatures while
Srrich phasesuch asSp,RuQ; formedat relative high temperatures, consistent with
the Ru evaporatio.his is consistent with the reports BnGa04*°Y, due to the high
vapor pressure of Zn compared to that of Ga, the film exhibit a significant of Zn loss at
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elevated temperatures. Therefore, the deposition temperature cannot igétoo h

In general, deposition temperatungyht slightlyaffect the film thickness because
the sticking coefficient of the atomic species is closely related to tempeeatdre
generally porous fillmhave higher thicknes=d®. However, h my depositions, due to
the smalltemperature widow the thickness variations shown in Figure 6.4 were not

obvious enough to draw any conclusion, the results are shown in Table 6.3.
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Figure 6.4 XRD results of SIRw-O composition in the film with the change in
deposition temperature presentedalog scale and the sample names are to the right
While the temperature was adjusted from low to high, the oxygen pressure was set at
10 mTory thetarget to substrate distanat7.5 cmand the laser fluencat 1.5 J/cnf,

laser ablation frequency 8 Hz, atudal repetition 06000 pulsesHeating and cooling

rate was maintained at XlYyminute. The peaks in the XRD have been identified by
comparing to the reference data (JCPDS No0O&821096). S denotes the LSAT
substrate. All the peaks for :RuQ; identified were (00 1) oriented. The film

thicknesgs were shown in Table 6.3.
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Sample | Temperature (€) | Thicknesgnm)
T1 980 58 +3
T2 950 55 +4
T3 850 60 £2
T4 750 52 +5

Table 6.3Thickness of the films in Figure 6.#hethicknesss wereestimated
from x-ray fringes, the estimation of the thickness and thickness errors frayn x

fringes can be found in Appendix I.

Target to Substrate Ostance

With theincrease irthis distance, thelominantphassin SRu-O thin films were
identified asSrRuQy, SLRUQw + SrRu@, and SrRu@ as shown irFigure 6.5t is
obviousthat he target tesubstrate distang®) affects thephases in the filmg=ilms
grown in a relative shof tend tohave Sirich phase, while those grown in a relative
long distance have Ruch phase.

This can be understood in terms of the plumnepagationduring deposition
Within the distance from target to substrate, the energy and the composition of the
particles as well as the ion density in the plume vary®llddue to the existence of
gas in the chaber, all speciegonstitutingthe plumecanbescatterednd thermalized.
In this process, particles whiehelight in massaremore prone to be scattered. In the
case of SRuU-O, Sr is lighter than Ru. Thereforejthin the distance from target to
substrate Sr was more easily scattered than R is short, the scattering of 8ras
not significant.However,for relativdy longerD, the scatteringf Sr was significant
enough to cause Srloss and thus redirita Rurich phase in the filnirherefore, films
grown at short distanceare Strich, while those growrat long distance are Rurich.
Similarly, this preferential scattering of lighter atoroger long target to substrate
distances also foundn the deposition of SrTi€XTi is ligher than Sr}hin films. Sr-
rich phases werboundto domnate infilms grown at longD values whereas Frich
phases wereas found in films grown at shdnt°7.
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In addition, D is related to the gas pressure (P), following the aforementioned

empirical lav*® 18 in Chapter 4:
0 O 6 (6.3)1109,

7.5 ¢m, Sr,Ru0, (@)

8.7 cm, Sr,RuO, (@) +SrRuO; (%)

Intensity (a.u)

10 cm, SrRuO; (%)

20 40 60 80
20(° )

Figure 6.5XRD results of SIRu-O composition in the film with the change in target to
substrate distang®) presentedn alog scale, and the sample names argoright.
During experiments, Dvasadjusted gradually from short to long, while the oxygen
pressure was maintained at 10 mTodeposition temperature at 960, and the laser
fluence at 1.9/cn?, laser ablation frequency at 8 Hz, and total repetition of 6000 pulses.
Heating and coolingate was maintained at T'minute. The peaks in the XRD have
been identified by comparing to the reference data (JCPDS N06821096). S
denotes the LSAT substrate. All the peaks feR8x identified were (® 1) oriented.

The film thickness was shovin Table 6.4.

The equation can be understood in the following way. For the deposition of a
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specific material in a PLD system, under background gas preBsuthere is an
optimum target to substrate distarizg which guarantees the optimum plume species
transfer to substrate. Suppose the background gas preRsinereases toPd
according to that equation, the new optimDefiis shorter compared @o. If the real

target to substrate distance is dbij, it means the distance is relatively longerthis

way, increasing the gas pressure or the target to substrate distance has similar effect on
the thin film composition. The difference is that the film composition is more sensitive
to target to substrate distance because of the powdrich is normHy bigger than

1199, This empirical law also explains why the oxygen pressure used to giRwChr

was so different amondifferent research groups, as shown in Table 3.2. Given the
different deposition chambers, different target to substrate distances, it is reasonable to
have a big variation in the optimum oxygen pressure.

Finally, it has to be noted that tldeposition ate isinfluenced by the target to
substrate distancés D increases, atomic species normally undergo more scattering
along the way from target to substrdtberefore, the deposition rate ternd decrase.
Neverthelesgheplasma plume is highly dirgonal, andthusthe film thickness in fact
does notdecreaseoo much as the distance gets loferas shownin the film

thicknesses ifable6 4.

Sample Distance (cm) | Thicknesgnm)
D1 7.5 58 +2
D2 8.7 56 +3
D3 10 53 +2

Table 6.4Thicknessf the S¥Ru-O films in Figure 6.5Thethicknesgs were
estimatedrom x-ray fringes, the estimation of the thickness and thickness errors from

x-ray fringes can be found in Appendix I.

Laser Fluence

The laser fluencmfluencesot only thecomposition of the ejectingpeciesn the
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plume but also theikinetic energy.In order toachievestoichiometric SIRuQ; films,
a critical laser fluence range must be determined.

A gradual change in the phase composition with lisence isshownin Figure
6.6. With the increase in laser fluence, th@minantphases in the filnthanged from
SrRUQy + SrOto SrRuUs to SLRUGs + SrTRUQ@ and finallyto SrRuQ at the highest
laser fluencelt is clear that in the SRu-O systemarelativdy highlaser fluenceesults
in a Rurich phasdike SrRuQ@, while arelative lowlaser fluencdeads to a Srich
phasdike SLRuUQu.

The reason that high laser fluence results in low Sr/Ru ratio caeldted to
scattering of the atomgpecies in the laser plunia.a simplistic view, gice the energy
from laser fluencélaser energy density3 iransferred to thatomic species the form
of their kinetic energyhigherlaserfluence results higherkinetic energy otheatomic
speciesn the plume Consequently, higher kinetic energy translates to higher linear
momentum of the atomic spesiesSince particles with higher level of linear momentum
are less likely to be scattered, increasing laser fluencenwithally result in less
scattering for the atomic species during the deposition.

In my case SrRuQ (low Sr/Ru ratio) tends to be obsedsat high fluence while
SrRuQy (high Sr/Ru ratio) tend®tbe observed at lower fluencéi§ seems to infer
that at high fluenceSr (lighter atom) is more scattered than at low fluenteis
somewhatontradictghe arguments in the literature whicherg#ally associate highe
fluenceto less scatteringf lighter atomsFor example, in the case of Y&&arO7.xthin
films, where Y is lighter than Ba, for low laser fluence below 0.4 Z/tme film was
Y-deficient and the Y/Ba ratio was less thartt®2

In view of the above discrepanady this SFRu-O film case, thecompositional
change with respect to fluence cannot be explainesdayteringof lighter and heavier
atoms alonebut rather there may be combinasaf a few mechanisms, which will
require an in depth studies on the ionization state of Ru and Sr atoms in the plasma
(chaged ions scatters differently to neutral atonte®ngruentor incongruent target

ablation,as well as possible reaction to form bigger molecules in the plasexdition,
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for different fluence, the spatial distribution of atomic species in the pluméenasry
different. Moreover,in my case, Ru tends to be oxidized to Ru®the presence of O

and therefore further complicates the scattering process.
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Figure 6.6XRD results of SIRu-O composition in the film with the chga in laser
fluence presentkon alog scale and the sample names are to the rightring the
optimization, the laser fluence was adjusted gradually while the oxygen partial pressure
was set at 10 mTqgrideposition temperaturat 950 € , and the target to substrate
distanceat 7.5 cm, laser ablation frequencgt 8 Hz, andrepetition of6000 pulses.
Heating and cooling rate was maintained aCIfiinute. The peaks in the XRD have
been identified by comparing to the reference data (JCPDS N06821096). S
denotes the LSAT substratdl the peaks for SRuQsidentified were (@ 1) oriented.

The film thickness washown in Table 6.5t has to be noted thalhere would be a
slight energy variationlue to theperiodicrefilling of KrF gas for PLD which results

in higher fluctuationin laser fluence immediatelyeforelaser gasefilling.
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Finally, it is worth mentioning thaa high laser fluencalso affects the deposition
ratd®™. Generally, a high laser fluenissexpectedo result in a higldeposition ratend
thus giving thicker film for the same number of pulsBsis isconsistent with rgults

shownin Table 6.5for film deposited using000 pulses.

Sample Fluence (J/cr) | Thicknesgnm)
L1 0.8 36 £3
L2 1.6 60 +2
L3 1.8 68 +2
L4 2.2 82 +3

Table 6.5Thicknessf the S¥rRu-O films in Figure 6. Thethicknesgs were
estimated fronx-ray fringes, the estimation of the thickness and thickness errors from

x-ray fringes can be found in Appendix .

Film Composition Using Different Targets

Lastly, films grown usinghe three differenBr.RuQs targetsmentioned previously
were comparedlhe only differenceamong the three targetgs theSr/Ru ratio. For
clarity, the three targets were named as tatgelrget2, and targeB; and the

corresponding films were need as A, B, and C, separately. This is shown in Table 6.6.

During the optimiation of SfRu-O thin film growth,it has beerioundthat only
target3 gavethe possibility of obtaining the intended film pedgare SsRuQs phase)
in XRD scan, as shown in Figure 6.7. Whereas films grown using e#ttgatl or
target2 always resulté intheextraSrO phasgalthoughpossible deposition parameters
discussed aboveave beerried and variedThe results shown in Figure 6.7, with the
red dashed line pointing out the SrO pefsdk explained previouslyhe reason for this
is the volatiity nature of Ru, resulting in Ru deficiencyboth targetl and targe® as
well as the films Only target with a 15% excess of Rtarget3) was found to
effectively suppress the appearance of SrO phase and yield the gRo©SkHIM.

Therefore, targe8 waschosen to besed in the work.
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Figure6.7 XRD results ofSprRuQs thin films grownusing three different targets,
presented in log scal€he peaks in the XRD have been identified by comparing to the
reference data (JCPDS No0.-082-1096). All thepeaks for SIRuQs identified were (0
0 1) oriented.The growth conditions are obtained from the previopsnuzations:
deposition temperaturat 950 € , oxygen pressure a mTorr, target to substrate
distanceat 7.5 cm, laser fluencat 1.4 J/cnt, ablaton frequency at 2 Hz and total

repetitions of 6000 pulses. Heating and cooling rate was maintaineéamnirtute.
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Target Sr/Ru | Corresponding films| Comments on film composition
Targetl |2.1:1 A SrRuQ; + SrO phase

Target2 | 2:1 B SrRuQ, + SrO phae

Target3 |2:1.15 |C SrRuQ, phase

Table 6.6 Three different targets ahed corresponding film phase compositions.

6.1.4Summary on Sro.RuO4 Thin Film PhaseOptimization

To sum upthe deposition of-@xisoriented SAIRUGx thin films on LSAT substrate
usng myhandmade targehas been optimized by studying the influence of fogjor
depositionparameters otilm compositions.Firstly, targetswere fabricated using
different nominal Sr/Ru ratie and the resulting films were examinethe target
fabricatel with a slightexcess Ru powder was foutalgive the mosphase puréims.
Subsequentlypxygen pressureleposition temperature, targestabstrate distance, and
the laser fluencwvere tuned systematically to find the deposition tr&fnge in the
dominant phasén asdepositedSr-Ru-O films have been revealed to follow some
trends In general,lie appearance of &RuQs phaseprefers low oxygen pressut@gh

deposition temperature, shderget tosubstrate distancand low laser fuence To

summaize, a schematic phase diagram basn illustrated ifrigure 6.8

Although the deposition parameters were adjusted independently, they are actually
interrelated as already discussed in the previous sections and all have an influence on
the deposition ratdt has been discussed in Chapter 4 tiatleposition rate can affect

thin film formation mechanism. Thig effect also means that the deposition rate will

eventually affetsurface morphology/roughness.
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Figure 6.8A short summary of the phase giamon the four deposition parameters:
oxygen pressur@leposition temperature, targetsiabstrate distance, and laser fluence.

The arrow indicates an ascendufigectionfor the specific axis.

6.1.5A Comment on theReproducibility of Sr.RuO4 Phase

In general, PLD is a very reliable technique for thin film growtlder optimized
conditions In my casegpart from finding thérends of thgrowthconditionsof S-Ru-
O thin films, it has also been found tl&RuQ films with reasonably consistent XRD
peakscan beconsistentlygrown.For example, th¥RD results of théour samplegP3,
T2, D1, L2 which were grown under nearly identical conditibase beesummarized
in Figure 6.9 The XRD patterngor all four samples show-axis orientedSnLRuQ,
phase

Nonetheless, there are some sligatiations First, it seems that there are some
tiny extra peaks fosampleL2. In the case of.2, it was grown when the KrF gas for
the laser wasearly empty, right beforéne KrF gasrefill. Thus he lasebeamwasnot

very stable andhiere was a slightly higher fluctuation on the ldkeencecompared to
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normal situation Therefore, the XRD result of L@eviates a little bit from the other
three.Second, theeason thathere are slight variations in the XRD of floer samples
maybe due tanhomogeneity in the targddue to the fact that the /RRuQ, target used

in this work was handhade,it was reallyhardto guaratee perfectly homogeneous
target compositions. Therefore, slight compositional variation may doetween
every depositionThis issue may be overcome by usinfuigh quality commercial
SrRuQ target which unfortunately was not widely available due to limited studies on

this material.

100M

10M
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Intensity (a.u.)

20 ()

Figure 6.9XRD results offour SbRuG: thin films usingnearlyidentical growth
conditions, presented in log scaléAll four sampleswere grown atdeposition
temperaturef 950€C , oxygen pressure of0 mTorr,target to substrate distanok7.5
cm, laser fluencef 1.5 J/cn? (for P3, T2, D1)- 1.6 J/cm (for L2), and ablation

frequency o8 Hz.

In addition, the film thicknessand surface roughnessof the four samplefP3,
T2, D1, L2)aresummarized in Table 6.As expected, all the four films have similar
thicknessand surface roughnesalues.This, once agairdemonstratethatthe quality

of theSrRuUQ; thin films grown in my experimentare reproducible
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sample P3 T2 D1 L2

Thicknesgnm) 57+ 3 55+4 58+ 2 60+ 2

Roughnesgnm) 3.892 3.695 3.978 4.101

Table 6.7 Thicknesses anmbot mean squarRMS) surface roughness value$
thefour SkRuUQ; thin films using nearly identical growth conditiori23, T2, D1, L2
The estimation of the film thickness was fromay fringes, and more information can

be found in Appendix | about the estimation and calculaifdhickness errors.
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6.2 Transport Study and Improvementsto the Fully
M etallic Sro.RuO4 Thin Films

After being able to grove-axis orientedSrRuQ; films with the right phasethe
nextobjectivewasto focus oncharacterizingransporpropertiesUnfortunately all the
earlySprRuQ; thin films hadmetatinsulatingtransitiors (MIT) . Their resistancealues
first decreasgas the sample was coolddwn, showingmetallic behaviorthen aow
temperaturethe resistancecreaseas the sample was furtheooleddown, leaving a
metatinsulating transition in the ploAn example of theesistanceas a function of

temperaturglot is shown in Figure 6.10

141 6.60
131
@ 1276.55\/
g 1
3 oot
g 9
&

—— SrpRuO4/LSAT

8
7_
6r
0 50 100 150 200 250 300
Temperature (K)

Figure 6.1(Resistancas a function ofemperature for a typicahetatinsulating
SrRUQY/LSAT sanple. The depositionwas done atemperaturef 920 € , oxygen
pressuref 10 mTorr, target to substrate distanéd.5 cm, lasefluenceof 1.6 J/cm,

ablation frequencygf 8 Hz and total repetition df0000pulses.

Themetatinsulatingtransition is norrally not a sharp one, but undergoes a broad
temperaturgange, as shown in thed arrow in thdanset in Figure 0. The MIT

temperatures defined as the temperature where the resistarthe minimum, and the
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transition widthis defined as the tempeua¢ range of the two points where the
resistancedifferenceare within 0.0times of the valuéhe minimum resistance, which
alsodefined the error bars for the MIT temgieires in the following sections.

ThisMIT has never beereportedn single crystis SbRuQ; before, buhas been
seerin manySrpRuQy thin films/t”1847.77.78 |n gpite of thisthe reason and meahism
behindtheMIT in SprRuQy is still not clearto date It hasonly been suggeed that the
disorderwithin the SsRuQx films may play a rolé”?. As described in Chapter 8has
already been understood how growth conditions in the floating zone method can affect
the quality ofsuperconducting single crystabf S,RuCs. Therefore, diectscan be
minimized in this procesexplairing why it is easier to obtain superconductsiggle
crystalSr,RuQy, For thin film growth techniques like PLBnany factors during growth
process can result in disordépr examplea dirty or faulty substrate caaffect the
nucleatiorprocesstarget withlower purity can result in unwanted elements in the film,
the chemical composition of the film may be off the desired stoichiometry,
compromising the structural perfectjadhe growth temperatur@an influencehe film
crydallinity. At presem, therearenot enough studiesn SLRuQ; thin film growthand

this in turnlimited our understanding of how to improveettransport properties.

6.2.1Correlation between the FWHM and MIT Temperatures of

Sr,RuQ4 Thin Films

To understand the underlyingason for the occurrence aMIT, a few metal
insulating S#RuQy thin films with different MIT temperaturesvere investigated.
Although theird-2d XRD showedthat theSrRuQ; phasevas dominanthedifference
in film crystalline qualitywasobserved by @mparing the rocking curves( s cofi n)
the (00 6) SeRuQs phaseThefull-width athalf-maximum (FWHM)of rocking curves
were observetb vary from sample to sampl€he reason for comparingaking curves
is because itepreserd the overallstructuralquality of the film. Defectssuch as
dislocation,mosaicity, disorientationranhomogeneity?% 127 all increase FWHM of

the rocking curveThe fact that different FWHM of different rocking curves was
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observedsuggestshatamongthe different metatinsulating SfRuQ; thin films, there
wasa variation incrystallinequality. In Figure 6.1, the MIT temperatures of these
SrRuQ thin films samplesareplotted againsthe FWHM valuesof the (00 6) rocking
curves The samples were gwn using a broad range of deposition parametes
fluence ranging from 0.9/cn? to 1.6 J/cri, temperature from 900 to 950 € , target

to substrate distancat 7.5 cm oxygen pressure from 0.4 mTorr to 15 mTorr and
ablation frequency of 8 HZ'hese ims were grown using different total number of
pulses ranges from 8000 pulses to 15000 pulses;count for the various deposition
rate when using different deposition parameténg MIT error bars in the-glirection
has been explained earlier and shawthe red arrow in the inset in Figure 6.lNote
that no error bars was shown in thdirection (FWHM). This is because all the samples
were measured using the same instrument, and the major source of error is the
instrumental broadening which is alb@02 according to the instrument manuahe

instrumental broadening in ti&VHM shown in the graph has alredsBen subtracted.
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Figure 611 MIT temperaturas a function othe FWHM of (00 6) SeRuQs rocking
curves forthe metatinsulatingSrRuQ; films. The dashed line is a linear fittirgd all
the data points shown, marking a trend of the MIT temperature dependency on the

rocking curves.
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From the dastribution of the data points, a trend can be observed showing that the
MIT temperature tends tbe lower in SiRuQy films with a smaller FWHM. This
indicates that sample with lower FWHM (better structural quality) tends to have lower
MIT temperature, which is not surprising because it was well studied in single crystal

SrRuQsthat any structural ingrfections may be detrimental to its transport properties.

6.2.2Fine Tuning to Improve Transport of Sr.RuO4 Thin Films

From the above discussrit is clear thathe electrical transporguality of the
initial SLRUQ, films was far from satisfactory.nl order to supprestie MIT in the
SrRuQ thin films, thecrystallinequality of the sampliad tobe improvedTherefore,
experimentsvere carried out as how to imprexthe sample qualityAlthough n the
previous sectionfour major deposition parameterhave beertoarselyoptimized
resulting in the righBrRuQs majority phaséan the XRD, theeligible parameter ranges
werestill wide. Due to the nature of the plume generation in depositianations in
deposition parameters could result in eitherombgeneity or off-stoichbmetric
composition offilms. In the case oBrRuQy, these could lead tdefects and is-
orientations and hence have a significant impact ontrtwesport propertie§8.
Thereforefine tuningof the deposition parametesss necessary

For fine tuning oxygen pressure, laser fluence, deposition temperaamet,
ablation frequency were consideréthe farget to substrate distance was excluded
mainly becausé is not flexible to be adjusted in small scale during fine tunimghe
same was before, only ongepositionparameter was changed and the rest remained
the sameThe film thicknessvas contrded at aboui00+ 10 nm during fine tuning of
all deposition parametersxcept ablation frequencyWhen sing low ablation
frequency (e.g. 1 Hz), it is experimentalhypractical to grow 100 nrthick filmsas it
would take at least 10000 pulses for optiedl parameter growth rate which translates
to about3 hours deposition. Since the substrate heater was operating at near its
maximum capability (e.g. 1000), the best practice was to keep deposition duration

to of 17 1.5 hours.
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OxygenPressure

The SpRuO4s phasewvas found to appean a range of oxygen pressuising the
prevous phase optimizatiotherefore, during the fine tuning, the oxygen pressure was
adjusted from 0.4 mTorr tb5 mTorr, wheré&SrRuQs wasmost likely observedAfter
deposition, he FWHM of the (@ 6) SeRuQy rocking curvesind the MIT tenperatures
were both measured. The results were plotted against the changes in oxygen. pressure
In Figure 6.12 by slowly increasing the oxygen pressure, the FWHM gR&$Dy first
decrease to abait 0.1°, thenincreasedslightly to about0.2°. MIT temperature of
SrRuQ; films first decreases as the oxygen pressure increblsisobserved behavior
can be analyzed by taking into account that more oxygengldepositionis more
favorablefor formaton of the SrRuQ; phasein the film, and vice versarhis is
consistent with the trend discussed the previous sectionAdditionally, Ru is
important in constituting the Ru@lane, which is vital for the conductivity of RuQs.

Further increasing oxym pressure leads amincreasen MIT temperatureagain
Thismaybe associated with excess, @hichwould alsocause @endency folSrRuG
to form, as explained in the reaction equationi6.the previous sectigmesulting in
both inhomogeneityand df-stoichiometryin the film. Although a small amount of
eitherinnomogeneityr off-stoichiometrycould be hardly detected by XRibis would
inevitably distort the SRuQs microstructuresConsequentlyhiis would not onlyesult
in the rocking curve FWM broadeningbut more importantly,esults in poor electrical
transport This explains why the MIT temperature and the FWHM increageen the

oxygen pressure is furtharcreased
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Figure 612 The FWHM of (00 6) SeRuO, rocking curves and MITemperatres for
the metalinsulating StfRuQy films as a function of the changearygen pressur@ he
oxygen pressure was fluctuating in a small rafdes was observed as the fluctuation
in the pressure metavhich isrecorded as error barBhedeposition wa carried out at
temperaturef 910 € , laser fluencat 1.4 J/cnt, and ablation frequenat2 Hz, 10000
pulses It should benoted that the temperature used in this oxygen pressurevtasls
only 910 € . During those depositions tlweiginal heater waglown and there was a
shortage of wiring supply, and therefore the heater was only replatie@ thinner

wire which can onlyvithstandcurrent b producemaximumtempergure of930 € .

Laser Huence

Similar to oxygen pressureaser fluencevas fine tune to obtain good electrical
transport propertieSThe FWHM of the (00 6) SkRuOs rocking curvesand the MIT
temperaturesvere plotted against changeslaser fluencen Figure 6.13 Similar to
the analysis irprevious section, high laser fluence woulgddaSrRuQG (low Sr/Ru
ratio) phasewhile low laser fluence woulthvor SbRuQs (high Sr/Ru ratiophaseThe
deviation fromanoptimum laser fluence could lead to either Ru surplus or Sr surplus,

and hencecould have detrimental effect on electrical tyor$ propertiesin Figure
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6.13, the FWHM ofthe rocking curves decreases wilie increase in laser fluence.
Similarly, the MIT temperature also decreases as the laser fluence inardfiatten

outin the range between 1J&n? and 1.6)/cn? where tie MIT does not change much.
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Figure 613 The FWHM of (00 6) SeERuQs rocking curves and MITemperature for
the metalinsulating SstRuQ; films as a function of the change in laser flueridee
laser energyas within some fluctuations. This fluctuatimas observed from the laser
control panelandwastaken intoaccount in the error bar§he other growth conditions
here are: deposition temperaturedD31 , oxygen pressure i Torr, ablation frequency
2 Hz, andrepetition1000318000 pulsesThe heater was still using the thin wiregnd

thus temperature of only 9 was used.

DepositionTemperature

The deposition temperature range in the fine tuning was set frof 96®60€C .
Similar to the previous parameters, the FWHM as a function of depasitigerature
were shown in Figure 6.14& has to be noted that twanints were plotted at 910 .
This is becauseutling the deposition of samplethgetarget rotationmotorencountered
some problemsand the SprRuQy target stopped rotatingin order to naintain

consistency and comparability with other samplasie 2 was growasing the exact
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same compositioafter the rotation motor was fixed
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Figure 6.14FWHM of (00 6) SeRuQs rocking curves and the MIT temperatures for

the metalinsulating S#sRuQs films as a function of the change in deposition

temperature. As long as the silver paint used to stick the substrates on the heater surface

was spread homogeneously throughout the back of the substrate, the temperature was

homogeneous on the substratafate. The temperature reading was from the

pyrometer reading on the substrate before and after the deposition, which were the same.

This was also compared with the reading from the thermometer coupled with the heater.

The deviation observeletween the ppmeter and the thermometsas recorded as

the error bars this work Films weregrown at oxygen pressut® mTorr, laser fluence

of 1.4J/cn¥, ablation frequency of Bz, and repetition of 10000 pulses.

According to thestudyof Krockenbergdt4, the growth window for a high quality
SpRuQs film is less than 1@ . Therefore the temperature separafstep)in thefine
tuning wasset aslO € to capture the perfect window of growfks can be seein the
experimentswith the increase in deposition temperaturesFiMeM of rocking curve
getssmaller The FWHM saturateBom the range 0830 €C to 960 € , andthis is

higherthanthe optimizeddeposition temperatud K r 0 ¢ k e n supercgnducting
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SrRUQ; film, which is 920 € 4. A high temperature not only guarargesnough
activation energy for thin film nucleation, but also facilissadayerby-layer thin film
growtH%. In this sense, the number of defects andarientationmaybe reduced, and
hence the sample qualitgan beimproved at higher growt temperature Not
surprisingly, the MIT temperature of RuQ; films also decreased with the increase in

deposition temperature

Ablation Frequency

Ablation frequency turns out to be important during the fine tuning of deposition
parametersAn optimum alation frequency between 2 to 4 Hz was observed to yield
the minimum FWHM value, as shown in Figure 6.15. For ablation frequency higher
than 4 Hz, the observed FWHM values are relatively higher than films grown at low
frequency. This is because the elapse®@ between each deposition pulse might have
been too short for adatoms to undergo surface diffusion and form layer by layer growth.
This is similar to the argument in kinetic factorGhapter4.1. Therefore, the surface
roughness could be too high fitre subsequent arriving atoms. This is shown in the
AFM image in Figure 6.16(a), where big clusters can be seen on top of the sample
surface. After many layers of deposition, it is highly likely to induce the generation of
defects or inhomogeneities. This one of the major reasons for rocking curve
broadening at high ablation frequency, resulting in the high FWHM values in Figure
6.15. In this regard, a SuQ film with high density of defects would be very likely
to have high MIT temperatures, as showthe blue data in Figure 6.15. As the ablation
frequency was reduced to 2 Hz, the surface of the sample was smoother and no big
clusters were observed, as shown in Figure 6.16(b). In addition, the FWHM of the
rocking curve was also smaller as shown igufe 6.15, indicating a better sample
quality. However, as the ablation frequency was further reduced to the minimum
achievable in the system, 1 Hz, the MIT transition temperature was observed to increase
again Figure 6.16(c) revealed the surface prodifehis sample, which shows slightly

higher roughness coraped to the film grown at 2 Hz. Thagso corresponds to a higher
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FWHM of the rocking curve in Figure 6.15. The reason for this is not exactly clear
considering low frequency should promote smootirewth. However, taking into
consideration of the fact that Ru is volatile in high temperature and oxygen atmosphere,
part of Ru atoms on the substrate might have been evaporated during the time lapse
between two pulses and can slightly affect the filoickiometry, which may have

generated defects and affect the surface roughness.
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Figure6.15The FWHM of (00 6) SeRuQs rocking curves and the MIT temperatures
for the metainsulating SfRuQ: films as a function of the changeablation frequency.
Theablation frequency was set by the laser control panel and igesger. Therefore,
no error bar wasisal for the laser frequencyhe rest of the growth parameters are:
deposition temperature 98D, oxygen pressure 7.5 mTorr, laser fluence 1.3%)/ard

ablation repetition of 5000 pulsesgive the film thickness of aboub6 nm.
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24.9 nm

0.00 nm 0.00 nm 0.00 nm

Figure6.16 AFM images for three SRuQ; thin films grown at different ablation
frequency: (a) 8 Hz, the RMS surface roughness is about 3.719 nm, (b) 2 Hz, the
RMS surfaceoughness is about 0.7 nm, and (c) 1 Hz, the RMS surface roughness is

about 1.129 nm.

SubstrateAnnealing

In addition to the four parameters, another direct way to improve sample quality
is substrate surface treatmefss discussed in Chapter 4, thin féngrown on substrates
with stepterraces or single terminations have high qudtitg.known that smooth step
terraces can be creatieglannealing the substrat&€. Howeveras LSAT is a complex
material,which is consisted of La, Sr, Al, Ta, and Dis difficult to achieve single
terminations. Most annealing process have resulted in manjsfar@son the LSAT
surface due to the volatility of £d9, this is shown in Figure 67¢a). In theannealing
trials in this work the LSAT substrate was annealed in oxygeorder to make the
annealing environment similar to the defios environment.The island stucture
reported in the literaturalso happenednd the result ishown in Figure 6:4(b). The
island may acinore likea hindrance rather than help wihbhieving high quality thin
films. Therefore, to avoid too much complexitySAT substrates in mgepositions

wereonly carefullycleaned before deposition, without any other treatment.
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10.00 nm

0.00 nm 0.00 nm

Figure 617 The AFM image of (aBlank LSAT substrate annealed at 1XD0for 30
min in air showing SrO islands from referelid® (b) Blank LSAT substrate after

annealing in oxygen flow for 6 hours at 1000
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6.2.3 Summary on The Transport mprovement of SeERuO4 Thin

Films

After the fine tuning of the above four deposition paransetall the FWHM
valuesof (00 6) SekRuQs rocking curves and their MIT tempeuatshave beemplotted
in Figure 6.8. A correlationbetween the twoan be observed, which is consistent with
the trend in Figure &1 High value of FWHM almost certainly results in high MIT
temperature irSpRuQ, thin films. As the rocking curves get sharpened, the MIT
temperatures are suppressed to lower values. This trend has not only highlighted the
importarce of high quality SsRuQy films (low FWHM) toits transport'”- ¢4, but also
pointed out an easy astraightfowardway toimprove theransport behavior through

rocking curve FWHM analysis.

180
g | PO2
\; ® Laser fluence +
= A Temperature
21207 v Ablation frequency
= i.} -
2. :
£ Y
ﬁ 60 - i! * *
= _ Y . j &
= ”Qi LA

0 C i . 1 L

01 02 03 04 05 06 07
Rocking Curve of (006) Sr,RuO, FWHM (°)
Figure 6.18A summary of the link between MIT temperatures and the FWHM of the

(006) SekRuOs rocking curves based on the fine tuning of the four parameters:

oxygen partial pressure, laser fluence, depasitonperature, and ablation frequency.

After the fine tuning of the four parameters, metalexes oriented SRuQ; films
with very good epitaxy have been achieved, this is shown in FegL®€eThe optimized

deposition parametarfor metallic SsRuQs thin films are: deposition temperature
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950€C , oxygen pressure:i79 mTorr,target to substrate distance 7.5 cm, laser fluence
1.371 1.6 J/cm, and ablation frequency:i24 Hz. By using these optimized conditions,

metallic film can be reproducibly obtained.
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Figure6.190ptimized results fometallic S,RUQy/LSAT thin film. The growth
conditionfor this samples: deposition temperature 98D, oxygen pressure 7.5
mTorr, target to substrate distance 7.5 cm, laser feuér J/criy ablation frequency
2 Hz. (a)d-2d scan (b) rocking curve of (@ 6) SkRuQy; (c) in-planeresistance as a

function oftemperature.
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6.2.4 Comment on the AFM Result of the SERuUuO4 Thin Films

In general,tiis difficult to draw a directonclusion between the surface roughness
and the transport propertids.cannot be saidhat film with a smath surface would
definitely havegood (netallic) electricaltransport behavioilowever, it is clear that
the metallic filmshavesmooth surfacesscompared tahe MIT films. This is shown
in Figure 6.20, where Figure 6.20(a) and (b) are metallating films, and Figure

6.20(c) and (d) are metallic films.

25.7 nm 243 nm

Figure6.20AFM topography image fdiour SpRuQ thin films. (a) and (b)metal

insulatirg sampleqc) and (d)metallicsamples

The growth conditions and other details have menmarizedn Table 68. The

AFM topography image dhetwo MIT thin films demonstrate veryugh surface with
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big clusters or islandsAs discussed previously, this detrimental to the transport

properties of SRuQu. In comparison, sample (c) and (d) are both metall}R S

thin films. The surface of the two samples are very smooth under the AFM, as shown

in Figure 6.20 (c) and (dJ.he growth conditions for thtwo samples amguite similar

and his demonstrates the reproducibility of the metallic thin film growth conditions

obtained after the fine tuning.

Sample a b c d
Deposition EmperaturgC ) 920 920 950 950
Oxygenpressure (mTorr) 10 10 7.5 8
Targd to substratelistancgcm) 7.5 7.5 7.5 7.5
Laserfluence (J/crf) 0.9 1.6 1.3 1.4
Ablationfrequency (Hz) 8 8 2 2
Thicknesgnm) 40 46 50 53
RMS Roughnesgnm) 4.1 3.97 0.7 0.83
MIT temperatureK) 90 62 metallic | metallic

Table6.8 Details of the far S2RuQ; thin films shown in Figure 6.20

It is worth noting thahot manysamplesverecharacterized using AFM because
the sample surface tends to get damaged/dirty if aaracterization (wire bonding
or XRD) wasperformedon the sample before AFMs the goal of this work is to get
good transport propertied the SgRuQq thin films, transport measuremesmd XRD
characterization weralways prioritizedIn addition, for sputtering systems, more than
one substrate can be loaded in the chamber wpdienized conditions. In contrast, in
PLD fn1060 wa s whishi

t he system which |

ng,
means only one sample can be grawone depositiarTherefore, not enough samples
were characterized under AFVhe purpose of dointhe comparison between metallic
and MIT films in Figure 6.20 is to show that the surface of metallic film is smooth
compared to MT film. Neverthelesghis alone cannot form a firm correlation between

surface roughness antbetrical transport properties
111
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In summary by fine tuning of the four different parameters, the miellating
transitions have been suppressed and metallic film can be reproducibly obtaieed.
ultimate challengevasto make another improvement from metalligR&rQ, films to
fully superconducting ones. Given the myriad of failures in current literature, it is an
extremely challenging task

In the next chapterthe focus is on reporting the analysis of tHecalized

superconductivity irsrRuQ; thin films grown on LSAT substrate.
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Chapter 7 EnhancedLocalized
Superconductivity of SroRuO4 Thin
Film on LSAT

In the previous chaptewe reportedhe optimization ofthe phase and transport
properties ofc-axis orientedSpRuQs thin films on LSAT substrate The electrical
propertieshawe beenimproved from metainsulating to fully metallicthrough fine
tuning deposition conditionglthough siperconductingrRuQ; thin films were also
obtained no definite parametes could be found to consistently achieve
superconductin@rRuQ; thin films. Given the fact thatuperconductingr,RuQ thin
film is very rareand tricky togrow, as evidenced ithe report in 20184, it is hardly
surprising that thids only the second repoemongst the research community at
superconductingrRuQs: films. It is therefore necessary tlelve deeper into the-n
depth structural paramesgerin relation to he low temperaturebehavior of

superconductin@r,RuQs thin films.

7.1 XRD Characterization of Superconducting
SroRuO4 Thin Films

An ablation frequencyf 2 Hz andlaser fluenceof 1.5 Jém? was fired at the
rotating target during depositiomhe target to substrate distenwas 7.5 cmAs high
temperature is favorable to getting both phkstsdble and structurally perfect films, the
deposition temperature was optimized at 950 €. Therf@ssure was kept @b mTorr
throughout the deposition and during cooling to room teatpee after growth.

XRD was first carried oub studythe structural properties and phase purity of the
superconductingrRuQs thin films. As shown inthe d-2d scanin Figure7.1(a), the
dominant phase in thi#lm is SprRuQs, and all the (00 I) peaks indicates a-axis
orientation.Thickness fringes were obsenawundhe(006) SeRuQs peak, as shown

in Figure 7.1b). Such fringesare constructive intégrencesyesuling from uniform
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film thickness regularlattice periodicity smoothfilm surface andclear film-substrate
interface over the xray illuminated volumé'”. The simulaibn curve based on

equation:
FO Ve H—H— (7.1)
matches well with the experimental dates, can be seen in Figure 7.1(b).this

equationpis the wavelength of thepay (0.15418 nm)dis the Bragg angle in réahs

andqx is the separation betweadjacenfringes By calculation the thicknessf the

film is about31 nm + 2 nm the estimation of the thickness error can be found in

Appendix I.

As shown in Table 6.1 in Chapter, e in-plane lattice parameter fOLSAT
substratas 0.54682+ 0.00015 nm (JCPDS No. 4i86-1840)andthein-planelattice
parameter ofbulk SeRuQy is 0.38730+ 0.00003 nm (JCPDS No. @i82-1096).

Thereforea minimum lattice mismatch of onl®.16%can be achieved by the 4

plane rotation of SsRuQy (Mg x 0.38730 nme 0.54772 nm with respect to LSAT

(0.54682 nm).The small lattice mismatch betwe&SAT substrate an&rRuQ; is
important in that it can almost elimingbessible lattice distortioor disorderdue to
strain relaxationAs shown inFigure 71(c), thefour sharppeaks ofSLRuQ; lie 45°
away from those of the LSAT substrate, indicatiag only the perfect-exisoriented
growth of SgRuQs on LSAT substrate, but alsanin-planeepitaxy relation of [11 0]
SrRUQy || [L0 0] LSAT. This is shown in Figure 7.1(d).

Figure7.1(e) shows the reciprocal space m&sM) of the (10 11) SeRuQs and
(116) LSAT rdlections. Asxpectedthe SsRuQ; thin film is fully strainedn-plane
with respect to the LSAT substrate, as intlideby the dotted line.

In short, thesalifferent XRD scanningmodesindicate a neaperfect SRuQ

crystal structure over a large aahe film.
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Figure7.1(a) d-2d resultof SLRu thin film grownon (00 1) oriented LSAT
substrate. (b) Thickne$snges and simuladin resulinear(0 0 6) SrRuQs. (c) U scan
of (10 3) SekRuQs and (02 4) LSAT. (d)lllustration of the crystah-planelattice

matching betweeBrRuQs andLSAT. One square denotes one unit cell. Blue stands

for SRUQy and black folLSAT. (€) RSMof (10 11) SeRuQ: and (11 6) LSAT.
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7.2 Transport Measurement of Siperconducting
SroRUO4 Thin Films

In relation tothe XRD results, iis interesting tostudythe electricaltransport
behavior of the superconducti@pRus films. The lonv-temperature measurements
were performed in Napolinder the help fronProf. Francesco Tafuri and Dr. Davide
Massarottiusing a lelium-3 refrigerator by a foupoint proben-planegeometry. The
refrigerator was equipped with a rodgemperature electrorgaetic interferencélter
stage followed by lowpass Rilters anchored at 1.5 K, with a eoff frequency of
about 1 MHz, and by copper powddters anchored at the sample stage, with atfut
frequency of about 1 GHz.

In order b get athoroughunderstandingof the transport behavioBrRuQs thin
films with metadinsulating andully metallic behavior wereomparedThe resistance
as a function ofemperaturelot for the threaepresentativéilms is shown irFigure
7.2(a). The residual resistiwtratios(RRR) Rsoox/Ra4.2x for superconducting, metallic,
and metainsulating SfRuQ; film are shown in Table 7,Wwhere Rookis the resistance
at 300 K, and R« is the resistance at 4.2 Kt low temperatures, the resistarafea
material is mainlydue to theimpurity or defect scattering @lectons.In this sense,
high RRR valus areassociated with pure sampl@herefore, RRRan be used a&

rough indicator of the sample overall quality.

sample Superconducting | Metallic SrRuQs | Metatinsulating
SpRuGs thin film | thin film SrRUQ thin film
RRR 6.3 5 1.8

Table7.1 RRR from 300 K to 4.2 K fouperconducting, metallic, and metal
insulating SsIRuG films.

The resultsn Table 7.1demonstrat¢hatthe superconductingrRuQ; thin film
has the highesRRR, with the metainsulating Sr,RuQ; thin film havingthe lowest
RRR This suggestshat films with a higher RRR generalare more likelyto show
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superconductivity.Taking into consideration of the fact that superconductivity in
SrRuQy is sensitived impuritiesand defect$¥, the correlation between a high RRR
and the superconductivity revedlm this study is selévident In comparisona much
higher RRR of 80 was reporteor the previoussuperconducting SRuQq thin film
(onsetT. at 0.9 K}*. Interestingly, supercondticity was still observed in m§ilm

despite a relatively lower RRRalue
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G — Superconducting o s
8 8_-—Meta|llc § OF 100 nA
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Figure 7.2(a) In-planeresistanceas a function ofemperature fometatinsulating,
metallic and supercondticg Sr,RuQ; thin films from300 Kto 0.3 Kwith thebias
current of 1 pA. (b)In-planeresistancas a function ofemperature fothe
superconducting SRuQq thin film under bias currentsf 100 nA, EA, and 5eA,
from 4 K to 0.3 K. (¢) A quadraticorrelationbetween resistance and temperature for
superconducting SRuQq thin film between20 Kand 2 K (d) Curremvoltage
characteristics of superconductingfuQO; thin film at 400 mK with and withowdn

in-planemagnetic field of 15 mT.
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We further measured thdow temperaturebehavior of the superconducting
SrRuQs thinfilms. Below 4 K thein-planeresistance of the superconductingR&rQy
thin film is measuredvith different bias currents, as showm Figure 7.2(b). As
expected,iie superconducting transition is suppressed to lower temperatures as the bias
current increass.Zero resistance/as observedhen usinghe bias current di00 nA
This isshown in the red curv@wo features in the plot el to be mentionedhe first
one is thesuperconducting broad transition before 0.5aKjch could be due to the
sample inhomogeneitgnd defectsThe other one ishe slight enhancement of the
superconductingonsettransition temperaturewhich is 1.9 K.In comparison, he
highestT. for pureSrRuQ; singlecrystalis only 1.5 K28, The possible reason for this
enhanced superconductivity is discussed in the next section.

In addition similar to the correlation found fasuperconducting SRuQ; single
crystal discussed in Chapter, 3here is also a quadratic correlatiorfor my
superconductingSrRuQs film betweenthe in-plane resistance and temperature
between20 K and2 K. This isshownin Figure 7.2(c). It indicatesa Fermkliquid!
behavior similar to in the superconducting SRuQs single crystalsjn which the
electrori electron interaction dominates the resistiftyof a material

Last but not leasta zerovoltage spercurrentwas observed at 400 mK, and the
critical current was found at abouteA. This isshownin Figure 7.2(d). After the
magneticfield of 15 mTwas appliedalong thein-planedirection,the curreritvoltage
characteristiof the superconductin§r,RuQ; thin film becomes linearThis implies

the Bc2 for this superconductin@rRuQ; thin film is not bigger than 15 mT
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7.3 Structural and Transport Analysis Showing

Localized Enhanced @&perconductivity

Based on the data from boXRD and transport studies of nfym, a few
deductios can be made regarding the nature of its supeacivity. But before
arriving at any conclusion, it is important note that when measuring the transport
properties of the samplmore than fouwire bonds were used. This is shown in Figure
7.3. Although only four wire bonds are needéd four-point pobe geometry
measurement, the extkonds can be served as backup connextinrcase of wire
breaking. More importantly, different combinations of wire bonds affealternative
to check the transport homogeneity of the sanipiierefore, data can bellmted from

different areas in one sample.

1 23 4

12
11

109 8 7

Figure7.3 lllustration of the wire bonding locations éilm. Orange represents the

sample holdergrey represents the film, aithck lines representhe wirebonds

As a matter of fact, not alombinatios of wire bondon the sample shad

superconducting behavioBome regions of the thifilm were nonsuperconducting
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(metallic) down to 0.3 K while some other regiongre superconductingAs an
example,whenthe part from wire bonds combination (1, 2, 8) or (4, 5, 6, 7)are
superconducting; whilethose fom (7, 8, 9, 10 or (10, 11, 12, )1 are not
superconducting, his means that the superconductivitsas not homogeneously
distributed throughout thelm, but rather a localized phenomendihis is simlar to
the case observed in my real metallic films. In other wortdgevsome parts of tHeim
were sufficiently free of defects to maintain superconductivity, saveee not. The
exact length scale of the localized area is unknoetause it is experimally
challenging to cover the whole film with wire bonds. The fact that the average spacing
between wire bonds in the experiment is about 1 mm shows that the dimension of the
localized area is at least commensurate to the wire bond spacing (e.g. 1 mm).

Moreover, bth therelativdy smallRRR and the broad superconducting transition
in Figure 7.2(a) and 7.2(Imdicatethatdefects are preses already knownSpRuQy
is highly sensitive to defects and impurittés In a perfectSLRuQ; crystal where the
in-planecoherence length is 66 A%, the superconductivity is easily destroyed by any
defect within the length scalBesides, ann-plane magnetic field of only 15 mT is
enough to suppress the superconductiviityis is much lowethan theBco//ab(1.5 T}
in bulk SrRuQs crystal. Therefore,the superconductivity observed in the film was
localized and much weaker.

In addition, two possible mechanisms commonly seen in the litertétatreould
be responsibléor theobservedenhanced of 1.9 K in myfilm were considered hey
arethe presence of a secondary ph@ef® andstructural defect® 133, On thefirst
sight the second possibility seanto contradictthe fact that defectare known to
destroy superconductivity Br,RuQs. It will be explaired in the following partBefore
we go any further, ihelps to first examine thexistenceof secondary phasé\s
described in Chapt&, the onsel. can be enhanced to 3iKthe SpRuQui Ru eutetic
system, wher®u lamellaeare embedded in the RuQ; matriX®. However, from the
structural data presented so farohwioussign of a secondary phasasbesnobserved

in my film. Neverthelss, there are some asymmetries in thé lpgof SLRuQ, peaks
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log Intensity (arb. unit)

in Figure 7.1(a), which can be idefited more as structural defects rather than
secondary phases.

In other studies on the growth of-Rt+-O thin films, similar asymmetries on the
XRD scan wee also reportééf!, as shown in Figuré.4(a). There is a gradual change
in the phases of the films. The major phase in the film changes febtySF to some
other intermediate phases and finally to theRBO phase. As SIRu-O series are
layered structured, it is reasonable to think the difference between those intermediate
phases are only difference in the number of-gnib cell layers, which caudethe
change in the unit cell c lattice parametalues of certa regions in the films. A close
comparison between the XRD scan off&rQy in my project in Figure 7Z(a) and the

scan in Figure 7(4) indicated some similarities.
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Figure 74 (a) XRD scan of a series of-8u-O films grown by pulsed laser
depositioff?. (b) An example of how the main peaks and shoulders in the analysis are

defined.

Take the example of the (8) peak, as showmiFigure 7.4b), which clearly
consisted of two weaker peaks around a strong peakidgimilar to the greerolour
plot in Figure 7.4a). The two weak peaks were named as shoulders, whereas the strong
peak was the main peak, which can b&devoluted by peak pfide fitting using XRD
data analysis software Highscore. In fact, the asgtrnies can be interpreted as

variations in the (@ I) plane dspacing of th&srRuQ; thin film. According to:
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® & Q (7.2,
wherec andd, are the eaxis value and the-spacing obtaineddm the (1) refl ection,
the asymmetries can also be regarded as-#xgsovariations in different regions of the
film.

Before trying to calculate the c lattice parametdues, the sample displacement
error during XRD measurement caused by sampleammess has to be eliminated. As
a matter of fact, the bottom of the sample is usually not flat but with many dirt, which
is due to the dried silver paint used in PLD. This results in the displacement error in the
XRD. There is a correction equation foetsample displacement error:

Y o (7.3)1133,

wherequ are the change or error in thespacing of the (@ I) reflection, andd is the
Bragg angleNow combining equation (7.2) and (7.3),
we get

Yo (7.4,

whereqm is the change or error in theaxis of the (D) reflection By extrapolation
cogd/sindto zero, eaxis value without the displacement error can be obtaidedlly,
the caxis of a perfedtilm and sibstrate with a sample displacemenbr havea linear
dependency onogd/sind, and so the extrapation cosd/sind Y 0 produces the most
accurate tattice parametevalues.

The c lattice parameterlues of the superconductingBuQy thin film, metalic
SpRuQs thinfilm, andthe LSAT substrate determined from the asymmetric main peaks
are plotted as a function obSd/sind, as shown in Figure 7&. A linear trend idound
for the LSAT substratandthe main peaks of the two thiims. The extraplation to
0 is shown by the three dashed lines iguFe 7.5a). This linear dependency can be

attributed to the structurally perfect regions in the thin films.
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7.5(a) Comparison of the-axis of main peaks in superconductiBgRuQ; thin
film, metallic SeRuQy thin film, andthe LSAT substrate The short dashed lines are
extrapolationso zerousing thesample displacement error correctequation The red
arrow indicatsthe bulkc-axisvalue for SfRuQs and the blue arrow for bulk LSAToY
c-axis of shoulder oscillation in superconductinguQ; film and BbSk 1 LaxCuGs

film. TheBi2Sr, 1 LaxCuQs data pointsverereprintedirom referencé®3.

Furthermore,he c lattice parametealues forthe LSAT substrate, artie main
(0 01) peaks for the metallic and superconduct8rgRuQ; thin films based on the
extrapolation inFigure7.5a) are compared and shown iable7.2 As expected, the
c-axis for LSAT is close to its standard value (0.7229.0003 nm, JCPDS No. 01
086-1840). However, the-axes for both the metallic and superconductmgRuQ,
thin films are larger than those for bulk single crystals (1.22328009 nm, JCPDS

No. 02:0821096). Moreoverboth of thein-planestrain andout-of-planestrain have
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been calculated for superconducting and met&8ik&®uQ, thin films using equation
(4.4) discussed in Chapter Bhe out-of-plane strain for the twdilms is bigger than
that of an ideal fully strainefilm on LSAT as shown indble7.2. Thisimplies the
presence of defects, albeit at a much lower level in the supercondBethgD; than

in the metallicSrRuUQ;.

c lattice parameter In-plane | Outof-plane
Sample
values (nm) strain (%) | strain (%)
LSAT 0.7735 N.A. N.A.
Ideal SsRuQs grown on LSAT N.A. -0.16 0.064
Superconducting FRuQ; film 1.2747 -0.16 0.12
Metallic SeRUQ; film 1.2817 -0.16 0.67

Table 72 Strain of an ideabrRuQ; film on LSAT, the superconductir@»RuCy
film, and the metalliSrpRuQ film. All of the films were fully strained to LSAT and
theout-of-planestrain for the ideabr,RuQ film was calculated using the Poisson

ratio of bulkSrLRuQy (0.4f%9.

In addition, asimilar plot has beerdone for the asymmetric shiders of the
superconducting gRuQs film in Figure 7.%b). However, no correlation can be
observed and thiétting does not converge aegd/sind f 0. For comparison, a very
similar nan-correlated variation of the ¢ lattice parameteia function otogd/sind is
also seen in BBk 1 LaxCuGs thin films, as shown irFigure 7.%b)[**3. Similar tothe
analysis in redrencefor the BizSr 1 La«CuQs films!**3, the sporadicdeviation of the
shoulder peak&én my superconductingrRuQ; thin film suggests the existea of
localized regions whose c lattice paraméiéiters from theestof the matrix

There are several possibilities that can caukstice parametezxpanding, such
asout-of-planestrain due ton-planecompression, vacancies due to-stibichiometry,
intergrowth or stacking faults which are common amplex oxides. Firsthe films
were tensile fully strainesh-planeto the LSAT substrate, which would more likely to

causec lattice parametecompression other than expansion. Second, it is true that
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vacancies on a particular slditice can cause vatians on thec lattice parameter
values. The most probable vacancies in oxide materials would be oxygen vacancy.
However, films grown in slightly higher oxygen pressure also have sisfitaulders

as shown in Figure 7(d8). Therefore, this possibility i®$s likely. Finally, due to the

very similar structural relationship among theR&rO series, thig lattice parameter
expansion is highly possibly due to some extrawsuibcell layers along the-axis. In

other words, lis can be interpreted as contagextra (00 ) layers or intergrowth,

which are common defects in layered matefizi$34,
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Figure 7.6a)c lattice parametef shoulde oscillation inmetallic and superconducting
SrRuO film; (b) (0 0 6) rocking curve of both metallic and superconduc8ngRuQy
film, with the FWHM 0.0994° and 00844°, resgctively.

On the other handhé metallicfilm has anuchmoresporadicc lattice parameter
as a function otogd/sind prdfile, asshown in Figure B(a). For comparison, the
superconductingata already shown in Figure ) were also added in Figure {aj
which have almost been linear compared to the oscillation of the metathcin
addition, the(0 0 6) rocking curves of both the metallend the superconducting
SrRuOy wereshown in Figure 7@®). The broader FWHM in the metalliSnRuQ,
film obviouslyimpliesa higher level of defects.

In general defect formationcan beassociated withboth the layeredstructure
nature and thiabrication processf SrRuQs. As has been described in Chapte?bD

is known as a on-equilibrium growth techniqd#9. Althoughstoichiometric material
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ablation is guaranteed during targédation, the process in which the plume deposits
onto thesubstrate may not be stoichiometric, and can be affectatabydeposition
factors:target to subs#ite distancdasetrfluence, depositiotemperéure, gas pressure,

laserablation frequency?d.

Figure 7.7A schematic drawing of the #uQ, crystal showing a defedtee

region as well as an area with defects where misalignment was caused by stacking faults.

As shown inFigure 7.7, SrRuQ: has a layered structur&herefore,during
deposition, it is highly possible to have structueflects in the form of stacking fiés!
When neighboringegions of théilm with stacking faults coincide, the atonionding
can create a sliglttut-of-planemisalignment This coulddisrupt thecontinuity in the
RuQ; plane,whichis likely to be @trimental to superconductivityl. That is why the
RRRof my SrRuQ; thin filmis relatively lower, and theuperconductivity is localized.

On theother hand, the presence of coherent structural defects witfeent d
spacing will also inevitably create miestrained regions of structurally perfect
material. Uniaxial strainsssmall as 0.3% has been found to greatly enhanck threset
up to 1.9 K. 136137 The overall lattice mismatch strain is biaxial. However,dbe
of-plane strain that arisedue to elastic coupling with the biaxial strain is uniaxial,
which could have partly contributed to the enhancemefit a discussd in Chapter

3. In addition, the localized strain associated with the included stacking faults can also
126
































































































