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Abstract

Complex oxide materials are special in their apitd show highly diverse electronic
properties and go through many different phasesitians, including ferromagnetic,
ferroelectric, metal-to-insulator and supercondwgtiFurthermore, the similarity of crystal
structures makes it possible to stack in epita@erostructures layers possessing different
functional properties and interacting with eacheotthrough electric or magnetic fields,
charge transfer, exchange bias, strain, etc, ogpeghsmway to the design of almost unlimited
multifunctional device concepts. In this contextjst thesis is devoted to the transport
characterization of transition metal oxides (TMQ@s)der the external perturbation of a
photon field, with special attention dedicatedwo uite outstanding cases, that are:

) PixCaMnO; (PCMO), a narrow band manganite showing an insigdiehaviour
across it's whole phase diagram, and

i) polar-non polar oxide interfaces, whethe formation of a high mobility 2-
dimensional electron gas (2DEG) in Sri(3TO) is triggered by the deposition of a polar
overlayer.

Both systems are correlated systems, $hwie electronic properties are dominated by
the narrow d-bands of the transition metals, Mn @ahdSTO is insulating, but doped STO
hasd carriers. The system is for this reason oftenngefias a 2-dimensional electron liquid
(2DEL). In particular, there is a strong currentenest arising on the photoconductance
properties of both kinds of systems addressedimtliesis. In the first case it is established
that by shedding light we do not simply dope thstay with photocarriers within a rigid
band picture, but we undisclose a hidden state wisiquasi-degenerate in energy with the
insulating ground state and has a different distiim of its density of states in k space. The
second case might well be envisaged as a simpl®gbping of STO, but, as we will show
in this thesis work, there are some quite intriguaspects to consider. The effects seen in
interfaces is not seen in pure STO, and — furtheemopersistent photoconductivity (PC)
with very long decay times (on the time scale ointhe) and at photon energies far below
the STO gap is found. Also in view of the recerstlyggested phase separation, we can not
exclude that something more complex than photodpsnaking place. In a more general
framework, the present investigation may be comsedi@s an attempt to add a tile to the
wide mosaic of the physics of inhomogeneous statéMO.
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Introduction

Introduction

Complex oxide materials are special in their apilib show highly diverse electronic
properties and go through many different phasesitians, including ferromagnetic,
ferroelectric, metal-to-insulator and supercondwgti Such multiple order parameters,
corresponding to multiple functionalities to be gutially exploited in device fabrication, can
be coupled to each other due to the high degreeroélation experienced by the conduction
electrons. Furthermore, the similarity of crystalustures makes it possible to stack in
epitaxial heterostructures layers possessing diftefunctional properties and interacting
with each other through electric or magnetic fieldsarge transfer, exchange bias, strain, etc,
opening the way to the design of almost unlimitadtifunctional device concepts.

In this context, this thesis is devoted to the gpamt characterization of TMOs under
the external perturbation of a photon field, witesial attention dedicated to two quite
outstanding cases, that are:

) PixCaMnO; (PCMO), a narrow band manganite showing an insigdiehaviour
across it's whole phase diagram, and

i) polar-non polar oxide interfaces, whethe formation of a high mobility 2-
dimensional electron gas (2DEG) in SrEi(3TO) is triggered by the deposition of a polar
overlayer [].

Both systems are correlated systems, shwie electronic properties are dominated by
the narrow d-bands of the transition metals, Mn @hdSTO is insulating, but doped STO
hasd carriers. The system is for this reason oftenngefias a 2-dimensional electron liquid
(2DEL) [2].

A wide variety of experimental results and theaadtinvestigations in recent years have
convincingly demonstrated that several transitioatahoxides and other materials have
dominant states that are not spatially homogeneAusording to a recent report by E.

Dagoto B] TMOs are certainly not as simple as standard Is\ethe many active degrees of
freedom (spin, charge, lattice, and orbital) intéra a nonlinear, synergetic manner, leading
to an intrinsic complexity. This electronic comytg could have potential consequences for

applications of correlated electronic materials¢ause not only charge (semiconducting
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electronics), or charge and spin (spintronics)adreelevance, but in addition the lattice and
orbital degrees of freedom are active, leading iemtgresponses to small perturbations.
Moreover, several metallic and insulating phasesp=ie, increasing the potential for novel
behavior. Phase competition rules the behavionegé¢ compounds. In view of above context
[3], both systems can be considered as “complex”. BGd/intrinsically “complex”, while a
complex behaviour of LAO/STO, although not seethm single materials, can be envisaged
as a result of the interfacial nature of the 2DES, suggested by the recently reported
electronic phase separation phenomeha2] with possible coexistence of different order
parameters (magnetism, superconductivity).

In the last 15 years PCMO, in it's “bordes” doping level composition
Pro..Ca sMnOs, has become subject of immense research sincerthadport of magnetic-
field-induced insulator-metal transition by Y. Tavka et al.[5]. The peculiarity of the
insulating state of PCMO is quite spectacular siitcadjoins a hidden metallic state,
characterized by enormous changes in resistivitygt tan be reached by application of
external stimuli ( e.g., magnetic, electric, presswr radiation fields (visible light, x-rays))
[5, 6, 7, 8, 9]. Any of these perturbations drives the systerth&conductive state, associated
with the melting of the charge-ordered and orbtalldered state. Though magnetic or
pressure induced transitions seems to be homogegn#dwmre is evidence that electric and
radiation fields may cause transitions in phasexssgpd regions of the system where
nucleation of metallic patches in the form of fikamts within the system body have been
observed§].

In addition, the celebrated discovery diva-dimensional electron gas (2DEG) at the
interface between two band insulators, e.g., thiarpbaAlOs; (LAO) and the nonpolar
SITiOs (STO), raised great interest for both fundameradl applicative perspectives.
2DEGs (also defined sometimes as 2D electron Igj¢i@DEL - to highlight the correlated
nature of the charges carriers confined at the Bif€face) are probably the most interesting
system realized so far using oxide heterostruderhnology. The issue of the origin of the
2D electron layer in SrTig)LaAlO; interfaces has been raised. The main theory, dhe s
called “polar catastrophe" paradigm, has been eadhe controversial since the very
beginning and has been challenged by different tsootoking extrinsic effects. This
scenario is further complicated by the experimewdaiation of results observed by different
research groups. To understand the propertiesi®fsgistem, and to help engineering new

conducting heterointerface, clarity is needed alloeibrigin of the conducting charge layer.
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During the past few years a great inteles$ arisen on photoinduced effects in
correlated transition metal oxides. Indeed, whemmshby only a few visible photons, these
solids give rise to a macroscopic excited domad kias new structural, electronic and even
magnetic orders quite different from the startimgumpd state. This phenomenon is called
“photoinduced phase transition (PIPT)” and we canegate new long-lived locally stable
macroscopic nonequilibrium phases through the attoiis or stimulations by a few visible
photons 10]. Theoretically, systems with competing degrees freiedom predict the
formation of transient hidden phases that can lmessed by optical stimulation in the
dynamical processes of PIPTs. In this regard, gtyonorrelated TMO are promising in
searching for PIPTs because they are likely to Hadeden phases that are energetically
almost degenerate but thermally inaccessible.

In particular, there is a strong current intereiag on the photoconductance properties of
both kinds of systems addressed in this thesigjemsonstrated by the recent reports of
photoinduced effects in narrow-band manganifig$ fnd in STO-based interfaces [1kh

the first case it is established that by sheddiglgt e do not simply dope the system with
photocarriers within a rigid band picture, but wedisclose a hidden state which is quasi-
degenerate in energy with the insulating grounteséad has a different distribution of its
density of states in k space. The second case migiit be envisaged as a simple
photodoping of STO, but, as we will show in thiegls work, there are some quite intriguing
aspects to consider. The effects seen in interfiscest seen in pure STO, and — furthermore
— persistent photoconductivity (PC) with very lashgcay times (on the time scale of months)
and at photon energies far below the STO gap imdoWllso in view of the recently
suggested phase separatial, we can not exclude that something more compleant
photodoping is taking place.

Many recent studies have investigated PIPTs anatectl phenomena, including
hidden phases. Most of them used dynamic all-dpsigactroscopic measurements to probe
the local structural and electronic changes cabsetlansient states. A complete picture in
terms of variable temperature photoconductancéllidagking and is addressed therefore in
this work. In a more general framework, the presewnestigation may be considered as an
attempt to add a tile to the wide mosaic of thegots/of inhomogeneous states in TMO.

This thesis work was carried out at the laborasooé department of Physics and
CNR-SPIN Napoli, Italy. This manuscript is dividedto four chapters, in which the
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transport properties of TMO thin films and intedac also under light irradiation, will be
addressed.

@& In chapter 1, the main properties of transition aheiides in the form of current
experimental results and theoretical predictionsioled during the last years, will be
discussed. In particular, the general charactesisof Pi.CaMnO; (PCMO)
manganite compound and novel conducting interfatd$O will be described. The
brief overview of TMO given in this chapter can yide a starting point to the
research work which is explained in the later chiegpt

& The experimental setups and procedures of the iexpets that took place in this
study are summarized in chapter 2. The growth tgclen pulsed laser deposition,
and reflection high energy electron diffraction areefly described. In addition, the
transport characterization techniques are presented

& In chapter 3, | report on the transport properie®CMO manganite characterized
both in dark and under UV irradiation. A set of edmental results concerning
epitaxial films grown on (001) and (110) Srgi€ubstrates by pulsed laser deposition
will be presented, with the aim of adding novelommhation on the transport
properties of the different observed phases. Rdatiaeference will be made to the
charge (orbital) ordered CO (OO) phase and to #meornagnetic-insulating FMI
transition occurring in this system also as a fiamcof externals perturbations as the
biaxial stress imposed by the substrate or thesxpdao a photon field.

& In chapter 4, the attention will be mainly conecated on analysing and comparing
the transport properties of high quality NdGEDTIO;, LaGaQ/SrTiO; and
LaAlOy/SrTiO; heterostructures, all hosting a two dimensionattebn gas at the
interface. The results of transport characteriratiodark and the effects induced by
UV light illumination will be presented and discads also in the framework of the
present debate about the origin of interface cotivticin oxides.

& The summary and main conclusions of the thesigiassn in a separate, last section.
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Chapter 1

Survey of Pr.,Ca,MnO3; manganite compound and two-
dimensional electron gases in oxide heterostructuse

1.1 Strongly correlated materials: the case ofdnsition metal oxides

Strongly correlated electron systems (S§Efe a wide class of materials that show
unusual electronic and magnetic properties. In measges, transition metal oxides are
SCESs, which, although chemically similar, exhtbi full breadth of electronic properties
from band insulator, through Mott insulator, semidoctor, metal, to superconductor, and
also many unusual magnetic properties such as sallosagnetoresistance, to name a few.
The electronic structure of SCESs can neither Berded by assuming nearly free electrons,
nor by a completely ionic model. Rather, the sitrais intermediate, involving a complex
set of correlated electronic and magnetic phenomeeace the term “strongly correlated
electrons”. Such systems are difficult to modelceaese the balance between competing
phenomena is easily shifted by small changes inatbenic structure, resulting in large
physical effects. Therefore, the possibility of eegring new and unexpected physical
properties and understanding the complexity of uheerlying mechanisms represents a
mushrooming field of research in modern condensatiemphysics.
Transition metal oxides (TMO) form overall a o
very wide class of materials, which has attracted
the huge attention of scientists for showing
highly diversified and unusual electronic e

properties. Such electronic properties are ‘ L
typically dominated by the narrow d-bands of

the TMs, where the physics is dominated by
strong electronic correlations, often hybridized
with O p-bands. According to the specific

properties of the single materials, the “ideal”
octahedra (see Fig.1) in TMO are often found Figure 1:1: BOg octahedral as structural block in
ABO3 unit cell.

to be distorted, rotated, elongated, or even to
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show unoccupied oxygen planes (as in layered nadéggrithus further affecting the single

orbitals and the resulting bands, and eventuaélyotrerall electronic properties.

Insulating

o

(a)

Charge transfer

° 9120
Strain Olo 6>€ )
: ; e ,® ¢
Frustration O
o~ 0 @ .
AFD order o &

(Tilting and buckling) r‘ ¢ Spin, charge and

e, orbital ordering

Electrostatic
coupling

Wy el
N = Q, -
Superconducting Mn**— 0 — Mn*

Ferromagnetic

Conducting

Figure 1.2: Richness in behavior of transition metal oxidéstife@ complex interactions among their
charge, orbital, spin, and lattice degrees of foeedwhich leads to (b) a broad spectrum of
functional properties. Taken fror 3|

Figurel.2g shows the rich behavior of transition metal oxzid&rising from the
complex interactions between their orbital, charggin, and lattice degrees of freedom.
These interactions can be modified at interfacéwden different oxides through the effects
of local symmetry breaking, charge transfer, etestaitic coupling, strain, and frustration,
leading to fascinating new phenomena. Figr2g illustrate the subtle interplay between
competing energy scales for strongly correlated prmmds which results in a variety of
orderings of the spin, charge, and orbital degoddeeedom. It endows these materials with
a broad spectrum of functional properties; foranse, charge transport can exhibit colossal
magnetoresistance, metal-to-insulator transiti@nsnsulator-to-superconductor transitions.
Cooperative alignment of electric dipoles or speas to ferroelectricity or ferromagnetism,
respectively. Tilting and buckling of oxygen octdhe which result in antiferrodistortive
(AFD) structural ordering, can couple to other n®de the system, driving structural and

electronic phase transitions.
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1.2 Manganites: an overview

In 1950 Jonker and Van Santeid][reported about the first crystallization and
magnetic characterization of the mixed-valence ‘“gaamites”, belonging to the pseudo-
binary systems LaMnECaMn(Qs;, LaMnQOs;-SrMnQ;, LaMnOs;-BaMnO; and LaMnQ-
CdMnGs. The manganite system, treated for this thesikwaystallizes in the perovskite
structure whose atomic arrangements was first thestin 1830s by the geologist Gustav
Rose, who named it after the famous Russian miogist] Count Lev Alekseevich
Perovskii. The manganites contain a rich varietynetilating, metallic and magnetic phases
strongly coupled with transport properties andctree.

The perovskite manganites have the gerieradula AMnQ;, but most interesting for
the applicative research are this,AYMnO; type of complex perovskites. T, is termed
as dopant specie. The insert of a dopant speciefiesBddome properties depending on the
doping fraction x. The doped manganites have theemgd formulaR;—xAMnO;, where R
stands for a trivalent rare earth element suchaa$t, Nd, Sm, Eu, Gd, Ho, Tb, Y etc, akd
for a divalent alkaline earth ion such as Sr, Cd Ba. For the stoichiometric oxide, the

proportions of Mn ions in the valence states 3+ 4hare respectively, 1 xandx.

1.2.1 The perovskite crystal structure

The ideal perovskite structure (generaimida ABQ), that crystallizes in cubic
symmetry with space group Pm 3m and lattice paranset 4 A, consists of a three-
dimensional framework of corner-sharing 8&tahedra in which the A cations reside in the
dodecahedral sites surrounded by twelve oxygennanid@he described structure is
centrosymmetric. Only very few perovskites haves teimple cubic structure at room
temperature, but many of them acquire this idealctitre at higher temperatures. The

manganites too have a perovskite structure ofyihe ABO; as shown in Figuré.3.

Figure 1.3: Simple cubic perovskite ABO
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It is worth noting that this structure caternatively be seen as a stacking of AO and
BO, atomic planes. Surprisingly, this perovskite (Agg@ubic structure can accommodate
more than 30 elements on A-site, mainly alkalingatseand rare earths, and half of the

periodic table on the B site, mainly transition al@lements, as shown in Fig4.

Perovskites ABX,

Figure 1.4: Periodic table, clearly, showing which element aatupy the sites of the
perovskite structure with 100% occupancy. Takemffb5].

1.2.1.1 A-site cation size and Tolerance factor

The lattice structure of manganites is opskite-like (i.e., nearly cubic), but
rhombohedral, orthorhombic or other lattice distors result from the tilting and stretching
of oxygen octahedra around Mn ions. These distwstiappear for structural (mismatch of
ionic radii) and electronic (JT effect of MM reasons. The Goldschmidt tolerance factor
[16], which measures the deviation from perfect cidyimmetry, calculated from ionic radii

in a general AB@perovskite structure (Figufed) is given as;

— dAO —_ r(A)+r(O) 11)
fdso J2[r(B) +r(0)]

with site B inside the oxygen octahedron, accodatswhich elements fit into the Mn
perovskite lattice and at what lattice sif@) andr(B) denote the average ionic radii at the A
and B sites and(O) is the radius of the ©ion. Since for an undistorted cube the B—-O-B
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(i.e., Mn—O-Mn) bond is straight= 1. However, sometimes the A ions are too smdillto
the space in the cubic centers, and due to thigtiggen tend to move toward this center,
reducingda-o. For this reason, the tolerance factor becomediamtiaan onef < 1, as the A-
site radius is reduced, and the B—O-B angle becemedier than 180

The stable perovskite structure <I'y> (3)

(distorted structure) occurs over a ,qq 115 1.20 1.26 1.30

range of B9 < f < 1.02. For lower

0.3

values of f the cubic structure is s00 } La,.Cag;
|

La,_Sry; La. .Ba
0.7

distorted to optimize the A-O bond
lengths. For values df between 0.75 :2°°

and 0.9, the Mn@ octahedra tilt

FMM

100 Warming |

cooperatively to give an enlarged
orthorhombic wunit cell 1I7]. This

FMI

o L 1 Ll L L 1
0.89 0.90 0.91 0.92 0.3 0.94 0.956

Tolerance factor

distortion (i.e., the reduction of Mn—
O-Mn angle from 18Q affects the

conduction band, which appears as Figure 1.5: Phase diagram of temperature versus

hybridization of the p level of the tolerance factor for the systemR,AysMnO;. Taken
from [19].

oxygen and the selevels of the Mn.

The orbital overlap decreases with decrease imaide factor and the relation between the
bandwidthW andd has been estimated ¥se< cos 6 [18]. Hwanget al[19] have carried out

a detailed study of the structure—property corratatas a function of temperature and
tolerance factot, for the R 7A03MnO3; compound for a variety of R and A ions. The typica
relationship is shown in Fidl.5, it shows the clear presence of three dominant nsgia
paramagnetic insulator at high temperature, a Ewperature ferromagnetic metal at large
tolerance factor and a low temperature charge eddfrromagnetic insulator (FMI) at small
tolerance factor. The size mismatch of ions suldstt into the perovskite lattice (the so-
calledchemical pressure effgatauses a reduction in the Mn—O—Mn bond angles 180
down to 160 and below. Thus, the conduction band widt) (s reduced due to a smaller
orbital overlap. Changes in the bond length ardgreraconsequence of the varied ionic radii,
additionally influencingV. Most manganites have a tolerance fattorl, i.e. the ions on the
La site are too small. By increasimgA), one can observes both, increasing average bond
angle (enhancedV) and bond length (reduced/) [20]. Hence, the ferromagnetic Curie
temperatureTc of Ry7A03MnO; increases withr(A) but drops when the effect of the

increasing bond length starts to dominate (for Rbs Ba).
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1.2.2 Electronic configuration

Manganites have a complex electronic sirec Mrf*, Mn®*" and MA"™* valence states
found in manganites have 5, 4 or 3 electrons irBth&vel, all with parallel spins according
to Hund’s first rule. Hund’s rule coupling energy is particularly large for Mn, about 2 eV
[21]. For an isolated 3d manganese ion (Z = 25, eleatroonfiguration 8°4s%), five-fold

degenerate orbital states are available to théedtrens (Figl.6).

1.2.2.1 Crystal field and Hund’s coupling

For a non isolated manganese ion, i.sidenthe Mn@ octahedra, the hybridization
and the electrostatic interaction with the oxygeglgrtrons give rise to an octahedral crystal
field. This, in turn, partially lifts the orbitaledjeneracy. As a result, the degeneracy of the d-
band is partially lifted and it splits into two t#a: a lower-energy three fold degenerage t
(dyy, Oxz, dyz) and a higher energy two fold degenegyt@..y> , d»), with a separation 10Dq
~ 1.5 eV P2, 23, as showed in Figl.6. The notation “¢" used for higher energy state
orbitals is borrowed from the irreducible represtéionhs of the @ point group. Mn mixed

valence is determined by doping:(mathematically,
Mn** — Mn**

= Mn**

—

3d%,t2 ', S=2,= 4y, )~ Mn* (3d° 3 €0, S=32,= 31,

29 9'

Mn4+ Mn3+ 11
| Em— d 2 2/7
e,
d3z r I~ *
.10 Dq

L L

Free Mn ion Octahedral crystal field J-T distortion \ -
Spherical Cubic

! f
! - / — -
. ’ ,%;f—ﬁ /%f},;{‘-

3d

|
L
I

a
o
-+
o
[+

2

y

Figure 1.6: Effect of the octahedral crystal field drstates of a transition metal atom.

The three lower orbitals have symmetrelas 5. The g orbitals are oriented towards

the neighbouring oxygen while thg, states have nodes in these directions. This mgans
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orbitals can overlap with oxyggnorbitals. The electrons aligned in thglevel form a “core
spin” with total spin S=3/2. The electrons on thgdvel do not contribute to the transport
process because they are strongly localized arthmducleus34]. The lastd electron on
theg, level of Mrt* is well separated in energy and aligned to the spin via strong Hund’s
coupling, this g electron plays a vital role in transport and maigngroperties of

manganites.

1.2.2.2 The Jahn-Teller effect

The orbital configuration is clearly stgiy connected with the structural distortion of
MnOg octahedra. In perovskite manganites, the degreleuokling of MnQ octahedra is
expressed by the tolerance facfo(Eq. 1). There is another type of MgGstructural
distortion taking place which is associated witk trahn-Teller (JT) effeckf]. It is most
pronounced when an odd number of electrons ocdupyrbital and a doubly-degenerate
ground state is present. As such,*Mis Jahn-Teller active chemical specie while*Mis
not. The Jahn-Teller theorem basically states tiha&t,high-symmetry state with an orbital
degeneracy is unstable with respect to a spontandeerease of symmetry, hence lifting this
degeneracyd6]. Therefore a structural distortion in the form aimpressed or elongated
BOe octahedra occurs, lifting the degeneracy oftates. Infact when the long range orbital
order exist the JT distortion is always pres@i}.[When the environment of a single Mn ion
is taken into account, the JT effect is local. Heeve if the JT distortion involves the
octahedra cooperatively throughout the crystaistodion of the whole lattice occurs, called
cooperative JT effect (Fid.7).

This effect occurs in manganites -Q ry -ﬂ ry .ﬂ
when the concentration of Mhions
C (c 0 f@-’ ﬁ % ‘ “@-’ O % ﬁ

is sufficiently high (i.e., at low

doping level). The effect of 6 @ ﬁ
cooperative Jahn-Teller effects in e@_) ﬁ (c ‘Cg%a ‘ % 6 e@o ®
manganites is to localize they - @, @,

electrons on M¥ sites, and to O % Oe@_) ‘ % ‘1‘@-’ ‘ (c/ ‘

stabilize insulating phases, either 3y2 3

3x2 h

locally or at long range. When Nh

. . . + .
is diluted into MA" species by Figure 1.7: The cooperative JT distortions and resulting lattic
doping, the possibility of cooperative

effects among JT active octahedra is reduced, anstatic distortion will be observed. In
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opposition to the cooperative JT effect, the effdbiat are observed for high dilutions are
called dynamic JT effects. A dynamic effect invavwapid hopping of the distortion from
site to site. This is important in manganites whicimtain a mixture of Mfi and Mr* ions

with low Mn®* content.

1.3 Phenomenology of manganites

Manganites can be broadly classified into threesga, namely large, intermediate and
low bandwidth manganites. This classification is the basis of magnitude of hopping
amplitude for g electrons. Larger the amplitude (bandwidth), mmetallic the manganite
should be. Large bandwidth manganites show a fexgmetic metal (FM) phase. FM state
tends to be less prominent as bandwidth is rediRaadwidth can also be tuned by applying
pressure, changing size of the ions, etc. and stei€hange in phenomenology as we will

see below.

1.3.1 Colossal magnetoresistance and metal insulatoansition

The colossal magnetoresistance (CMR) effeters to the relative change in the
electrical resistivity of a material and a shift the resistivity curves versus higher
temperature, on the application of an external refigrfield. The effect, observed in the
manganese perovskites, was called "colossal® magrss$tance to distinguish it from the
giant magnetoresistance observed in magnetic @ydtis. Actually the COI state of Pr
xCaMnO3; (PCMO) may collapses to a charge disordered steltgch is observed as an
insulator— metal transition, when an external pédtion like, magnetic field28, §, photon-
excitation/light B], x-rays PJ, electron irradiationq9], high pressure?], and a static electric
field is applied §]. The above type of insulator— metal transitiosh®wn in Fig.1.8, under
pressure and magnetic fields.

In doped manganites; FA,MnO; the origin of the CMR is connected with the
presence of a metal-insulator transition. The CMIBce is observed in manganites within a
narrow window of composition x (i.ex = 0.3 and 0.4), where the coexistence of two
micrometric magnetic phases in the absence of thgnetic field exists: a ferromagnetic
insulating (FMI) phase and an antiferromagnetialiagng (AMI) one. In the presence of a
magnetic field, these phases transform into a meagnetic metallic phase at a Curie
temperature d. In the vicinity of this E, the maximum CMR effect appears. The

magnetoresistance is usually defined as:
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AR_R(H)-R()

- 20 (1.2

where R(H) and R(0) represent the resistance isepie and in absence of the external

magnetic field, respectively.
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Figure 1.8: Effect of applied; (a) pressuré][and (b) magnetic field5] on PCMO resistivity.

As an example, Fig..8b shows the Resistivity measurements versus temyperat
applied magnetic field for the RICaMnOs. For manganites, the origin of the CMR is partly
connected with the double exchange mechanism.Mm¥ ion, thet,q electrons are tightly
bound to the ion but they electron is itinerant. Because of the double exghanteraction,
the hopping ofy electrons between Mn sites is only permitted if tlte Mn core spins are
aligned. The magnetic field aligns the core sping, dherefore, increases the conductivity,
especially near d. The situation is actually more complicated beeatl® carriers interact
with phonons because of the Jahn-Teller effect.skhmng electron-phonon coupling in these
systems implies that the carriers are actually rpak aboveTc. The transition to the
magnetic state can be regarded as an unbindingedfapped polarons$({]. In view of the
models proposed to explain the origin of CMR effétt manganites, the percolation
mechanism has got significant attraction duringl#s¢ decade3l, 33. This model is based
on the idea that the CMR is due to percolation betwnanoscale ferromagnetic metallic

(FMM) clusters in an antiferromagnetic insulatidg=() matrix [32].
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1.3.2 Half metals and spin polarization

The manganites show large MRB3] and spin polarization effects, making them
potential candidates for an arising spintronicchitetogy p2, 34, 3% However, it was
realized that the way into technology is not aaightforward for manganites as it was, for
example, for giant magnetoresistance (GMR) in retatultilayers. GMR was discovered
in 1988 B6, 37 and is currently applied in magnetic sensorsuditlg read heads of hard
disc drives. On the other hand, the physics of raaitgs is only partially understood and,
even now, new parameters and phenomena are bsitmydred. Half-metallic ferromagnetic
materials appear as potential candidates for gpirtirdevices, and much work is under
progress to synthesize magnetic oxides, such g3g/3@3Mn0O; (LSMO) [38, 39] In
ferromagnetic metals conduction electrons can msidered to reside in two “conduction
channels”, with the electron spin being either pardspin-up) or antiparallel (spin-down)
with respect to the magnetization vector. Theneasntermixing between the channels if no
spin-flip scattering occurs, the conductivities lwdth channels just add up to the total
conductivity. The electronic density of states (D@Ssplit into a spin-up and a spin-down
sub-band (Figl1.99, with a relative shift of the spin-down band teds higher energy. The
difference of the DOS in the two channels$;(n]) at the Fermi energyef) produces thepin

polarizationof conduction electrons,
P=(nt-nl)/(nt+nl ) 1.9

Note that the spin polarization of a current flogvin a material might differ fron? due to
different velocities ot andn| electrons; this is the so-call&énsport spin polarization
Interestingly, some magnetic materials appear @ m® states d in one of the subbands,
I.e. charge carriers have only one spin directidrey are calledhalf-metals Half-metals are
particularly interesting for spintronics as a seuat fully spin polarized electrons. In Fig.
1.9 | present the two-channel model that providesrple explanation for the best-known
example of spin-polarized conduction, the GMR. Ispan valve structure (Fid..99, spin-
polarized electrons travel through a non-magnetietain interlayer separating two
ferromagnetic (FM) layers.
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Figure 1.9: (a) Schematic density of electronic states (DOS) w®renergy of a conducting
ferromagnet. The subbands with electron spin peradir antiparallel to the spontaneous
magnetization 1) are split, resulting in different DOS at the Fedevel EF. (b) Two-channel
model of electronic conduction, with spin up anithggiown electrons in independent channeds. (
Trilayer junction comprising two ferromagnetic lageand a non-magnetic interlayer which is a
metal in GMR junctions and an insulator in a turjoekction. The small arrows indicate the spin of
a majority electron moving through the layer staokl being strongly scattered (in case of GMR) at
the interface to the electrode magnetized oppgsitalken from 40].

Essentially, spin dependent scatteringuscoonly at the interfaces. For parallel
magnetization directions of both FM layers, spinelgrtrons can pass with little scattering at
both interfaces; thus, resistance of the layerkstaclower than that for antiparallel
magnetization directions. If the interlayer is eed by an insulator with the thickness of a
few nanometres, a magnetic tunnel junction is olei which is the other spintronics device
that has already achieved commercial relevancen{agnetic random access memory,
MRAM). Very recently R. Werner et al. reportetll], the largest TMR in manganite tunnel
junction (i.e., L8esSIh3gMnOs / SITIO; / LagesSlhsgMnOz) grown by molecular-beam
epitaxy, showing a large field window of extremhblgh tunneling magnetoresistance (TMR)
at low temperature. The TMR reaches ~1900% at doesponding to an interfacial spin
polarization 0f~95% assuming identical interfadesthe case of a half-metal, tunnelling is
forbidden for antiparallel orientation of the matrnation vectors of FM layers. Alignment
of magnetization by a modest magnetic field produzdruge resistance drop tannelling
MR (TMR). There are several devices exploiting spitappation of charge carriers and a
magnetic field for the control of electrical reaiste or current, which include the spin valve
transistor 42], the magnetic tunnel transistat3d and spin injection deviceg4] to name a

few.
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1.3.3 Orbital and charge ordering

The orbital ordering consists in a spatially ordeegrangement of d orbitals in the
crystal. Strongly associated with the carrier com@ion, it develops when the d electrons
occupy an asymmetric orbital. The direct electristapulsion of the charge clouds, coupled
with cooperative JT distortions, stabilises theeetffgenerating an ordered sublattice of

orbitals. A scheme of OO is shown in FiglOaandb.

¢ ‘.’ ' Lay;;CayoMnO
AP

@B B |

Figure 1.10: (a) Pairing of charge-ordered stripes in $£a ¢MnOs, high-resolution lattice image
obtained at 95 K showinggg pairing of Jahn—Teller distorted diagonal ¥ stripes (JTS); (b) The
CE-type magnetic structure present in x=0.5 PCMQoat temperatures (charge, orbital and spin
order is also visible).

Indeed the ratio MffMn** is responsible for the phenomenon of charge ardd0).
This consists of a periodic distribution of electtharge (i.egy electrons of M#" ions in the
crystal lattice), driven by Coulomb interaction. €ltmobile g; electrons may become
localized at certain Mn ion positions in the lagtiforming an ordered sublattice. In principle,
however, these charges do not need to be necgdsaalized on the Mn sites, and in fact
they could sit on the bond centres as well, otheamost general case, on some intermediate
point between those two. Such an intermediate G stan be more generally seen as a
charge-density wave, lacking inversion symmetry #meh potentially capable to develop
ferroelectric ordering. In the COI phase of thekbBlysCa sMnO;3; (Tco = 250 K and T
=170 K) apart from the check-board like site-cestaerangement of M and Mri* ions,
there is also an orbital and CE-type magnetic gearent present (Fid..108. In the ab-
plane the ferromagnetic zigzag lines are antifeagmetically coupled and the coupling is

AF also in the c-direction. Along the =zigzag linethe charged sequence
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Mn®* —Mn* —=Mn* -Mn** is  followed by orbital ordering  sequence

e, (3% -r2)-t3, —e,[8y? —r?)-t3, . For the lower values ok< 0.5 a bond-centred model

is proposed45, 44. In this view metal sites remain valence equimtland the charge is
located in the bond forming so called magnetic Zgéaron - a ferromagnetically linked JT
distorted octahedra with enhanced double exchavigesover, according to referencéq],
the coexistence of site and bond-centred mechateands toferroelectricity opening the

possible path to multiferroic behavior.
1.4 Magnetic/Exchange interactions

1.4.1 Direct exchange

The phenomenon of long range magneticrocdatains exchange interactions at its
heart. Although the consequences of the exchangeation are magnetic in nature, yet the
cause is not. Exchange interactions, being duegpilynto electrostatic interactions, arising
because charges of the same sign cost energy Wwhgrate close together and save energy
when they are apart. Indeed, in general, the dimeagnetic interaction between a pair of
electrons is negligibly small compared to this &lednteraction. If the electrons on nearest
neighbour magnetic atoms interact via exchangeraot®n, this is known as direct

exchange. The direct exchange is modelled by theeHberg exchange Hamiltonian:
Ho ==Y 3;S* S, 1.4
i

HereJ; is the exchange constant betweenithandj™ spins, distributed on a regular lattice.
Usually, the summation includes only nearest neghfh The magnetic properties of the
crystal depend on the sign and the strength ointleeaction between spins:Jf = J > 0 the

parallel orientation of the spins is favoured, givia ferromagnetic state. Jf = J < 0, the

magnetic order is antiferromagnetic, with the spofsnearest neighbours antiparallel.
However for the manganites, as in many other magnsterials, it is necessary to consider
some kind of indirect exchange interaction, becdhieeMn ions are alternated with O in the

lattice.

1.4.2 Indirect exchange: superexchange
Superexchange is an indirect exchangeactien between non-neighbouring magnetic
ions mediated by a non-magnetic ion that is plaoeldetween them. This interaction was

first proposed by Kramersd]] in 1934. The main aim behind his work was to fiad

2011 Muhammad RIAZ - PhD Thesis Page 17




Survey of Pr,CaMnO ; manganite compound and two-dimensional electron gas in oxide heterostructures

explanation for the magnetic properties observedhgulating transition metal oxides, in
which the magnetic ions are so distant that a tisechange interaction could not explain the
presence of magnetically ordered states, so thgelarange interaction that is operating in
this case should be “super”. The problem was thiereteated theoretically by Anderson
[48], who in 1950 gave the first quantitative formidat showing that the superexchange

favours antiferromagnetic order.

1.4.3 Double exchange

In a few oxides, it is possible to havdearomagnetic exchange interaction which
occurs because the magnetic ion shows mixed valehbg “double exchange” (DE)
mechanism proposed by Zend#)], is a theory that predicts the relative ease wittich an
electron may be exchanged between two species feftoenagnetic coupling between Rin
and M ions, participating in electron transfer, is doethie double exchange mechanism.
The DE process was explained historically in twoysvaln the first way, there are two
simultaneous motions of electrons involving up seiaectron moving from oxygen to the

Mn**ion and up spin electron moving

from Mn®" ion to the oxygen as shown by
arrows in the Fig. 1.11, and can be
schematically (mathematlcally) written a @ O
Mn¥* O, . Mn* = Mn*O :
11 21,31 1t 31 Mn3+ 02_ Mn4+

where 1, 2, and 3 label electrons that belong
either to the oxygen between manganese, or
the g, level of the Mn-ions. In this proces @ @
there are twasimultaneousnotions (thus the

02- Mn3+
name double exchange) involving electron 2
moving from the oxygen to the right I\/In'lon’Figure 1.11: Sketch of the double exchange
and electron 1 from the left Mn-ion to thenechanism which involves two Mn ions and one O
oxygen (see Figl.11). The second way to ion. The mobility of g electrons improves if the
visualize DE was involving a second ordePc?ized spins are polarized. Taken fra2d][

process in which the two states described abovergm one to the other using an
intermediate stateh/ln1 O, Mn3+ [50]. Briefly, the g4 electron on a Mt ion can hop to a

neighbouring site only if there is a vacancy of shene spin (since hopping proceeds without
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spin-flip of the hopping electron). If the neighbdsia Mri™ ion which has no electron in its
g shell, this should present no problem.

However there is a strong exchangg) (b)

interaction (first Hund’s rule) between _LX\
thegy electron and the three electrons ire, -L e == —
the tyq level that want to keep them all

..\
=
————]
aligned. This is not favourable for ap e # # ty # #

electron to hop to a neighbouring ion in

which thetyy spins will be antiparallel Mn?* Mn bin e

to the g electron (Fig. 1.12D.

Furthermore, ferromagnetialignment Figure 1.12: The double exchange interaction favours

of neighbouring ions is thereforehopping if (a) neighbouring ions are ferromagnétyca

required to maintain the high Spir.laligned, and not if (b) neighbouring ions are

arrangement on both the donating an‘rjtljmiferromlgnetically aligned.

receiving ion.Because the ability to hop gives a kinetic eneyrgy, allowing théhopping
process reduces the overall energy. Thus, the abigs ferromagnetically to save energy.
Moreover, the ferromagnetic alignment allothie g; electrons to hop through the crystal and
the material became metallic. It has been shov@j, that the electron transfer integial
between Mn ions in the double exchange processndspen the anglé between their two

core spinst = t, cos (/2).

1.5 Pr,,Ca,MnO 3 compound

The narrow band manganites host a ricietyaof phases characterized by different
structure, magnetic ordering and transport progertirhe applied fields5[], including
magnetic, electric, stress, etc. may affect inargitic way the physical properties, as in the
celebrated colossal magnetoresistance or eledastiveseffects, or giant magnetostriction,

etc.

1.5.1 Structure
The undoped PrMnas an orthorhombic distorted structure at roamperature that
belongs to the R space group as shown in Figl3 To obtain Pr,CaMnO; (PCMO)

from PrMnQ; divalent C4" is substituted with trivalent Prions by chemical doping.
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Here, the buckling of MnPoctahedra (a) (b) Orthorhombic
plays a significant role and the Mn-O- 4 :
Mn angles deviate largely from the ,, -
ideal 186, lowering the role of double

exchange mechanism. For undoped
o

PMO, Mn-O-Mn angles are 15%nd

165 for the apex and equatorial O,

respectively.

Figure 1.13: (a) PCMO structure; (b) Correspondence
between orthorhombic and pseudo-cubic unit cebupaters.

1.5.2 Phase diagram

The phase diagram of PCMO is shown in Eigi4 PCMO deserves a special attention,
as it is in fact the only hole-doped manganite wmulating character throughout the whole
x = [0,1] range. This is a consequence of the sivait radius of Ca, which results in a

pronounced orthorhombic distortion (see also Eifj3 that favours charge localization.
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Figure 1.14: Phase diagram of PICaMnOs. After reference I7]. The canted AF
insulating (CAFI) state also shows up below the Afte in the COIl phase 0.3x< 0.4.
A paramagnetic insulator (Pl) phase is presenight temperatures.
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At high temperature a paramagnetic insulating i&present, while for low doping< 0.15,

a spin canted insulating (CI) phase exists. . F&«X<0.5, PCMO exhibits antiferromagnetic
insulating (AFI) behavior at lower temperature<(L75 K). There is also a canted
antiferromagnetic insulating (CAFI) region prestnt0.3<x<0.4 at further low temperatures
(T<100K). In the range dd.15 < x < 0.30a ferromagnetic insulator (FI) state is present at
lower temperatures. The nature of the FI phaseeptest low doping levels in the phase
diagrams of several manganites is object of intensiheoretical and experimental
investigations %2]. At present, there is still debate on the intetation of the
phenomenology and on the comprehension of the sgopic interactions that determine
such FI state. Very general issues are its externsithe phase diagram and the origin of its
competition with the ferromagnetic metallic (FMharge (and/or orbital) ordered insulating
(respectively, COIl and OO), and with the antiferagmetic insulating (AFI) phases. While
the physical mechanism (i.e., the double exchanggaction) that leads to the FM state in
manganites is well known2p, 53, the reason why an insulating state can persisa i
ferromagnet is less evident. At low temperature ZR0 K), for broad range of doping 63
x<0.75, PCMO shows a Jahn—Teller distortion thateawa charge ordered insulating (COIl)
state affco [54]. Moreover, in this compound at half doping (x=0&)COl is present, while
intermediate and large bandwidth manganites exh#iferromagnetic-metallic behavior at
this doping concentration. This COIl state in PCM@yncollapse to a charge disordered
state, which is observed as an insulator— metakitian, when an external perturbation is

applied

1.6 PrpCagsMnO 3 system

The present work focuses on the investigation ef®aMnOs; (PCMO) withx = 0.3. This
compound represents, in our view, an outstandingmgke of the complexity of high
correlated manganites. This system never showstalmetate in the whole phase diagram,
at difference to the better known LSMO. Furtheradstabout PCMO will be shown in
chapter3 together with experimental data. This concludes gihenomenology part on
manganites. Now | would like to move onto next sectvhich is related to two-dimensional

electron gas at the interface between TMOs.
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1.7 Two-dimensional electron gases

A gas of electrons free to move in two elisions, but tightly confined in the third is
termed as two-dimensional electron gas (2DEG). bst commonly encountered 2DEG is
the layer of electrons found in MOSFETs. When ttandistor is in inversion mode, the
electrons underneath the gate oxide are confingdesemiconductor-oxide interface, and
thus occupy well defined energy levels. In the idmse only the lowest level {k 0) is
occupied, and so the motion of the electrons pelipalar to the interface can be ignored.
However, the electron is free to move parallel be interface, and so is quasi two-
dimensional. A careful choice of the materials afldy compositions allow control of the

carrier densities within the 2DEG.
1.8 Building blocks of the heterostructure

1.8.1 SITiG;

The mineral responsible for the name ofopskite crystal structure is CaTiO
however, all the fame of these oxides is receiwediother titanium compound: strontium
titanate SrTiQ (here after STO). At room temperature STO hasacperovskite structure
with unit cell dimensions equal to 3.905A and Pm@sncrystallographic space group. One
reason for its large scientific interest is thatCGs5plays an important role as a standard
substrate for many oxide materials. For example,isit possible to grow higheT
superconductorssp], colossal magnetoresistance oxides or ferroetscapitaxially on STO
due to high thermal stability, and structural adl &g lattice compatibility. Moreover, STO is
chemically inert. In many cases it does not reath ¥he deposited materials. This success
has been pushed further by the ability to chemjcaibcess its (001) surface to obtain a
100% TiQ termination. Technological applications of STOukeg the optimization of the
processes that can reproducibly produce a givdacrHowever, polishing and etching of
STO as a substrate lead to several kinds of defectie surface and cannot be successfully
used as a proper substrate for thin film growthta®iing of TiO2-terminated STO (001)
with ultra-flat and molecularly layered steps byegtical etching in an NMf—HF buffer
solution in combination with thermal treatmeb6][ 57 is already established as common
way for the surface preparation. Stoichiometric S1a3 a relatively large indirect band gap
of 3.25 eV and exceptional dielectric propertieie Tdielectric constant increases with
decreasing temperature. Values from several huralr@d0K to up to 25000 at 4K in bulk
samples $8, 59] and up to 4000 in thin films6p, 6] have been reported. At low
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temperatures a strong reduction of the dielectritstant is found upon application of electric
fields [62]. STO is chemically a very stable material uphe tnelting point of 2353 K, but
during cooling down its cubic structure transformas tetragonal at 105 K. Moreover,
recently, J. Xing et al.6(3] reported that STO single crystal is an attractaedidate for a
UV detector.

1.8.2 LaAlO;

Another building block of the studied hewsdructures is LaAl@ (here after LAO),
which has a good lattice matching with many oxidsenals just like STO. Because of this
property it was also thoroughly studied as substnadterial §4]. In this thesis work LAO is
not considered as a substrate but instead wasardgds thin film on STO substrates. At
high temperatures LAO has the cubic perovskitecaire (space group Pm3m). At ~ 813K it
undergoes a transition to a rhombohedral distope@vskite structure6p]. Here LAO is
always in the low temperature range, where thecttra differs from the cubic perovskite
only by small antiphase rotations of AlOctahedra. It can be described as pseudocubic with
a lattice constant of 3.791%¢]. The reasonably small lattice mismatch of 3% T@Sand
the similarity of the thermal expansion coefficer7, 6§ allow the epitaxial growth of
LAO films on STO. Optically, LAO single crystalseayellowish transparent. LAO is a band
insulator with a wide gap of 5.6 eV. Like STO itldreys to the high-k oxides, having a
dielectric constant of about 25 for temperaturesveen 300K and 4K6H, 69.

1.9 Polar/non-polar surfaces

The search for novel oxide heterostrustuseipporting the formation of a two
dimensional electron gas (2DEG) at the interfadsvéen two robust band insulators is of
major interest both for fundamental and appliedsatsy The availability of multiple kinds of
such structures increases, on the one hand, threedegf freedom in trying to address the
physical mechanisms and the material issues undg@rBDEG formation. It possibly opens
the route, on the other hand, to optimizing deyiagperties by adopting suitable materials in
view of specific applications. A classical electedg criterion says that, the stability of a
compound surface depends on the characteristitseofharge distribution in the structural
unit which repeats itself in the direction perpendtr to the surface. The mechanism of
charge redistribution is strongly linked with therface type. P. W. Tasker established a
classification of surface types using basic eletatic principles 70]. His classification is

shown schematically in Fi§.15
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In the type | surface the charge in each  ype1 Type IT Type I
Q=0. =0 GEGH=0 Q0. p#0

0000 O r0000
arranged with repeating units and are mOO :O 8 OOOO
charged, but without dipole moment, the[oow 0 [oooo

surface is characterized in such a way

Figure 1.15: The surface types according to Tasker
that each layer parallel to the surface h@gssification. Here Q represents charge arttie dipole
moment.

plane is spread in a way that these planes

are charged neutrally. If planes are[

surface is called type Il. Finally, type llI mOO o O

a charges and the dipole moment. To
which type a surface belongs depend mostly onstiniace orientation, the characteristics
of the polarization in the bulk unit cell, and ohetcrystal terminationBulk electric

polarization(P) of insulating crystals is defined by the centerscbarge of the Wannier
functions of the occupied bands. If the surfacerdsdtion isn, the bound charge density on

the surface ¢, ), is described with equatioor, = P - n. The polarization as vector has

modulo as g/A, where A is the surface cell areaotfdition that modulo g/A is equal to zero

(g, = 0) is satisfied, the surface is nonpol@t][ For most cases, simple models for the

electronic structure can easily indicate when daseris polar or not. Hence, it is necessary
just to use the sign of the ions charge in thegl&or example, SrTi¥X110) contain SrTiO
and Q layers as repeated units which are charged. md&bicharges are assigned to the ions
as: Sf*, Ti**, and G~ the SITiO has charge +4e anfli@s -4e per unit cells in the plane. In
general, polar surfaces have low stability. Lebrisfly describe the origin of this instability.
A very simple presentation of the crystalline commpd cut along a polar direction is
presented by Claudine Noguerd&].

Fig.1.16apresents schematically inequivaler (b) AmG R,
layers with equal but opposite charg V=TT E""”"
densities ¢ o), with interlayer spacing R E —}R1 . ;\.\!

and R. The unit cell has a dipole momen L e
density equal tx =g R,. With increasing <~—— i o
number of the layers, the electrostati. o 47]t0

potential increases monotonically across thgure 1.16:(a) Structured material with inequivalent
charge layers, (b) Energy and potential dependences

system by an amountdV=470R  per  ;ie number of layers.

double layer as shown in Figl.16h A

potential, 8V, is actually large, and could be of the ordese¥eral tens of eV in a pure ionic
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material like MgO T3] or a partially ionic material like LAO. The totalipole moment

M =N o R of N bilayers is proportional to the thickness of thgstal, and the electrostatic

energy amounts ®=27NR o°. By increase in thicknessN(—wx), the electrostatic

contribution to the surface energy per unit aregemjes and surface cannot exist and will
collapse. However, several possibilities that woalthcel the polarity and stabilize the
surface are likely. One possibility is that one sewveral surface layers change chemical
compositions respect to the bulk. This effect caridlowed by reconstruction depending on
order of the vacancies or adatoms which could bated. The second is connected with the
environment where adsorbed atoms or ions may peothé charge compensation. Third
situation for charge compensation can be due teldaron redistribution which can cancel
out the macroscopic component of the dipole monremésponse to the polar electrostatic
field. However, this scenario can happen only @chiometric surfaces and graphically this
effect is presented in Fig..17 If the value g'=0 R, /(R +R,)) of the charge density is
transferred on the external layers of the crysta tesults that a total dipole moment is not

any more proportional to the thickness of crystdlfc R R,/ (R, +R,).

Increasing of the electrostatic potential i () (b) oy
R.+R
12

also suppressed and, moreover, it saturat Voo b

Which process for stabilization of the :

surface will take place depends strongly o~

energetic considerations. However, th-c_}R
( — 1" |

. . . E =
resulting surface energy, considering th 4o Ry 1o R
. . R, +R
process of depolarization, has to be as lo i 12
as possible. Figure 1.17: (a) Structured material with inequivalent

charged layers, (b) Energy and potential dependsnci
of the number of layers with charge redistribution.

1.10 The case of LaAI@SrTiO ; heterointerface

1.10.1 Phenomenology

In 2004 A. Ohtomo and H.Y. Hwand] [from Bell Labs (USA) reported that the
interface between LAO and STO in the (001) diretttan be conducting, depending on the
actual chemical composition of the interface. Twifedent stackings were prepared by
Pulsed Laser Deposition (PLD) on (001) oriented St®strates. An illustrative sketch of

both configurations is shown in Fifj.18 In the first configuration, LAO is grown epitakia
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on a (001) oriented STO substrate, terminated BiOa layer. For the second configuration
an additional monolayer of SrO is inserted befomvng the LAO. These procedures result

in a TiG/LaO and a SrO/Al@stacking, respectively, at the interface.

al %ﬁ%‘a%u% La0 b %’&MJM“% LaQ)

iR, AlO) Rmrtrlnl,  Al0,
W"W“M’h La0 %-‘M“%“h La0
rlpesiyiatyt.,  AlO; R, AlO;
Q- Wy Ry Ry Lo %w%h LaQ
i, TiO, iR, AlDy
Ry Ry Wy Ry 510 WN%% 510
s, Ti0, rprnaEnh,  TiO,
Ry Ry Ry Ry 510 Ry Ry Wy Wy 510
iy, Ti0, gttt Ti0y

Ry Ry Ry Ry 510 Ry Ry - Ry Ry 510

Figure 1.18: lllustration of the two possible stackings for atcafly abrupt interfaces
between LAO and STO in the (001) orientation. (aype interface (Ti@QLaO stacking)
and (b) p-type interface (SrO/A}Gtacking)

The surprising result of electronic transport measents of these samples was that one
configuration (TiQ/LaO stacking) was highly conducting at the integfawhile the other
configuration (SrO/AIQ stacking) was found to be insulating. This is wigdly worth a
deeper investigation for two reasons. Firstly, atacking sequence results in a well
conducting interface, although the sample is dgttemposed of band insulators. Secondly,
depending on the stacking sequence at the interfdnee electronic properties of the
heterostructure differ from conducting to insulgtiit is remarkable that the insertion of one

atomic layer of SrO during sample growth leadsuichsa tremendous difference.

1.10.2 Polar catastrophe theory

The so-called “polar catastrophe,” a sudden elaatroeconstruction taking place to
compensate for the interfacial ionic polar discomity, is currently considered as a likely
factor to explain the surprising conductivity oétimterface between the insulators LAO and
STO. The LAO/STO heterointerface is special as lobr@ge neutral layers and charged
layers adjoin. From Figl.19 clearly, this is an unfavorable situation becapstrity is

unfavorable.
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Figure 1.19:lllustration of the polar catastrophe occurringwestn LAO and STO. Heleis the
net charge of the layers, which leads to the etefitld E, that produces the electric potential V.
(a) the unconstructed n-type interface (FI@O stacking) leads to a diverging potential V tlue
the polarity discontinuity (b) if electrons are igdbuted such that half an electron enters into
the last TiQ plane the potential stays finite. Taken frord][

The consequences of such sequencing were firsistied by G. A. Baraff et al79
and W. A. Harrison et al.7p] in the 1980s for semiconductor Ge/GaAs heterdjans.
Consider first the heterostructure with a FiGO stacking sequence at the interface as
shown in Fig.1.19a The charged sublayers produce an electric figlevliich leads to an
electric potential V that diverges with the thickseof the LAO film. For semiconductor
heterostructures with charge neutral sheets follblaecharged sheets it was shown that the
system can avoid this so called polar catastroghedistributing the atoms at the interface,
which causes roughening of the interface. An armalsg@rgumentation explains why crystals
with polar planes need to have atomic reconstrostiat their surface. Conventional
semiconductor ions have a fixed valence, so aapaiiistribution of ions, which leads to a
roughening of the interface, is their only optianavoid the divergence of the electrostatic
potential. But the complex oxides, like LAO and STave an additional option. The mixed
valence states available allow for charge compenséty moving electrons, which happens
if it is energetically favorable compared to a stdlbution of ions. The effect of rearranging
the electron distribution is shown in Fi3.19h Briefly, one can construct the system from
neutral atoms and then transfer half an electromfthe LaO layers to those above and
below. During this reconstruction the total struetuemains charge neutral with Ti at the
interface becomes ", This redistribution eliminates the divergencetioé electrostatic
potential V. The resulting V oscillates aroundraté value. In other words some insight into
the possible sheet charge densities at a LAO/STé&fate can be seen from the following
considerations, which relate to an intrinsic dopimgchanism. Since SrTiCconsists of
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charge neutral SrO and Tiayers, whereas the AjOand interface charge equal to half that
of the last plane, if no other reconstructions tplace. Indeed a neutralizing charge at the
interface is required to avoid a polarization ctitgshe that arises due to this net interface
charge. If left uncompensated, the energy assalciwith this polarization grows indefinitely

as the thickness of the LAO layer increases. Thegeklectrons have to be promoted to the

conduction band of LAO at some point. The chargat tis necessary to prevent this

polarization catastrophe is equal to half an ebecfrer unit cell, or3.2x10"cm™. Note that
this estimate applies only for perfectly stoichidanee LAO and in this sense is an
approximate upper limit in the intrinsic case; al®fect may reduce this number or increase.
In any event, clearly this line of reasoning canemplain the very large charge densities
observed. Indeed, this simple model provides a gerglanation on how electronic
reconstructions can lead to a metallic interfachenLAO/STO heterostructure. However it
seems to be oversimplified, as, e.g., the insugdb@havior of the p-type interface observed
experimentally is not captured in this approacheré&fore, more sophisticated models and
calculations are needed. To add few more wordsingluhe past few years interfaces
between different, in some cases even correlate@sg have been theoretically studied, e.g.
LaTiOs/SrTiO; (LTO/STO) heterostructures7], 7g9. Materials that are governed by
correlations offer of course a large potential fondamental physics, due to their
susceptibility to all kinds of perturbations. AethAO/STO interface, the stacking of LaO on
top of TiO, equals a unit cell of LTO, which is a correlatedterial. The presence of one
unit cell of LTO at the interface might bring cdeton effects into the transport properties
of LAO/STO heterostructures. Finally in the bilaysmfiguration, however, as it is shown
by Thiel at al. 79, there exists a critical thickness af4 u.c. of LAO grown on Ti@
terminated STO above which the 2D electron gasappe

1.10.3 Extrinsic doping

Although the polar catastrophe scenario remaingrtam paradigm of interpretation of
the properties of the LAO/STO system, yet, it isitcadicted by some experimental and
theoretical results. Other competing models havenbproposed, based on the ease of
extrinsic doping in STO. Infact, STO can be readibped by either oxygen vacancies or rare
earth substitution, both of which are possiblegieen likely) at the LAO/STO interface.
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influencing electronic properties of the Figure 1.20: The role of the oxygen pressure used

substrate and the grown system. during the deposition on the final state of
LAO/STO:TIiO, (001) interface. Reproduced from

According to ref. §0] there exist three (80

regions, in view of the value of deposition oxygerssure that leads to different electronic

and magnetic properties for LAO/STO interface (RigO:
= for the low deposition pressures Wht%gglo‘ﬁ mbar the high conductivity is
measured]];
= for intermediate pressuresi0®mbar< P, <10” mbar the superconductivity
emergesgl, 87;
= for intermediate pressureg,, >10° mbar the insulating and magnetic behavior
appearsgQ].
This data show that oxygen vacancies can not leel rolit when addressing the electronic

properties of the interface, but they also do comthe role of electronic reconstruction since
the conducting state is always present, even atdmnggen partial pressure.

1.10.3.1 Oxygen vacancies

The high sheet conductivities and carrier densttaes also be explained by an extrinsic
doping mechanism, i.e. the charge carriers arergttkein the synthesis process itself. The
carrier densities reported in the first work] [can not be explained by an electronic
reconstruction. According to A. Kalabukhov et &3][ one likely cause of charge carriers
are oxygen vacancies in the STO substrate. Beadubke relative stability of the +3 valence
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state of the Ti ion, STO has a large oxygen ionibifity and is stable even if the quantity of

oxygen vacancies approaches 10% of the total oxylJeese vacancies can be the

result of high energy particle bombardment
aRlY,

during the PLD process (at low pressure and
. . . Oxygen in from Atomic axygen Oxygen sputtered
hlgh temperature, oxygen vacancies are eaSI|béckground gas from target by high energy particles

generated) used so far by all researchers in the
field to make these heterostructures. At the same

time vacancies that are created will be filled by

oxygen coming from the target and from the L2 ’

background gas. Fig.21 shows schematically, Figure 1.21:lllustration of the flow of oxygen in
the flow of oxygen in and out of the substrate. and out of the substrate.

In literature one can find several rep@i®ut oxygen vacancies. In a recent article,
Yunzhong Chen et al8ff], reported that metallic interfaces can be redlize amorphous
STO-based heterostructures by introducing oxygeanaes near the STO substrate surface,
suggesting that the redox reactions on the sudcerTiO3 substrates play an important
role. The significance of negative ions ({Ofor PLD oxide thin film growth is recently
reported 85] for Lap4«Ca dMnO;3 films grown in different background conditions (@01)
STO where the best structural properties coinciile the largest amount of negative plasma
species. The plume composition reveals a significantribution of up to 24% of negative
ions, most notably using a8 background. C. W. Schneider et &8l6][ have demonstrated
that the oxygen substrate contribution has to kentanto the overall oxygen balance when
growing oxide thin films. They noted a substantigygen transfer between substrate and as-
grown thin film, which indicates that the initialfiprmed film is oxygen deficient and a
chemical gradient is in favor of supplying oxygea the substrate.

1.10.3.2 Lattice distortion

Since the unit cell of STO is slightly larger th#mat of LAO, one might expect a
decrease of the out-of plane lattice constant f@&OL films heteroepitaxially (i.e.
pseudomorphically) grown on STO. In fact, a dila@atat the interface was observed by
Mauriceet al, using high resolution transmission electron necopy (HRTEM) 87]. They
argued that a Jahn—Teller like distortion is thesom for the elongation, which minimizes the
electron energy: the two atomic sublayers LaO aiQ} &cross the interface form a unit cell
of LaTiOs, which has a larger lattice constant (b§6% A for pseudocubic bulk unit cells).

The d;and ¢, orbitals of the 4, states are therefore lowered in energy comparéhatofor
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the dy state. Implicit in this explanation is the trivalemature of the titanium ion in this
single LaTiO3 monolayer.

Vonk et al measured the initial structure of LAO on STO filfos a deposition of less than
one monolayer, using surface x-ray diffraction ($R88]. For a half occupied first
monolayer of LAO, the displacements are qualitdiv@milar to those in the HRTEM
results. A comprehensive SXRD study was performgdPbR. Willmottet al. [89], who
studied a five-monolayer thick film. This study @lsonfirmed the interfacial dilation. They
explained the lattice deviations by simple ioniasiderations of intermixed cations at the
interface, described below.

1.10.3.3 Cationic intermixing

So far, we have considered the interface as alam@tatomically perfect. The same
chemical properties which make the perovskite stinecso versatile, able to readily form
solid solutions with different cations, are a lidhiin this case, because near the LAO/STO
interface La and Sr cations can in principle inferndoping the last STO layers with T*a
impurities. Although there are reports about thgooantermixing PQ], recent measurements
from our group 91] show that cation intermixing and oxygen vacaneiesnot the dominant
cause of conductivity. As an example, the High-armhnular dark-field (HAADF) image
shown in Fig.1.22was acquired using a NionUIltraSTEM operating & kO and resolves
both cations and oxygen columns. This data ateilautinor role to oxygen vacancies and

cation intermixing
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Figure 1.22: LAO/STO interface imaged by HAADF in a NionUltraSWEoperated at 100 kV.
The inset is an enlarged portion of the image (data) with color coded circles indicating the
position of each atomic column (red = Ti, blue 5 pllow = Sr, green = La,cyan = O). The
dashed region is the region used to calculatettimaia column positions. Taken fror@]]
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In this chapter, | have presented a cdansd»survey of the current experimental results
and theoretical predictions obtained during theyaars, concerning the Physics of transition
metal oxides. In particular, an in depth revieviled general characteristics off REgMnO;
(PCMO) manganite compound and novel conductingfaxtes of transition metal oxides
(TMO) was described. The physics presented in thapter provides the theoretical
foundation necessary for understanding of the tesuksented in the remaining part of the

thesis.

2011 Muhammad RIAZ - PhD Thesis Page 32




Experimental Techniques

Chapter 2

Experimental Techniques

2.1 Introduction

A number of experimental techniques andratterization methods are used for the
research work described in this thesis. TMO tHmdgican be characterized, using traditional
solid state physics techniques, from the structeiglctrical, magnetic and optical point of
view. For most of the devices based on the epitap@ovskite-type thin films and
heterostructures, high-quality surfaces and distinterfaces in between the constituent
layers are usually prerequisite for good devicégoerance. Therefore, the deposition of high
quality TMO thin films and heterostructures and erstinding the growth mechanism is
very important. Epitaxial thin films characteriziedthis thesis work were grown by a special
PVD technique called Pulsed Laser Deposition (PLMpreover, the growth can be
monitored in real time by insitu Reflection Higheetron Energy Diffraction (RHEED),
which makes it possible to examine the precisekstatc the layers. The transport
characterization of the thin films, after the faltion process, was performed by using
variable temperature four and two point methoddark and under light irradiation. In this
chapter, principles and descriptions of those arpertal methods are given. First, | briefly
describe the effect of strain in epitaxial TMO tHims. Next, | present the pulsed laser
deposition technique and system used. Finally, tredat and optical characterization

techniques are described.

2.2 The role of substrate

When manganites or other TMOs arepared as an epitaxial film, the
crystallographic structure can differ from thattbé parent distorted bulk, often assuming a
pseudo-cubic or a tetragonal structure. This is tu¢he biaxial stress imposed by the
substrate that results in a strained film structlif@s type of stress affects many physical
properties of these TMO; hence the choice of thestsate is of primary importance. A
substrate can have the following properties for #pmtaxial growth: (i) it must be

monocrystalline; (ii) crystallographic lattice mhtevith the Mn compound; (iii) similar
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thermal expansion coefficient; (iv) absence of cltamnteractions with the material to be
deposited; (v) surface quality; (vi) mechanical ahémical stability at the temperature and
pressure conditions during the grow®2]|

Oxide substrates with a square-planaraserbrientation, as the (001) face of a cubic
oxide crystal (see Fi@.1b), are ideal for films of compounds with cubic, pde-cubic and
orthorhombic crystal structures. Other cuts mayals® considered, for instance (110) is
another face often used for deposition (FAd.b). Typically, the in-plane lattice spacing of
the oxide film should closely match that of the studte or exhibit a reasonably close near-
coincidence site lattice match, such as by rotatfigwith respect to the principal axes. The
popular perovskite substrates used for the growtimanganites films, are SrTiOLaAlO;,

and NdGa®@to name a few.

() (b) (001) plane (c) (110) plane

SrO plane
/_

TiO, plane

4

StTiO plane 0, plane

Figure 2.1: The crystal planes of STO (a) crystal lattice,(()1) plane with double termination and (c) (110)
plane with double termination.

2.1.1 Strain effect in epitaxial oxide thin films

For the thin film deposition, a crucial role is yda by the mismatch between film and
substrate, inducing a strain on the growing filmti&lly, a layer-by-layer growth takes place.
Then, the thicker become the film, the higher i ¢hastic energy due to the strain. Beside
this, the main difference should be between homaepiand heteroepitaxy growth. In the
first case, the substrate and deposited film comg@gsuare the same and the substrate
crystalline structure extends into the film durithge growth. For the case of heteroepitaxy,

the materials of film and substrate are differanth different lattice parameters. Such lattice
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mismatch gives rise to a strain, tensile or conrgives The stress (strain) accommodated by a
perovskite structure is mainly by using the intémhegrees of freedom of the lattice, i.e. by
rotation of MnQ (BOg) octahedra, or small modifications of the Mn-O @B-bond lengths,
leading to JT distortions. Since, an elastic energyreases with increase in the film
thickness. When the thickness reaches a valuegdcaliitical thicknessdg), the elastic
energy stored in the structure is enough to crettectural defects, or cracks. This is

related to the smalattice mismatcl{ J):

Jz(asub - afilm) lag, 2.9
whereagyp andasm are the in plane lattice parameters of substradefiam, respectively. The
higher is the mismatch, the smallest is the ctittbeckness. Generally, the strain can be
elastic, and a deformation of the in plane lattgarameter produces an out of plane
deformation of the cell, too. When> 0, it means that tensile strain on the depoditedis
in plane while strain is compressed in out of plaris. Fors < 0, the strain is compressive,
causing the lattice to be compressed in planegxp@nded out of plane. Finally,af,,~ a&im
no strain is applied (see Fig.2).

(a) (b)

- =

(©)

—

No strain Compressive strain Tensile strain
Qoup ~ Uit Ay, < Qg gy > Ui
o=10 5<0 6>0

Figure 2.2: Effect of strain in thin films; (a) absent € 0), (b) compressivei(< 0), and (c) tensile)(> 0).

2.3 Growth technique
In order to achieve future technological devicesedaon manganite thin films or
oxide heterostructures, the control over film fahtion and to understand their properties is

of primary importance, since most technologicalli@pgions require high quality crystalline
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films and multilayers. Scientists have benefittednt different deposition techniques
developed during the last years, and this resufietle standardization of various methods,
like sputtering, molecular beam epitaxy (MBE), nkedaganic chemical vapour deposition
(MOCVD), and pulsed laser deposition (PLD), to naafew. Although PLD has been used
to make films since the 1960s, successful fabnoabf a superconducting YBauOy

(YBCO) epitaxial film, giving a good critical cumg during the years 1987-88, led to rapid
development of this metho83, 94. Since then, PLD has been extensively used tockzie

epitaxial films of superconducting, metallic, feztectric, ferromagnetic oxides and their
multilayers. The basic principle of the laser ablatprocess is briefly described in the

following section.

2.3.1 The Pulsed Laser Deposition (PLD) technique

Pulsed-laser deposition (PLD) has gained a greatafeattention in the past few years
for its ease of use and success in depositing ratef complex stoichiometry. The basic
concept of the laser ablation is the followi®d][ A pulsed highly energetic laser beam, with
a duration of tens of nanoseconds, hits a targeéhefdesired material. If the laser energy
density is sufficient for ablation of the sourcegtt, the material (highly ionized and
energetic particles) evaporates, perpendiculdrdddrget surface, forming a gas plasma with
a characteristic shape that is calddme(see Fig2.3).

Figure 2.3: The plasma plume (a) photograph (b) expansion filmentarget (right) to the substrate
(left). This image (b) is taken by the ICCD camefséhe MODA system.

The plume consists of a mixture of atom®lecules, electrons, ions and clusters.
During its expansion, internal thermal and ionizatenergies are converted into the kinetic

energy (several hundreds eV) of the ablated pasticThe kinetic energy is then attenuated
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due to multiple collisions occurring during expamsinto the background gas. For oxides,
the background gas is usually oxygen at a typicaksure in the range 0.01 - 0.5 mbar.
Finally, the plume condenses on a heated subgifated in front of the target, forming a
thin film on it. Briefly, the thin film formation ¥ PLD, can be divided in the following four
stages.
1. Laser radiation interaction with the target
2. Dynamic of the ablation materials
3. Deposition of the ablated material on the sabstr
4. Nucleation and growth of a thin film on the swate surface

The physical quantities that are contbbiee the fluence of the laser on the target, the
background oxygen pressure, the distance betwegettand substrate and the temperature
of the substrate. Both the temperature of the saliestand the oxygen partial pressure
influence the size and the shape of the plumecandequently the deposition rate, while the
choice of the energy and the repetition rate ofdser determine the energy of the atoms and

ions that impact the substra@| 99.

2.4 The experimental set-up

The performance and lifetime of oxide lohstectronic devices depend upon their
purity, structural perfection, homogeneity, and fleeness and abruptness of the layer
surfaces and interfaces. This indicates the impoeaf the control over the growth mode
during the thin film deposition which determineg fayer and surface perfection. Therefore,
an atomically controlled fabrication process is desk for top performance in new
applications. This can be accomplished by pulsserldeposition assisted by reflection high-
energy electron diffraction. Infact, the fast deyghent in the performance of thin film based
devices forces the characterization of the thimdil during and after the deposition, to be
performed with the highest precision. After theew@nt phenomenology and constituent
materials have been described in the previous sestinow the experimental methods
employed for fabrication, structural and transpmiréracterization of the TMO samples will

be presented. The results obtained will be disclssthe subsequent chapters in detail.

2.4.1 MODA system
The TMO thin films (like manganites,R€aMnQO3) and interfaces, characterized in

this thesis, were fabricated by a PLD techniqusygu®HEED-assisted laser ablation in a
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complex experimental setup named MODA (Modulailitgcfor Oxides Deposition and
Analysis) complex system (figure 2.4) at the CNRMNsRboratory, Naples, Italy.

This facility is a system for pulsed laseposition (PLD) of oxide thin films and for
thein situ analysis of their properties. From figure 2.4siseen that several surface science
techniques have been setuReflection high-energy electrons diffracti®HEED, fast
Intensified Charge Couple DevicdCCD camera,Spot Profile Analysis-Low energy
electrons diffraction-SPA-LEEDX-ray Photoemission Spectroscey¥iS, Scanning Tunnel
Microscopy-STM and Atomic Force Microscopy- AFNMhe ablation plasma is produced by
focusing the output beam of a KrF excimer lasestorchiometric targets.

This system mainly consists of two majairtg: thin film growth chamber and the
analysis chamber. More details about these twe @ae presented elsewhe®& [ 97. Here,

| briefly describe the growth chamber.

RHEED

SPA-LEED

Figure 2.4: MODA facility in Naples, Italy, schematic top viefp) and photo (down).
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2.4.1.1 The growth chamber

Thin film growth in MODA takes place in a vacuumachber devoted to the pulsed
laser deposition process (PLD). It is equipped wvaithexcimer laser, a multistage rotating
carousel on which it is possible to mount up to difterent targets, a heater and a special
High Pressure Reflection High Energy Electron Ri¢tion (HP-RHEED) set-up, allowing
the in-situ growth monitoring also at high oxygeegsure (Fig2.5).

(a) (b)

to loadlock Phosphor screen Heater

Laser beam
Laser beam +CCD camera Substrate

RHEED tube
E=30 KeV

Target Holder Target
to main pump (carousel)

Figure 2.5: PLD growth chamber in MODA system; (a) sketch afvgth chamber, and (b) internal zoom
view, RHEED, plume and targets are clearly visible.

The base pressure in the chamber is irahge of 1 mbar. UHV conditions are
maintained by means of mechanical and turbo-madequmps. It is isolated from the other
part of the UHV system by valves and long chantteds are used for the transfer rods but at
the same time they introduce high vacuum resistameing it possible to keep different
UHV conditions in different parts of the MODA systeA separated load-lock chamber for
the target introduction is also present, makingassible to introduce new targets without
influencing UHV conditions (breaking the vacuum}le growth chamber.

For the deposition, the substrate is glaeda sample holder (with silver paste) and
introduced into the growth chamber. Then it is atidely heated from the back using a
heater based on wire made of a platinum alloyglbeynatively, special alloys such as Kantal
or Nicrofer are used). The deposition temperatsreead by a thermocouple (calibrated by
pyrometer) and controlled by means of an electrdemdback system. The maximum

deposition temperature is 100G. When growth substrate temperature is reachddttan
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geometrical position of the substrate regarding trget is set by means of step-motor
positioning system, the deposition process statie. motion of the heater, the pressure, the
laser, the temperature, the loading and motiomeftarget carousel (selection of the targets)
are fully software controlled.

After attaining growth substrate tempemtudepositions are performed in a fully
software controlled mode. The geometrical degrdefremdom of the substrate holder,
equipped with five independent software controktepper motors (xyz-rotation stage, tilt
angle ¢ and the azimuth anglg), are able to change at any time, even during the
experiments, the positioning of the substrate m plume. When depositing oxide films,
control of the oxygen pressure is of great impargart influences the dynamics and shape of
the plume (and also the transport properties ofgtlesvn films) but at the same time is of
great importance for keeping the deposited filmdl weygenated. The PLD of complex
oxides is performed using 99.999% oxygen as a depogas.

The laser ablation is done by KrF excitaser Coherent COMPEX 200 operating at
A = 248nm, tuse 25nsfull width half maximum, spectral width 1pm, lassrergy per pulse
400-600mJ, repetition rate 1-561z. A mask is used to select the homogeneous cqyaral
of the laser beam. The mask is projected at amatabn of 45 on the target by means of a
focusing lens (the focal length is B@1). Moreover, each target was mounted on a rotating
holder, to avoid drilling phenomena that may catise ejection of big clusters from the

target during ablation.

2.4.1.2 Reflection high-energy electrons diffractio (RHEED)

In the MODA growth chamber, deposition ggss is monitored in-situ by a high
pressure Reflection High Energy Electron DiffrantittRHEED” (zoom view in Figure 2.5
(b)) that operates also in the regime of high dyisamrygen pressure due to the differential
pumping mechanism allowing the filament, that praehielectrons, as well as accelerated
electron optics, to be at the low base pressuréevthe deposition is done in dynami¢ O
pressure. RHEED allows to determine in-situ thewginomechanism and to monitor the
evolution of the surface structure with sub-monefagensitivity 8, 99. This technique
uses elastic diffraction of electrons by surfacaret (there is no energy transfer from the
electrons to the surface) with high kinetic engftgpically in the range of 5-50 keV) and low
impact angle (typically less than 5) from the sdaidface to provide information about the
periodic rearrangement of the surface atoms. THected electrons than impinge on the

phosphorous screen reveling a pattern that dependshe structure, morphology and

2011 Muhammad RIAZ - PhD Thesis Page 40




Experimental Techniques

roughness of the sample surface. The pattern meshe intersection of the reciprocal
lattice of the two dimensional surface layer (itheal lattice of rods) and the equi-energetic
sphere irk spacgEwald sphere).

With a RHEED experimental set-up, two &y measurement can be performed: the
analysis of theRHEED pattern spots intensitsariation (oscillation) during the film growth
(Figure 2.6 (a)), and the study of tR&IEED patternof a well defined surface, before and
after the deposition (Figure 2.6 (b) and (c)). Aseaample, a cross sectional view along the
white line of RHEED pattern after 6uc depositionNBO film is shown in figure 2.6 (c).
The typical RHEED pattern tells that, in the cas@a single domain crystalline, clean and
atomically flat surface, the diffraction patterrsuéis in sharp streaks lying on concentric
circles (Laue circles). While in case of a thremelisional surface, the RHEED diffraction
pattern is a rectangular pattern of spots. Begdidestructural analysis of the planar surface
symmetries, the intensity of specular spot (rod)etels on the film roughness making it
possible to monitor the film growth in the layer layer growth regime by observing the
oscillation of the intensity. A single oscillatiosm completed when a complete atomic layer is
deposited as represented in zoom view of figure(26The intensity of the specular spot
decreases by increasing the number of layers, dinaition of a progressive roughening of

the surface that it is common in the epitaxial grow

(a)
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Figure 2.6: The RHEED oscillation of the specular beam dutimg growth; (b) RHEED pattern after
6uc deposition of NGO film; (c) cross section aldhg white line of Fig.2.6 (b).
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As, the control of the film surfaces and interfadesstrongly related to in-situ
monitoring of the film growth to get optimal progies for possible technological
developments of the oxide based devices. Hencegdheol of the interfaces at the micro
and nano-scale is of enormous relevance, in oalechieve the best performances in such
structures. Indeed, the higher degree of contreldaost in terms of easiness, because the
RHEED-assisted PLD is far more complex than stah&abD.

2.4.2 Device characterization laboratory

A schematic view of the device charactgron laboratory in Naples, Italy is shown in
Fig. 2.7. It mainly consists of a Janis closed cycle refregor (CCR) system along with
Keithley’'s standard instruments for sample biasing voltage and current read out.

eer , = Photoconductivity setup
shielded

=

TR

Compressor

Radiation shield

Sample holder
Cold head

Cold head o
g Supply  Colqbhea

Helium gas pressure apr

Compressor
ower

Helium gas
return

o0

0
MODEL 8200

COMPRESSOR
%

VIODEL 8200

COMPRESSOR
Temperature To water

controller supply

Figure 2.7: Device characterization lab. in Naples, Italy, gh@tp) and top schematic view (down).
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Besides this, during my PhD tenure, | was also lwvea in setting up of the following
instruments which resulted in the up-gradatiorhefexisting transport setup.

(a) an homemade magnetic field setup that can provide® 5 mT field both in-plane
and out of the plane geometry (Fig8aandb). This setup is suitable for performing
a speedy check on some of the samples which as#tigerto the external magnetic
field environment.

(b) another homemade unit is the setup for photocondiyctneasurements, consisting
of an Hg (A) lamp model 3660 by ORIEL instrumentshwlamp supply (20mA),
fully shielded to avoid any free exposure to thiéeges (Fig2.8eandf).

A group photo of all the accessories that are phtthe device characterization laboratory is
shown in Fig2.8 below, along with an Agar sputter coater and amasbnic bonder.

ORIEL
Hg(A) Lamp

Figure 2.8: Other accessories in the device characterizatibarédory, magnetic field setup (a) field in the
sample plane (b) field out of the sample plane, Agar sputter coater (d) an ultrasonic bonder (e)
photoconductivity setup fully shielded, and (f) Lanmsed in Fig. 2.8 (e)

2.4.2.1 Closed-cycle Refrigerator System (CCR)

The closed cycle refrigerator (CCR) system, combing&h an automatic temperature
controller, is a powerful tool for studying the pssties of materials over a wide range of
temperatures (with base temperature ~ 10 K). Teatyier sensors are standard items in the
CCR systems. There are commonly two types of stdmnskensors used (installed on the cold
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finger): First, a silicon diode is the most command used often for low temperature

measurements (attached with our setup). The se@mpiatinum resistor is used for high

temperature measurements. In a few cases thermlesoape also used, but they are
exceptions. The temperature controller is anotterdard piece of the CCR system. We use
the Lakeshore model 331 as a temperature contrafler our measuring setup that can

supply 1 ampere of heater output.

The CCR system, as the name implies, requo liquid helium or liquid nitrogen as a
source of cooling. Instead, a closed loop of helgas is compresses and expanded, based on
the Gifford-McMahon (G-M) thermodynamic cycle (s&ppendix 1). Furthermore, during
the expansion phase of each cycle, heat is remiowedthe cold finger, on which the sample
is mounted. A compressor is used to provide thé Ipiggssure helium gas needed for the
cycle to the cold head. It can be either air coaledater cooled. Flexible stainless steel gas
lines deliver the compressed helium gas to thégesfator, and return the low pressure gas to
the compressor for recirculation. The refrigeratamiudes two cold stages, one for cooling

the sample and one for cooling a radiation shiedd surrounds the sample (see Rig).

2.4.2.3 Setup for photoconductive measurements

Fig.2.9 shows a schematic of a homemade photoconducsteityp used in this study.
This set-up was developed for electrical and plmtdactivity measurements (in both
constant current and pulsed current regimes) iteimperature range from 10 to 300K.

Lamp with Pipe providing
Shield path for light

Cooling fan

---

Hole for light
entrance

Cold head

Figure 2.9: Schematic diagram of setup for photoconductirigasurements.
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Our set-up for photoconductivity (PC) measnents consists of three main parts, each
one of which can be modified depending on the expmtal tasks to be performed. These
are: optical part, detecting part (scheme of tleetacal connection and sample biasing as
described in Fig2.11) and cryogenic part (see F@.7), which include a sample holder and a
cryogenic system for measurements in the temperaggion from 10 to 300K. Here, the
illuminating source consists of an Hg (A) lamp mio8@60 (Fig.2.8 (e) and )) with lamp
supply (20 mA) by ORIEL instruments, fully shieldéal avoid any free exposure to the
air/eyes. The lamp supply is capable of providiogadd ac current to bias the lamp. There is
a small fan mounted inside the protection shield tapable of removing the heat produced
inside the box and serve as a cooling source foHt (A) lamp. When the lamp is turned
ON, after few seconds, it fully illuminates the hiaternally, and the light emerges through a
small hole made in the box. There is a small patl6 (nch copper pipe), that provides a
passage for the light to reach the device undér(®dT), which is placed in the vertical

position on the sample holder inside the CCR system

2.5 Measurement techniques

This section briefly describes the expental techniques used to characterize TMO
thin films and heterostructures. Special care needd®e taken in case the sample is
susceptible to photo induced carriers, which cambemized by keeping the sample before

and during the measurement in a dark environment.

2.5.1 Electrical contacts

There are numerous reported methods that clainteatec ohmic contacts with the 2DEG:
some that require complicated procedures and sbatate very simple. | have attempted to
create ohmic contacts by the following means: silgpoxied copper wires, thermally
evaporated silver contact pads, and aluminum woreding. The very first attempt to create
contact pads was done using silver paint (pasteptmect fine gauge copper wires to the
surface of the film. This procedure worked raraty the insulating manganite thin films
(e.g., PCMO), and worked once out of dozens ofhgits for the interfaces to allow 2DEG'’s
sheet resistance to be measured. Secondly, | degasiver contact pads using AGAR
scientific sputter coater (Fi@.89. A contactshadow mask, manufactured by a laser
machine, was used for this purpose that createdddumm diameter contact pads on the
5x5 mm sample. This method, promising from repodedcess, also worked very well for
our insulating manganite (PCMO) thin films.
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2.5.2 Wire-bonding: probing the buried interface

The electrical contacts were obtained by ultrasboieding of Al wires on silver stripes
spaced 0.1 mm apart (for PCMO). The most tedious pk measuring the transport
properties of the 2DEG between polar perovskited &mO is creating contact with the
buried interface. Ultrasonic wire-bonding proved be the most successful way to
reproducibly make contact with the buried 2DEG. Wse Kulicke & Soffa Industries Inc
model 4523, manual aluminum wedge-wedge wire-borfgay. 2.8d. This type of wire
bonder operates by pressing a thin gauge wire astarface, then ultrasonically heating the
wire, which creates the bond. The theory behind whe-bonder’'s success is that the
ultrasonic energy supplied to the wire-bonder’sctipates micro-cracks in the film and thus

allows the melted aluminum to penetrate to thedalimterface.

(b)

Wire-bonder
Needle

Figure 2.10: This is a side view of the wedge-wedge wire-bon@&y;3-d view of needle, and (b)

schematic diagram

The downside to this method is that therapon of the wire-bonder requires a lot of
practice. A schematic of the wire-bonder’s tip ®wn in Fig.2.10 where the fine wire of
Al or gold (diameter 25um) enters from the rear of the setup and is helglace via a
pneumatic clamp. For the wire-bonding process, méhanade sample holder with thin
copper base that has a cavity size of 6 x 6 mmnsesl.uThis holder holds the substrate in this
cavity, has 16 gold (as well as copper) contacsgcifically intended for wire-bonding,

which makes the connections to the different proley easy. For good thermal contact,
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thermal grease is used to avoid the temperatudiegriaand different cooling rates between

the copper block and the sample.

2.5.3 Electrical transport measurements

The transport measurements were carrigdirostandard two-probe and four-probe
configurations with in-line geometry. The resistarvs. temperature R (T) was measured in
the current-pulsed mode, by biasing the sampléds avitactive current source (Keithley 238)
and measuring the voltage drop with a nano-voltmg@teithley 182). The temperature
measurement was done usingakeshoretemperature controller model 331. The four-point
method involves using four leads attached at diffeparts of the sample (Fig.119. Two
external pads supply current (if Ag-pads are careid), while other two inner pads measure
the voltage drop. Furthermore, in order to perfetectrical transport, we employed the Van
der Pauw four-point method. Taking into account #a® der Pauw formula, the sheet

resistancéRspeetwas calculated by EG-2

R
RSheet: E 2@

The highly resistive samples like PCMO require as¢he two-point probe method to
measure resistances down to a low temperature gcaleded narrow contact pads are

deposited on it, as shown in Fijllbbelow.

V.

source source

Figure 2.11: Measurement techniques with circuit diagrams;fay-point probe, and (b) two-point
probe methods. The geometry of the silver contadsn the sample is also shown schematically.

2011 Muhammad RIAZ - PhD Thesis Page 47




Experimental Techniques

By using a 4-point configuration (as opgibdo only 2 contacts), there should be no
contribution to the measured resistance from thee-gilver pad interface, the so-called
contact resistance. The measured resistance Rheasonverted into resistivipyvalues by
using Eq.2.3, where A is the cross-sectional area that theeatiftows through antlis the

distance between the voltage contacts.

P== 2.9)

There is some degree of ambigastyo the appropriate cross-sectional area to use
in Eq. 2.3 as the value will depend on the precise pathctlreent takes through the film.
Throughout this work, it has been assumed thattmeent flows uniformly throughout the
width of the film. The resistivity values obtainstiould be treated an upper bound, as the
area the current travels through may be restrigay,if there is phase separation. However,
it should be noted that the main aim of the eleatritransport measurements was to
determine the temperature (if any) of a transifrem an insulating state (defined @gdT <
0) to a metallic state (defined d&/dT > 0). This can be done from resistance values alone,
but the absolute resistivity values are included domparison with other materials. In
addition, it was possible to apply an external nedigrfield of up to 12 mT while performing
R (T) to perform a quick check on some of the flissamples. Temperature dependent
resistance measurements are recorded during theloao as well as warm up. To add few
more words, cooling down to 10 K was done over d¢barse of at least 1 % hours, and
warming up to room temperature was done over theseoof 4-6 hours (fast warming is also
possible when internal heater is turned ON). Th& skarm up ensures that the temperature
gradient between the copper block and the sampheingnized. The cooling, heating rate

and the applied magnetic field were all computerticdled by a LabView™ code.

2.6 Experimental difficulties

There are many experimental difficultiexc@untered in this part of the experiment.
First, creating good contact with the interfaci8lEX5 using the wire-bonder is difficult to
achieve. Wire-bonding is an extremely tedious pgedbat requires precision and patience,
and, most importantly, the ability to feed the figauge wire into the hole (shown in Fig.
2.10 at the back of the wire-bonder’s needle tilted®0f, when things go wrong. So one has
to hold the wire tilted with the same orientatiam insertion. Furthermore, once the contacts

are made, sometimes the checking of two wire @st&ts (can be measured between wire-
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bonds) by using a digital multimeter (DMM) give uagictable results. One side of the
sample show higher values of resistance than ther atide. This is likely due to a high
contact resistance between the wire-bonded leadhen@8DEG, and repeated (more bonds)
wire-bonding can sometimes remedy the problem. Athaing the warm up path of a
resistance measurement, turning the internal h€ftecreates jumps in the sheet resistance

data. Thus these measurements are simple in gdermip can be tricky in practice.
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Chapter 3

Transport properties of narrow band manganite thinfilms

3.1 Introduction

In this chapter | will discuss the trangpproperties of the epitaxial films of
ProCa 3sMnO; grown on (110) and (001) STO substrate. The majeatives behind this
research work are, firstly, to see how far thegpamt properties of this complex compound
(i.,e., PCMO) can be qualitatively modified by thephcation of an external perturbation
(e.g., biaxial stress imposed by the substratehotgm field). Another related issue regards
the study of the transport mechanisms of thin/®a sMnO;3 films on (110) and (001) STO,
and their comparison with the bulk ones and to sssseénether the epitaxial strain brings
PCMO_110 to a metallic or to an insulating FM senghase. Finally effect of UV light will
be discussed.

3.2 Brief background

Transport and magnetic properties of PCM®w dramatic changes at temperatures
around the combined ferromagnetic-paramagnetic aredal-insulator transitions. The
ferromagnetic phase is usually explained by intonaly the double-exchange mechanism, in
which hopping of an outer shell electron from a®Wo a M site is favored by a parallel
alignment of the core spins. Beside double-exchaagdrong interaction between electrons
and lattice distortions plays a vital role in tlismpound. Furthermore, for the Mrsite,

with three electrons in the energetically lowemspiplet statet,, and the mobile electron in
the higher doubled,, a Jahn-Teller distortion of the oxygen octahedram lead to splitting

of the doublet and the trapping of the charge eesrin a polaronic state influencing the
transport properties in the high temperature phadditionally, small distortions of the unit
cell have dramatic effect on PCMO, opening the pesBve of tuning its transport
(electronic) and magnetic properties by deposigipgaxial films on different substrates, i.e.,
under different biaxial stress conditions as showiig. 3.1

The substrates choice is based on thegohemological observation that the unit cell
deformation imposed by the biaxial stress for maitgailms grown on (110) and on (001)
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perovskitic substrates is quite different. The cbkadf the STO (110) substrate was dictated
by different considerations. Firstly, both compressand tensile growth of PCMO on a
(001)-oriented cubic substrate would have resuilitetetragonal elongated or compressed
PCMO, with stabilization of the AFM phase, in thaeige of A type (or CE-type) and C-type

structures, respectively(d.

Figure 3.1: Sketch of the different biaxial tensile stressliggpby (001) STO (on
the left) and (110) STO (on the right) on a matchedudocubic perovskite with
lattice spacing shorter thap=a0.3095 nm.

At contrast, deposition on STO (110), wipltting thec lattice parameter of the Pbmn
cell under tensile strain [see e.g., RE1]], thus inhibiting the compression along the [001]
orthorhombic direction necessary for the A-typeCai-type AFM structures to set in, at the
same time retains the PCMO orthorhombic symmettyickv allows mixed occupancy of
both d(¥-y?) and d(3Zr%) e, orbitals, a condition favorable to isotropic ferragnetic
superexchange. Secondly, if strain along [001]@M® is at least partially accommodated
via bond angle modification, deposition on STO (1Ml promote the opening of the Mn-
O-Mn bond angle and, by consequence, the widemeggtband at least along,kfavoring
DE.

3.3 Experimental

3.3.1 Materials

The samples chosen for this work are tets ®f Pg;CaMnO; (PCMO) epitaxial
films on the basis of their thickness (i) t~1%®) and (ii) (t~10nm), respectively, grown by
pulsed laser deposition on (001) and (110) SsTEXO) substrates. In the following, the two
samples above will be respectively called PCMO_@@di PCMO_110. Bulk PCMO s
orthorhombic, with lattice parameters 0.5426nm,b=0.5478m andc=0.7679nm. The
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substrate lattice  spacing, a, =0.3905nm is matched to PCMO, being

c=2aanda=b= \/Ea.s. This kind of pseudocubic orthorhombic film candmeommodated

on STO in several wayd (1, 102. All the samples were fabricated in (MODA lab.yNes,
Italy.

3.3.2 Methods

The epitaxial BrCa 3MnOs films were deposited by pulsed laser depositiorthia
complex multichamber system. The films are growm i1 mbar oxygen atmosphere, at a
rate of 2 unit cells per minute, by resorting t&raF excimer laser (248m) that radiates a
2.4mnf spoton the target with a fluence of 2Jfrithe transport measurements were carried
out in standard two-probe and four-probe configaret with in-line geometry. The R (T)
was measured in the 4-probe mode (current-pulsedemdy biasing the samples with an
active current source and measuring the voltagp dith a nano-voltmeter. In addition 2-
probe mode (constant voltage) was also employed.€léctrical contacts were obtained by

ultrasonic bonding of Al wires on silver stripesaspd 0.1 mm apart.

3.4 Electrical transport in narrow band manganite tin films

Narrow bandwidth manganites are, usuailgylating over the entire temperature range
studied (e.g., see Fig9). A list of samples characterized for this theswmk is shown in
Table3.1

Table 3.1: A list of samples characterized for this thesis kvoonsisting of several PCMO_110 and
PCMO_001 samples.

Sample name Thickness [nm] p(sooK) [Q2.m]
1). 06-104 : PCMO-001 10 53 %1073
2). 07-102 : PCMO-001 50 262 x 1073
3). 08-017 : PCMO-001 11 17.7 x 107
4). 09-088 : PCMO-001 10 1.6 x 1073
5). 09-110 : PCMO-110 35 2.9 x 1073
6). 09-111 : PCMO-110 35 45 x 1073
7). 10-018 : PCMO-001 150 11.3 x 1073
8). 10-020 : PCMO-110 150 24.8 x 1073
9). 10-022 : PCMO-001 150 8.9 x 107
10). 10-061 : PCMO-001 10 2.6 x 1073
11). 10-066 : PCMO-110 10 62.9 x 1073
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As shown in Fig3.2, the resistivity of PCMO reveals an activated ssmductor like
character over the whole measured range (~ 4008K) &h dark and without any external
perturbation. The dashed regions containing no&yabior (Fig.3.29 and drop (bend) in
resistivity (Fig.3.2b) are not considered here but will be discussemiming section.

06-104: PCMO_001 (10 nm)
09-088: PCMO_001 (10 nm)
10-061: PCMO_001 (10 nm) | 1>
10-066: PCMO_110 (10 nm)

06-104: PCMO_001 (10 nm)
08-017: PCMO_001 (10 nm)
09-088: PCMO_001 (10 nm)
10-061: PCMO_001 (10 nm)
10-066: PCMO_110 (10 nm)

—
I
1
|

R IR

1 ]

09-110: PCMO_110 (35 nm) | 1

p(Q2.m)

® 09-111: PCMO_110 (35 nm) >
10-022: PCMO_001 (150 nm) —

10-020: PCMO_110 (150 nm) 10-022: PCMO_001 (150 nm).| 10°
MB-R: PCMO_001 (150 nm) 10-020: PCMO 110 (150 nm) D
J10" B
N’

4107

2 10°

N 1 1 1 1 10-4

75 125 175 225 275 325 375 75 125 175 225 275 325 375

T (K) T (K)

Figure 3.2: Temperature dependence of resistivity for seve@MO_110 and PCMO_001 samples (of different
thickness), all showing insulating behavior; (g)r@be method and (b) 4-probe method. Dashed regjioot
included.

Infact, the above data (Fi®.2) was obtained in both 2-probe and 4-probe
configurations, which show qualitatively similasiiating behavior in a quite broad range of
temperature, but from here on | prefer to show datthis section with 2-probe method.
Furthermore, Fig3.2 show data which consists of R (T)s of several sasnpf PCMO_110
and PCMO_001 also as a function of difference ickitess (Table.1). Before showing the
main results, let us briefly describe the main n®daescribing electric transport in

manganites.

3.4.1 Thermally activated hopping/Arrhenius

In literature 103, one can find the generalized form of resistifay activated-hopping
conduction as,

T 1/n
o Oexp (?Oj 3.0)
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Here, n=1 correspond to the Arrhenius mechanism, ia=shopping by coulomb interaction

and n=4 for variable range hoppingOf, 10%. Arrhenius mechanism is generally used to
model activated behavior. | will be confirming ttype of hopping involved in our samples
by finding this value of n.

3.4.2 Mott variable range hopping (VRH)

Mott variable range hopping (VRH) theomsdribes the low temperature behavior of
the resistivity in strongly disordered systems whetates are localized. If the activation
energies for hopping to neighbouring atoms ardlmmsame, then it may be that hopping to a
non-nearest neighbour has a smaller activationggnerhis is particularly true at low
temperaturesl0g. This variable range hopping is potentially mommplicated to describe
quantitatively (for derivation refer ta(7]). From Eq.3.1, one can write the VRH formula

as,

T 1/4
0 =p, exp (?Oj 3.9

where Tbis a characteristic temperature. One drawbackisfrtiodel is that the values of T
are often implausibly high, (e.g. in the range df(®K). Another drawback with VRH is that
it was originally proposed for short distance haogpat low temperatures. Furthermore, the

mechanism may depend on the type of sample (sang#tal, polycrystalline, or thin film).

3.4.3 Thermally activated hopping of small polarongTAP)

The resistivity formula for polaron hopginonduction can be written as,

P E,
— U exp| —= 3.
TS p(kBTj ©

Here, s=1 correspond to adiabatic polarons and2s¥Béans non-adiabatic polaron
conduction. Since small polarons exist in the pagmetic phase, it seems natural to adopt a
small polaron model to describe the resistivitysdlstrong electron-phonon coupling in
narrow band manganites gives rise to the formadiosmall polarons, and the resistivity is
governed by the thermally activated hopping (TAP$mall polarons. From E®.3 we can

write,

E
=p, T a 3.
P =P eXp( %BTJ 0
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Where the prefactop, is only a weak function of the temperature andatigvation energy

E, does not depends on T. The hopping energycdtresponds to half of the polaron
formation energy, andgkis the Boltzmann constant. The applicability of B is limited to

temperatures greater than half of the Debye teryrer®, [108, 10%;

T> % ©,=162-172K  (for PCMO) 3.5

Because of the incorporation of variabigeliplays among charge, spin and lattice,
these compounds exhibit complex transport behavemd offer an unusual research
opportunity for condensed matter physics. Many darpental results have provided strong
evidence to suggest the presence of small polanotie paramagnetic phase. Although it is
becoming generally recognized that the presencamail polarons plays a key role in the
peculiar transport properties for mixed-valence gaentes 110, the true nature and the
exact transport process in the paramagnetic ploaigaiked-valence manganites is attractive

but still controversial.

3.5 Strange features in early transport measuremenst

Before describing the main results, let make few comments on the transport
properties of PCMO (also concerning dashed regionFig. 3.2). For the very early
measurements (year 2008-09) on this complex PCMfipoand, it was frequently observed
some strange features in the R (T) data consistigmps (around 200-250K) and noisy
behavior followed by a drop (bend) in the resistaacound 130-150K (depending upon
thermal history or aging of the sample) as showrFig 3.3, Quite interestingly, these
features were appearing at the points where phaseitions are reported in the phase
diagram for bulk PCMO i.e., charge ordering tempem Tco and the Néel
temperature or magnetic ordering temperaturg,, a6 shown by dashed lines in F&3.
Indeed, based on our measurements alone, we waldeuto make any specific comment
about the origin of these features. Because, omtigeside these features in the R (T) data
were very fascinating, but on the other hand erditure reported resistivity data were quite
clean and smooth (at least down to 150 K) makimgyalscenario more puzzling for us (see
e.g., Fig.1.8).

Moreover, the noisy behavior in the R €Liyves just before and after the drop in
resistance (between 100-150K) look similar to wiegtorted for single crystals below 40K,

that was interpreted as temporal fluctuations betwlw and high resistance staté$. [
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There are also reports about colossal dielectgparse and multiferroic nature in charge-

ordered rare earth manganites in the above tempenaindow [L11, 112, 113
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Figure 3.3: A set of early transport measurements (R vs. Tewreral PCMO samples, showing jumps
and noisy behavior.

A survey of the literature, however, mabags more complex at that time. As an
example see Fi@.4, for a quick comparison (with Fi§.3 or Fig.3.6), which is taken from
Refs. 114, 115, these authors reproduced this figure in sevaraitles [L14, 11%, and
reported that the (T) s of the films with two different thicknessase practically identical
and show an obvious exponential behavior in theh-tégnperature region (T >\J.
However, in the low-temperature range (T §),Tan abrupt change is observed in the
temperature dependence of the resistivity, and tha&tnge can be interpreted as an
appearance of the metallic phase. Moreover, theghasized that, although the complete
transition into the metallic phase is not seemrartinner of such a conversion is distinctly
observed. After several measurements on PCMO sampte found that this is a false FM
transition (highlighted by dashed rectangle) anfddnPCMO is seen insulating in R (T)

measurements without any external field.
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Figure 3.4: Temperature-variation of resistivity for PCMO fénshowing a drop in resistivity at 130K,
the authors interpreted this drop (bending) instesty as an appearance of the metallic phaseeifak
from [Refs.114, 115.

After performing several tests (see appe@dfor further details) in order to make a
consensus that whether the system responds ictllysior impedance is an issue, we
decided to probe further the implications of ourasw@ement procedure for the measured
value of resistivity; the most important being tivee delay between current application and

voltage measurement.

3.5.1 Effect of time delay
In view of above context, we devised a &geriment hoping that if the system

intrinsically has a temperature- and phase-tramwsitiependent response time feature, the
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final result of the measurement might change withdelay. At the end of the day, indeed it
does (see Fid.5 (see AppendiR2).

10 v T T T T T T v T T T T T T T T
B PCMO 110 3

V=5V
@ 2000 ms (I=100 nA) i °
102 * 1000 ms (I=100 nA) ; 4n ° PCMO_L10
® 200 ms (=100 nA) 3 o Q) 110
P . 4 @ PCMO 001
g 4-probe PCMO_001 D
10 lis ~
c 0
~ 2-probe
Q10°F p lo B
p—1

1 1 1 1 (al) 1 E 1 l(b) 1 1 1 | ! 1 100
40 60 8 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200 220
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Figure 3.5: (a) Delay effect on the 4-probe resistivity of PCMO_{QQ%0 nm) thin film, and (b) comparison of
delay effect on the 2-probe resistivity of PCMO__ &gl PCMO_001 (150 nm) samples.

As an example, Fi§.5ashows 4-probe data for PCMO_001 (150 nm) sampleewv
we increased the delay between the applicatioruoent (in pulsed mode) and the voltage
measurement to 0.2- 1s the features started to suppression. This change was really
remarkable; subsequent measurements performednos sample (all other PCMO samples
shown in Table3.1 were also tested) demonstrated that the resistaaseslowly smoothing
with increase in delay time (e.g., at 6s, R(T) heac~ 80K). The above experiment was a
success as it has enabled us to go down in tempenatndow of the order of ~ 70K more
(i.e., from 160K (before delay) - 90K (after delpyin Fig. 3.5banother test experiment is
shown which make a comparison of delay effect e2tprobe resistivity of PCMO_110 and
PCMO_001 (150 nm) samples. The following procedwas used for this short test
experiment; the measurement was started with sledaty time (200 ms) during cooling path
(solid arrows) and after observing the start osgpdiehavior the delay time was changed to
loner value (1000 ms), interestingly measuremerdaime smooth. The warming paths
(broken arrows) were performed keeping the longdaydtime, clearly, the noisy regimes
were completely wiped out in this experiment.

In Fig.3.6, a comparison of 2-probe and 4-probe resistivdttacbetween PCMO_110
and PCMO_001 (both 150 nm) films, is shown (aftelagl modifications in measurements).

Indeed, this data appear similar to what is replomeusual literature. These measurements
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show qualitatively similar insulating behavior, itlrop in resistance (4-probe), but there is

no FM transition seen in contrast to dashed recangart shown in Fig3.4.
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Figure 3.6: Comparison of 4-probe resistivity data between PCMID and PCMO_001 (both 10 nm)
thin films. Inset show 2-probe data for the sanmmasas.

3.6 Results and discussion

As shown in Fig3.73 the resistivity of PCMO reveals an activated semductor like
character over the whole measured range (400K K)Lfa® both samples. No evident feature
is present at the expected charge ordering temyperais reported in bulkléo= 230 K).
Moreover, our experience on transport characteozatnd other studies in literature showed
that [10§, if the bias current is small (i.e., small electiield) then the two and four point
measurement modes vyield the same results for isiaggaand decreasing values of
temperature.

In Fig.3.7b, the logarithmic derivative of resistivity againbtallows to highlight a
change of slope due to charge ordering which ig feble in Fig.3.7a The stress applied
by the substrate, in principle, may set a diffeeeretween film and bulk properties.
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However, in spite of the different structural dstaPCMO_110 and PCMO_001 show a

similar overall transport behavior.

10 0.08 i
\ (a) B PCMO_110 (2-probe) 0.07 \ (b) ! B PCMO_110 (2-probe) |
10 @ PCMO 001 (2-probe) PR : @ PCMO 001 (2-probe)
=) L |
10} 0 PCMO_110 (4-probo) > 0.06 ! 0 PCMO_110 (4-probe)
o 0 PCMO 001 (4-probe) N 0051 : O PCMO_001 (4-probe) |
* 10t 150 ~ |
c t~150 nm 5 ol |
~ 100_ E
Q T 003 :
10"
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102k 0ol _TCO 216 KI
|
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Figure 3.7: (a) Temperature dependence of resistivity for dasmpPCMO_110 and PCMO_001
showing insulating behavior with feeble traces @f,@b) logarithmic derivative plot shows betterrsg
of CO.

Additionally, in these samples the electransport is characterized by an activated
mechanism. Here the carriers are polarons, i.deshdressed by the interaction with the
lattice, so that the activation mechanism enaltiesdisplacement of polarons from one site

to the other. Meanwhile, the I-V characteristicewslta slight nonlinearity (see Fig.8).

1.0 10-022: PCMO_001 (150 nm) @ 300K
— i @ 275K
< 05 @ 260K
= @ 240K
— 230K
= 0.0 @ 220K
g @ 200K
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Figure 3.8:1 vs. V curves for PCMO_001 (150 nm) sample atedéht temperatures.
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Fig. 3.9 shows a plot ofIn(oT ™) versusT ™ for the samples PCMO_110 and

PCMO_001; in Fig.3.9a data obtained by 2-probe and 4-probe methods asvistfor a

comparison. After analysing several samples (sepeAgix 4) it was found that both

configurations give qualitatively similar overatahsport behavior as well as values gf E

Therefore, | preferred to choose 2-probe data wiscreplotted in Fig3.9h The dashed
lines represent fits to E®.4, while vertical dashed lines are guide to the esfeswving fit-
limit of the TAP model. These fits remarkably agvéath the experimental data.
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500 250 167 125 100 500 250 167 125 100
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\ _ -
=3
or PCMO 110 (4-probe) ' F. —— Fit_110 0~
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,w‘ : 14 >
| ] ~
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Figure 3.9: In (pT ') Vs T *for the samples PCMO_110 and PCMO_001, (a) datziradat by 2-probe

and 4-probe methods, (b) same date replotted fooBe method. The dashed lines are the fittinggo E
3.4, while vertical dashed line is a guide to the esfe®wing fit-limit of the TAP model down to 140K.

The Evalue obtained from the fitting of E§.4 for PCMO_110 sample was 161 meV,

while for and PCMO_001 it was 147 meV, an overvisvgiven in Table3.2 These values

are strongly in accordance with previous repdr@3| 109.

Table 3.2: Ea values obtained by Eqg. 3.4 and linear fittingr(f slope) are shown for the two samples
PCMO_110 and PCMO_001.

Sample name Measurement E, [meV] E, [meV]
mode (Eq. 3.4) (linear fit)
PCMO-110 2-probe 161 167
PCMO-110 4-probe 162 169
PCMO-001 2-probe 147 153
PCMO-001 4-probe 147 157
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Let’s now address the VRH model. Accordingeferencel14, to identify the type of

VRH conduction a usual practice is to pIotIn(,oT'l’z) versusT ' or

In(p) versus T "*'* to obtain a straight line. In Fi§.10 we plotted our data in the same

way. However, from Fig3.10aand3.10bit is clearly seen that the principal featurestaee
same for both plots.
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400 278 204 156 124 100 426 301 219 163 124 95 10
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Figure 3.10: The resistivity data, for the two samples PCMO_ah@ PCMO_001, versus (3)_1/2,

and (b)T "% The dashed lines represent fits to a linear fanctvhile vertical dashed line is a guide
to the eyes showing fit-limit for VRH model down+a210K from room temperature.

Furthermore, the fitting range is res#&itto above 210K, clearly seen from the vertical
dashed line that is a guide to the eyes. In thigl lof situation an effective method for

identification of the type of VRH hopping is to emene the local activation energly, .

defined by,

E,. =k, din(p) 3.6

Aheading a step forward, untill now E84 (TAP model) gave the best fitting as well as E
values of our data on PCMO films as compared teerothodels like VRH and simple
thermal activation model; | will take into accoumimerator of Eq3.6 and replace it by
In(,o/T). Indeed, a similar formula can be found in R&0g where the apparent activation
energyQ deduced from the logarithmic derivative of the stsity (i.e., Eq.3.4) is used for

the evaluation of narrow band manganite PCMO titinst It is defined by,
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_,, din(p/T)

Q=ks d/T) 30

Where K; is the Boltzmann constant having value 8.6173%40 K.
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Figure 3.11: Temperature dependence of Q for the two samples ®ANI0O and PCMO_001, (a)
calculated from Egb, and (b) same date replotted in logarithmic fostmpws a clear linear regime
marked by dashed lines (linear fit) belowsT'which correspond to the slope -1.

In Fig.3.11a | show the plot folQ against temperature. Recent studies on PCMO thin
films [108 showed that, for small polaron hopin@ should equal the temperature-
independent hopping energy iEthe bias current is small. Interestingly, tigsconfirmed in
our samples down to temperature of 150K (i.e. valid range for hopping model, see Eq.
3.5 and the plot in Fig3.11aagrees very well with the Eralue obtained from fitting of Eq.
3.4 for PCMO_110 and PCMO_001 samples (i.e., 161med b7 meV respectively).
Moreover, we do not see an anomaly(Qnat the charge ordering (CO) temperature except
feeble traces on PCMO_001 sample, this strengttenSAP model. In order to get a further
insight into the physical properties of PCMO, atlier check regarding the type of hopping
mechanism is the evaluation of a quantigefined in the reference$(3, 116 by,

_In(Q/kgT)

This ¢ is related to generalized form of activated-hoggmEq.3.1 by /= - 1/n. The slope
of the linear dependence of tHIe(Q/KBT) on In (T) gives the value of. Indeed, this is
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observed from Fig3.11b where the linear regime marked by dashed linesweCO
temperature gives a slope of -1 for both charastdrsamples. Therefore, the data are clearly
in favour of the TAP model in our PCMO thin films.

In summary for this section, the effectsofbstrate induced strains on the transport
properties of PCMO films has been investigatedeMdent feature is present at the expected
charge ordering temperature as reported in bligeX 230 K). In spite of the different
structural details, PCMO_110 and PCMO_001 showralai overall transport behavior and
there is no FM metallic phase present in the R@tadthe drop (bend) in resistance with 4-
probes are false that can be removed by increagelaly time. Fits based on the VRH model
were not satisfactory while TAP model fits nicelyeo a broad range of temperature from
400K to 150K. The observed experimental resultsgesgthat, the thermally activated
hopping (TAP) of small polarons model is more dugafor describing the temperature
dependence of resistance for the PCMO thin filmsrdto 150K than the VRH conductivity

model.

3.6.1 Ferromagnetic insulating phase in PCMO

In this little sub-section, | will brieflydiscuss the epitaxial stabilization of the
ferromagnetic phase and the concomitant suppress$ithre antiferromagnetic one in PCMO
films grown on (110) STO, in contrast to the bukelfeatures of samples grown onto (001)
STO. In a very recent article by our group in Naplely, A. Geddo Lehmann et alL.(]], in
an effort to acquire a homogeneous FM metallicestatPCMO, reported that it is indeed
possible to destabilize the AFM component of PCMfd o stabilize a robust, nonbulklike
and single phase ferromagnet, by growing pseuddmmgpitaxial films on a (110) cubic

plane of the substrate STO.

3.6.1.1 Effect of biasing

Let us start with Fig.12taken from [Ref117], where the temperature variation of the
resistance of a PCMO (x = 0.3) film deposited or{180) is shown for different values of
the dc current.Here with increase in current the film showed aMl ltransition in the low
temperature range. The inset on left shows non-olim@havior in |-V curves, while right
side inset shows a behavior similar to what we habserved in our thin films (see Fig16).
Since the inset show data similar to our R(T),(deop in resistance), | decided to repeat this

experiment, but again no metallic state was obskrve
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Figure 3.12: R (T) for PCMO sample showing a drop (bend) inistasice for
different values of the current, inset shows simbahavior we observed. Taken
from [Ref.117].

In Fig.3.13a,R (T) for different values of the current measunmed-probe mode is
shown for PCMO_110 sample. In Fi§)13b,p (T) for different values of current measured
in 4-probe mode for another PCMO_110 sample is show

From Fig3.13 it appears that on increasing current | (or curoensity j), the charge
localization process is weakened and progressighiyginated. As displayed in the R (T)
curves at a temperature around 250 K, a sligheiffce in the resistance is seen already at
low values of current (upto dA) in PCMO_110 samples. The same current inducdtnge
of the polarons, slightly below the charge ordetemperature, was reported in thick relaxed
films of Pp/Ca3MnO3 [108. We observe, however, that in PCMO_110 (10 nne) ldw
resistance state is achieved under a very low ufoeirrent density) if compared with the

one of thick sample or with the bulk.
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Figure 3.13: (a) R(T) for different values of the current mea&slin 2-probe mode, (b) Temperature-
variation of resistivity for different values of mant measured in 4-probe. Both films are on (130D
substrate.

In Fig.3.13 it appears that on increasing current | (or aurdensity j), the charge
localization process is weakened and progressigkiginated. As displayed in the R (T)
curves at a temperature around 250 K, a slighemdiffce in the resistance is seen already at
low values of current (upto dA) in PCMO_110 samples. The same current inducdtnge
of the polarons, slightly below the charge ordetemperature, was reported in thick relaxed
films of Pp/Ca3MnO3 [108. We observe, however, that in PCMO_110 (10 nne) ldw
resistance state is achieved under a very low ufoeirrent density) if compared with the
one of thick sample or with the bulk (see Apper)ix

In summary, we have shown that the robushbulk like FM phase obtained by the
pseudomorphic epitaxial deposition of PCMO on (130D (PCMO _110) under low electric
field does not undergo a transition towards a rhietatate. Therefore, as it happens in the
bulk, the metallic DE phase remains hidden in PCM® as well. We showed that,
analogously to the bulk, the charge transport acouPCMO _110 through hopping of small
polarons, the activation energy & which depends on electric field and currentsityn We
found that a low resistance state can be achielgdutlg below Tco under threshold values
of electric current (current density) and electiield reduced with respect to the ones
required in bulk massive samples or bulklike filr@sr results suggest that the biaxial stress
imposed by ST@110), though not sufficient to promote in PCMO atallic ground state,
however manages to weaken the electron-latticeactiens which compete in the bulk with
double exchange.
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3.7 Transport properties under light irradiation

In this section, | present the photoresgoof as-prepared hole-doped PCMO ultrathin
films, emphasizing on photoresponse of PCMO_110 ptanshowing huge transient
photoconductivity (TPC) and that the hidden insutaihetal transition is retrieved under
light irradiation. The dependence of the photocatiglity on temperature, time and intensity
will be described.

3.7.1 Background and motivation

As already stated, the peculiarity of thgulating state of PCMO is quite spectacular
since it adjoins a hidden metallic state, chara#drby enormous changes in resistivity, that
can be reached by application of external stimulik¢, magnetic, electric, pressure, or
radiation fields (x-rays or visible light)). Any ofiese perturbations drives the system to the
conductive state, associated with the melting efG® and OO state. Actually, light induced
conductivityphenomena have attracted great interest afteraatrapout photon exposure in
the x-ray range on to a P& 3Mn0O; bulk crystal P]. The effect was shown to be induced
in the same compound also by infrared-to-visibletphs. Miyano et al.11§, have reported
an insulator to metal transition triggered by thetocarrier injection into the charge-ordered
state of a thin slice of a PCaMnO; single crystal. However in that case, the light
excitation was a short pulse of 5 ns so no stedate r dc resistance was measured.
Furthermore, most of the experiments were donkerR range. Nonetheless, those findings
triggered a variety of investigations on differeminganites under various illumination
conditions.

Recent reports by M. Rini et d1F, demonstrated that resonant excitation of the Mn—
O phonon vibration in BrCa 3MnO; single crystal drives the system on a femtosecond
timescale into a metastable, nanosecond-lived, bagtductivity phase at 30K. In another
study, D. Polli and M. Rini et al.1p(, reported femtosecond optical reflectivity
measurements on PLa 3MnO; single crystal at 77 K and 300K which resulted itinae
dependent pathway towards metallic phase. A vergmniearticle by H. Ichikawa et all(),
about PLD grown epitaxial thin film of a charge aotbitally ordered NglsSrosMnO;
(NSMO) on (011) STO (resembling our case of PCM®@)1teported the photoinduced
change in the lattice structure using picosecome-tiesolved X-ray diffraction emerging a
‘hidden insulating phase’ distinct from that fouimdthe hitherto known phase diagram. The
photoinduced state is structurally ordered, homegag, metastable and has crystallographic

parameters different from any thermodynamicallyeassible state. Theoretically, systems
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with competing degrees of freedom predict the fdiomaof transient hidden phases that can
be accessed by optical stimulation in the dynammacesses of photoinduced phase
transitions (PIPTs)12]. In this regard, strongly correlated TMO are praing in searching
for PIPTs because they are likely to have hiddeasps that are energetically almost
degenerate but thermally inaccessible. Many stubdag investigated PIPTs and related
phenomena, including hidden phases. Furthermorest mad them used dynamic
spectroscopic measurements to probe the localtstaland electronic changes caused by
transient states, and a complete picture in tha fwrR (T) is lacking in those reports.

Several types of phenomena and microscapechanisms are still under debate,
however, until now there is no general understapdihthe physical mechanisms which
determine the photoresponse of manganites. In a rgeneral framework, the present
investigation may be considered as an attemptdoaatile to the wide mosaic of the physics
of inhomogeneous states in manganites, the grotatd sf which is indeed, in a broad
region of parameter space, a nanoscale mixturbasggs, with unavoidable disorder at phase
boundaries. In our view, PfCa3MnO; shows up as a case study of the role of such

disorders.
3.7.2 Experimental

3.7.2.1 Materials

In the following sections, we present #ffect of light irradiation on the resistance of
as-prepared hole-doped PCMO ultrathin films (10 tmick) on (001) and (110) oriented
SrTiO; substrates prepared by PLD. The main results pregdere are obtained on, 10-066:
PCMO_110 (10 nm) ultrathin sample. It is worth memihg here that the PC experiments
were performed also on other samples shown in Talldn addition, a test experiment was
also carried out on different substrates (e.g., NGO, (001) STO and (110) STO) all

having dimensions of 5 x 5 x 0.5 mm.

3.7.2.2 Methods

Briefly, the electrical resistance was mgad in the temperature range of 300K to 10K
in the standard four and two probe configuratiofise light irradiation on the sample was
provided by a standard mercury-argon Hg(A) lamp5608 Oriel Instruments, broadband
spectrum (350 nm % < 700 nm), which illuminated the whole sample tlgle an optical

window of the closed cycle He-cryostat.
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3.7.3 Results and discussion

In order to investigate the photocondutstiyPC) effect, the following procedure was
adopted. The samples were carefully kept in damnldl, afirst transport characterization was
performed. Then, they were exposed in a controded reproducible way to the UV
radiation (by standard Hg (A) lamp) at 10K whilefpeming a second run of measurements
(cooling in dark and warming in UV radiation). Siggant reduction of the resistance is only
observed in the low temperature region, while heghperature region show no change under
UV radiation. We stress that the effect of ligihadiation is reversible.

In Fig.3.14temperature dependence of the sample resistarf€¢ iR dark and under
illumination (maximum intensity) is compared fortrathin PCMO_110 (10nm) sample,
measured in the 2-probe mode (V = 5V). During aoplin dark, the resistance shows an
insulating thermally activated behavior (no intrm&M transition) down to 120K, and its
transport properties are well described by TAPrttadly activated hopping of small polarons
model [L09.

l013 i . . . . . . . . . |
: @ Cooling in dark

1012 :

10" - @ Warming in Hg(A) lamp

~—

0 50 100 150 200 250 300

T (K)

Figure 3.14: Comparison of temperature dependence of the rasistan dark and under UV
irradiation for PCMO_110 (10 nm) thin film. At 10khe sample was irradiated by UV radiation
(standard Hg (A) lamp). The irradiation triggers5 orders of magnitude drop in resistance as
indicated by vertical arrow. The sample was theatds: back to room temperature in photo-
illumination. The resistance after illumination ioates a metallic regime between 10K and 100 K.
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For T < 120 K, the sample resistance exediee input impedance of the nanovoltmeter
(as shown by saturation of noisy behavior) the albled voltage limit (V-limit) of the
measurement setup in use. At 10K, the sample wadiated with Hg (A) lamp, and the
resistance which was estimated at several hundre@ ohms in darkness, falls down to
several hundreds of K ohms under illumination. Heritbe sample resistance dropped:iay
orders of magnitude upon exposure to UV radiatWhile the electrical state of the material
after photo-irradiation is metallic as can be stem the positive dR/dT of the resistance
curve on warming the sample, the photo-induced lteettate is non persistent, i.e., after
switching off the UV lamp resistance returns bagckits original state. Exemplarily, the
measurements were performed both in usual daydigtby covering the cryostat windows
to achieve complete darkness inside the chamberevgdzample is placed. The resistance did
not show any change in both cases, thus we strdrgjlgve that daylight does not induce
any nonpersistent photoconductivity in these nab@vd manganite thin films.

Under illumination by an Hg (A) lamp, thesistivity does not change for T > 120K up
to room temperature. Furthermore, in the invaligioe i.e., 85K > T > 120K, the sample
became extremely resistive that its exponentiavgras truncated by the issue of V-limit.
However, below 80 K, the resistivity decreases pihyuby several orders of magnitude
showing a huge transient I-Mansition which traces the same path during wagnand
cooling (it is reproducible).

Before moving further, | would like to &ss here that D. Polli and M. Rini et dl2(},
claimed a room temperature | to M transition unbight irradiation, and described their
findings in these words, “We now turn to the mastvocative observation of our paper, that
involving the dynamics of the phase change whetnated in the room-temperature phase.
Above Tco = 220 K, P§Ca sMnO; behaves as a small-polaron insulator with no lange
Jahn-Teller distortion. In this phase, no colossajative magnetoresistive behaviour is
observed. However, with photoexcitation we stilsetved the formation of a metallic state
for approximately the same excitation fluence aat ttound at low temperatures. The
observation of a photoinitiated metallic phaseugegremarkable, and it is indicative of the
existence of a competing conducting phase all thg t® room temperature. Presumably,
colossal negative magnetoresistance does not dmetause of the low energy scale of
magnetic fields, whereas the ‘barrier’ betweentthe phases can be overcome with photo-
excitation” [paragraph taken from Ré&(Q.

In order to explore this metallic phasa&irled in Ref. 12q, | tried PIPT experiment on
07-102: PCMO_001 (50 nm) sample by selecting iné@ (IR) and green wavelengths of
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the pulsed laser (type: Q-switched (pulsed) Nd:YA@h power~ 95 mJ/pulse at 1064 nm
(IR) and 88 mJ/pulse pulse at 532 nm (green), lgprapetition rate of 0.1 Hz, respectively,
from room temperature down to 150K, but we saw mm of it. The outcome of this
experiment resulted in no change in the resistarcept very feeble traces of heating effects
in this temperature window. Furthermore by perforgnabove simple experiment with UV
lamp it was possible to record resistance valuesel and every temperature but still it was
seen that the resistivity does not change for R6Klup to room temperature. This confirms
again that there is no | to M transition in thimeerature range.

In order to further investigate the obsenphotoconductivity effect, as a function of
the lamp intensity, R (T) data was acquired undst éxposure (during warming) with
selected intensity values by using different biasents from power supply of Hg (A) lamp.
Fig. 3.15ashows a set of R (T) characteristics, obtaineceuty/ lamp exposure at selected
current bias values of 4 mA, 8 mA, 12 mA, 16 mA & mA, respectively, which are
linked to the intensity of the lamp.

For comparison, the R (T) curve withodumination (cooling in dark) has been
replotted and the effect of photoillumination betnwe300K-10 K is shown in Fi®.15a The
resistance drops instantaneously upon exposurarp light. The drop is substantial, even
the lowest intensity of the Lamp (4 mA), clearlyurhing on” the IMT. In addition, Fig.
3.15bshows that, this light induced transition hastgpi‘peaks” (marked by arrows 1, 2 and
3) as already seen elsewhet@]] for other type of manganite (compound).
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Figure 3.15:(a) Resistance versus temperature measured inedsrkmd under illumination with different lamp
intensities for the PCMO_110 (10 nm) sample. (bywltemperature zoom view of data shown in (a).
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With increasing lamp intensity this effédicomes more pronounced in the sense that
the effective peak temperatures shift towards rggte (i.e., to higher temperature range).
Starting from the left side of Fig®.15h arrow-1 which specifies the location of first eét
peaks shows a small increment in temperature froknt@ 29K, however the peaks seem to
be suppressed as the intensity increased. Arrawte mid specifies the location of second
set of peaks moving from 41K to 47K, that are proraed as the intensity is increased,
respectively. In addition, the photoinduced trantsenductivity also shows a big increase in
this temperature range. Finally, arrow-3 near ®o\YHimit shows a shift in temperature from
74K to 80K, with increasing intensity of the lamp.

In our view, the above behavior is atttédalito the tensile strain imposed by (110) STO
substrate in the film. We can not attribute thi®idegour as an artefact due to the heating
effects. To support our measurements, we emphtwz®llowing reasons:

i) the I-Mtransition is induced by very low level (intensitight irradiation,

i) fixing the light intensity and decreasing ttemperature results in a resistivity decrease,

and

iii) resistivities almost equal to the room tempera resistivity can be obtained in this
fashion.

Finally, above 120 K light has no effect on thastgty, which rules out heating effects.

Fig.3.16 shows the decrease of the resistance versus nlatron time at 12K of the
10-066: PCMO_110 (10 nm) film. In this experimehe tresistance was monitored as a
function of time under isothermal conditions. Thaibontal dashed line separates the figure
in two parts; firstly, below this line measurememt® fine and show typical temporal
behavior of photoresistance. Secondly, the regioove the dashed line is considered as
invalid region (i.e., voltage limit in dark) becausf immeasurable high resistance of the
sample under investigation (additionally, complemaedicator of the electronic instruments
show continuous blinking). Arrows indicates thetsWiON and OFF moments of the Hg (A)
lamp. The temporal behavior shows that, there s&iap decrease of the resistance at the
beginning of the illumination followed by a smaéiatease after a long time until a saturation
value arises. The lamp turned ON between 0 - 3@hd,then again between 900 - 1200 s.
This photoconductivity effect is non persistentcsirthe resistance return back to original
insulating state between 300 s and 900 s ( ~ long)t This TPC effect vanishes around T
120 K.
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Figure 3.16: Resistance vs. time in dark and under light expodior 10-066:
PCMO_110 (10 nm) sample at 12K.

3.7.4 Substrate issue

An important issue concerning possiblgiarbf the photoinduced resistance change is
carrier injection from the substrate for films thar than the absorption length of light. Thus
not only the film but also the substrate is opticaixcited. Hence, the possible change in
doping resulting from carrier injection from thebstrate is an open point for most
experiments on illuminated manganite films withh&ckness of several 10 nm. To clarify
possible origins of the photoconductivity the tgaor$ behaviour of bare STO substrates is
also studied. The temperature-dependent resistardak and under illumination for a bare
STO substrate subjected to temperature and vacomcitons of growth is shown in Fig.
3.17, which was measured with the same photon fluxed@ctrode configuration used for the
film shown in Fig.3.14 Moreover, from Fig3.17, it is seen that below 25K, STO resistance
changes by only one order of magnitude while irs ttdmperature range resistance of
PCMO_110 sample falls down to several hundreds ohiKs under illumination (i.e., a drop
by~ 5 orders of magnitude), which was estimated a¢rsé¢wundreds of G ohms in darkness.
E. Beyreuther et al. have conducted a referencerg®pnt on a bare substrate indicating that

the photoconduction of bare SrE@ not similar to the observation for the thimdisample

[122.
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Figure 3.17: Temperature dependence of resistance measuredkir{siéid arrows) and under illumination
(dashed arrows) for, (a) STO (110) substrate ap& i (001) substrate. The measurements were dae i
probe constant voltage (V= 5V) mode by resortingltoasonic bonding on silver (sputtered) contadte.1
mm apart.

As a final comment, | present Fi§18 which shows several PCMO_001 (10 nm)
samples characterized under the same conditiofsr &CMO_110 sample shown in Fig.
3.14 In spite of the fact that STO is the common guastin each case, surprisingly all the
samples on (001) STO have shown no PC effect. Taretdt is hard to hypothesize that for
PCMO_110 substrate is playing the crucial role,levfor PCMO_001 does not. We believe
that the biaxial tensile strain imposed by (110@mation of the STO seems to play a role.

1012-""I""I""I""l""l""
115 e 9O ° @ 06-104: PCMO 001 (10 nm)
10 £, @ e ° i @ 10-061: PCMO_001 (10 nm)
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Figure 3.18: R(T) data for several PCMO_001 samples in darkiqsatrow) and under
illumination (dashed arrow), showing no signs of PC
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In summary, we have shown that UV lighadiiation is an interesting tool which can
change the doping of manganites with a gradual r@versible change of the carriers
concentration using the same sample. Hence, itradizgs a good tool to explore the rich
phase diagrams of manganites. UV Light may indudeaasition to the hidden metallic
phase in PCMO thin films which have no metallidesta the darkness. So, the manganite is
rendered metallic by illumination but the effechisn persistent. Furthermore no PC effect is
seen at room temperature. We showed that, while ultrathin PCMO_110 (10-066:
PCMO_110 (10 nm)) film is photoconductive and thsuilator-metal transition which had
been hidden in normal scenario is recovered urldenination, in contrast the PCMO_001
(10 nm) do not show this effect. This behavior carre associated to the bulk response of
STO. We tested that an STO crystal remains insigatnder identical irradiation conditions.
This slightly opens up the possibility for the olvsgion of a fascinating phenomenon, i.e.,
the photo- induction of ferromagnetic behavior Iyht, in FMI state of PCMO at low
temperature. Our data show that it was possibladoce, only on samples grown on (110)
oriented SrTi@ substrates, a colossal insulator to metal tramsitith a decrease of the low
temperature resistance of about ten orders of raimi Our data clearly demonstrate that
light affects the transport properties of PCMO amtyler the Curie temperature. Light allows
therefore to undisclose the ferromagnetic metaitate, common to most manganites, but
normally “hidden” in PCMO because of a competingrdmagnetic insulating state
presumably related to charge and/or orbital orderirhe absence of any photoconductance
effect above the Curie temperature of manganitesvshthat light effects should not be
envisaged as simple photodoping but analysed irfirémeework of competing ground states
in an intrinsically complex system. However, atgemat, the mechanism of the photo-induced

metal-insulator transition is not clearly understoo
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Chapter 4

Transport properties of transition metal oxide intefaces between

oxide band insulators

4.1 Introduction

In this chapter the attention will be mainly conttated on the comparison of the
transport properties of high quality gallate-basad LAO/STO heterostructures, all hosting
a two dimensional electron gas at the interfacee EXperimental results of transport

characterization and the effects induced by UVtlighmination will be discussed.

4.2 Polar catastrophe concept in polar/non-polar agle interfaces

Untill now, a number of key features ofstipuzzling phenomenon have been well
documented. Briefly, to name a few, LAO/STO hetwragures are conducting only if the
interface shows a (La®Y (TiO2)° stacking provided the thickness of the LAO layemt
least 4 unit cellsX 4 u.c), otherwise they are insulating. In additithve charge carriers are
found to be localized in an interfacial layer tieabnly few nanometers thick. The so-called
“polar catastrophe” mechanism, a suddelectronic reconstruction taking place to
compensate for the interfacial ionic polar discomity, is currently considered as a likely
factor to explain this surprising interfacial contuity between LAO/STO heterostructures.
The wide band gap of LAO is considered as crucighis approach, because it determines
the capability of the polar film to transfer chasgwrer the band gap of STO. Ideally, half an
electron per areal unit cell is expected to bedsiemed at the Ti@-LaO interface, partially
filling the 3d Ti levels of theSTO conduction band overlayerd3 124].

4.2.1 New polar/non-polar oxide interfaces
The above approach seems to provide apadipg explanation for many important
features has certainly some significance, but tteee issues left unresolved25 and,

therefore, other mechanisms may contribute as teethe observed phenomenology. The
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first scenario is envisaged to the creation of exygacancies in the STO crystal (near the
interface) used as substrate during pulsed lagewsiteon (PLD) 126, 127. Actually, it is
reported that the electrical transport propertieshe heterostructure are affected both by
oxygen pressure during PLD growth of the LAO ovgela(typically ~ 10°-10° mbar)
[128, 129, 130, 131 and by the application of an oxygen postannd&ll]] Moreover,
studies [e.g., see Ref29 demonstrated that at T0mbar, a large number of dislocations
and of oxygen vacancies are generated, which magoheected with the impact of high
kinetic energy species with the substrate. Altevedt, this linked with the second possible
scenario: if energetic La ions hit the STO surfammne cation intermixing (a substantial La
substitution for Sr) may also take place, resulimg chemical doping of the STO surface
with potential effect on the 2DEG formation drivitige insulating surface of the STO into a
conductor 130, 13%2.

Aheading a step further, in this perspective, otgug in Naples, Italy started the
search of novel heterostructures based on diffeveatlayers. On this basis, we identified
LaGaQ (LGO) and NdGa@ (NGO) as two gallate based test materials botlarpalide
band gap and pseudocubic perovskites respectivE®g,[134. Hence, the “internal”
relaxation of the dipole field, by displacing elects from negative to positive ions (i.e.,
from valence to conduction band), has a high eneogy. Actually, the electrostatic potential

determines a band bending in STO. This is schenitiepresented in the Fig.1 below.
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Figure 4.1: Polar catastrophe sketch
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The dashed line delimits the VB of STCOttisear from the interface. This energy level
is equal to that of the free surface of LAO. Thadéending determines a potential well at
the interface. The band bending effect is relatethé mechanism of charge injection, in the
sense that the STO bands bend only after the ariticckness of LAO has been reached.
Moreover, the depth and the width of the potentiall are related to the value of the injected

charge ¢e) and so to the number of LAO layers.

4.3 Experimental

The samples chosen for this work are comprisesA@,LLGO and NGO films (12 unit cell
thick) grown onto STO (001) substrates with Ti@ane termination, chemically treated in
de-ionized water and buffered-HEJS. A further comparison among all the structures is
shown in Table 1 for clarification.

Table 4.1: A comparison of different characteristics obseraeadong STO, LAO, LGO and NGO compunds
[Tolerance factot, taken from Refl136].

Characteristics SrTiO;(STO)  LaAlO;(LAO) LaGaO,(LGO) NdGaO;(NGO)
Insulator type band band band band
Room temperature structure cubic pseudocubic pseudocubic pseudocubic
Room temperature space group Pm3m R3c Pnmb Pnmb
Pseudocubic lattice spacing, a [nm] 0.391 0.379 0.385 0.387
Energy gap [eV] 32 56 4.4 3.8
Dielectric constant, € 277 235 25 20.2

r, [nm] 0.118 0.103 0.103 0.098
7y [nm] 0.061 0.054 0.062 0.062
¥y [nm] 0.140 0.140 0.140 0.140

t 0.908 0.886 0.851 0.833

All the samples used in this thesis woetavfabricated in MODA laboratory, Naples,
Italy. Fabrication parameters are same as descrilefdre. Briefly the substrate was
positioned at a distance of about 30 mm from thmgetasurface, and its temperature was
fixed at 800 °C and different oxygen pressures iwithe 10°~10* mbar range were used
(for recent studies see secti@n5.]). Furthermore, the samples were cooled to room
temperature in the same oxygen pressure employdtdaleposition. It is worth mentioning
here that films of LAO on STO (001) presented ragtRHEED oscillations typical of layer-

by-layer growth and a final pattern reminiscenadingle crystal surface, whereas both LGO
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and NGO films on STO (001) showed damped and kggpglar oscillations, and a streaky 2D
pattern at the end of the growth (results not shdweme) [L33, 137. The transport
measurements were carried out by standard fourepoomfiguration (resembling van der
Pauw) in standard Hall bar geometry, both in dard ander light irradiation. The sheet
resistance vs. temperatures(R:(T)) was done in the current-pulsed mode, by bashe
samples with an active current source and the geléeross the sample was measured with a
nano-voltmeter. The electrical contacts were olethihy resorting to ultrasonic bonding of
Al wires on 5x5 mm samples. The benefit behind thshnique is that the wire-bonding
process itself cracks the surface and makes cowtdice deeper layers. Further details on the
growth mode, structure, electrical transport anticapproperties of the above three types of
structures— based interfaces are reported in tentarticles from our group in Naples, Italy
[133, 134, 137, 138

4.4 Results and discussion

4.4.1 Transport properties an overview

The oxides hetero-interface is usuallypetated by pulsed laser deposition (PLD) in an
oxygen atmosphere, and it is generally considdratllayer-by-layer growth and conductive
interfaces occur only when the oxygen pressurefaden 10° - 10 2 mbar. Unfortunately,
such low pressures have two drawbacks. First, STddped by oxygen vacancies, which act
as donors. Even though post annealing treatmetgakes the amount of such vacancies in
STO, doubts remain that the conductivity of thesiifstce is due to local oxygen deficiency.
Second, at low pressure the kinetic energy of natio the ablation plume is higher. As
stated in chapter 1, it was then argued that satiercintermixing at the interface may take
place due to La subplantation. However, a recemtysindicates that the relevance of such a
mechanism is considerably reduced at an oxygermspresof 5x10° mbar [L139. As a
consequence, oxygen vacancies and interface drscaie be drastically reduced by an
oxygen pressure increase during deposition.

Therefore, it is motivating to investigafehigh quality, conducting oxide hetero-
interfaces can be deposited at still higher oxygressure. Our group in Naples has recently
shown that two-dimensional (2D) growth of LAO an@Q on STO can be achieved by PLD
at 10* mbar [L40. Here, | report a novel result (first time regt} from our group41] on
conducting interfaces made up of 12 uc thick LG@SAhd LAO/STO samples grown at an
oxygen pressure 6f10 ! mbar, and the results ofRe(T) are shown in Figd.2
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T(K)

Figure 4.2: Rsneef T) 0f LGO/STO and LAO/STO interfaces grown at oggigpressure of Tombar.

The samples exhibit a clear metallic canithg behaviour in both cases and the values
of the resistance are similar to those obtainddvatpressure (see Fig.3). At such a high
oxygen pressure, one can consider that the cotibizuof

(1) oxygen vacancies STO doping,
(i) oxygen diffusion from STO to the growing filmi42 and redox reactions on the
surface of STO, recently suggestédd, are minor.
From now onwards, | will report my experimentaluis only on those samples which were

prepared at oxygen pressure of hibar.

4.4.2 Transport characterizations of buried interfaces

The motivation behind this experimental work wasdeed, to explore novel
heterostructures based on different overlayers, iartiis context two gallate based polar
perovskites were chosen. First we created epitéikias of both LGO and NGO on STO to
reproduce the known behavior of these polar peitaskust like the case for LAO/STO. For
the Rneet(T) the samples were kept in dark for 24 h befétve measurement, and a first

transport characterization was performed. In Ei§. the transport measurements @f&(T)
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(in dark), of all the characterized interfaces shewn and they are compared with each
other. The Beet(T) curves of NGO/STO and LGO/STO are qualitativeiyilar to that of
LAO/STO. Room temperature resistance values amnadft the range of 5-15¢k s for
LAO/STO and LGO/STO samples with a thickness inrdmege 4—12 u.c, while NGO/STO
generally shows sheet resistance slightly highen tGO/STO. In all the three cases there is
a clear metallic behavior in a wide range of terapee; a slight upturn (resistance minima)
is sometimes observed at low temperature {F2gand Fig.4.3b. Moreover, LGO/STO is
characterized by a lower residual resistivity amémg others. Measurements verify that all

the three structures have metallic interfaces.

—#%— LMO (dark)
—&— NGO (dark)
—a— LAO (dark)
—=— L.GO (dark)

[
()
W |

3 |

10 ' ' '
10 25 50 75100 250

T (K)

Figure 4.3: The sheet resistance vs temperature of 12 u.c. UA®D, NGO and LMO based
interfaces grown at the similar conditions on SDOL).
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Before moving onto the other results, Iudolike to highlight the metallic nature of
2DEG in the framework of the present debate ablaitarigin of interface conductivity in
oxides. Therefore, | present and compare in Fig. Rspheel(T) for a LaMnQ (LMO) sample
(12 u.c. thick) grown over STO (001) with Ti@lane termination at the same deposition
condition of NGO, LGO and LAO. This LMO sample shexvan insulating behavior, with
an immeasurable high resistance value below 17@ikich we attribute to the intrinsic
resistivity of LMO. This result revealed, at leastat having a La-based, polar perovskite
grown on Ti terminated STO is not a sufficient citind for the 2DEG formation.

4.4.3 Hysteretic effects
At this point, | would like to shed somighit on an interesting hysteretic effect

observed routinely in our heterostructures as destin Fig.4.4.

[ —nco T
10" f ———L.AO0 | :
 e—T],GO ; :
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L 10°F
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M 10tk |
103 N . . PP PR | !
10 100

Figure 4.4: (a) Extra features show up in the,R:(T) during warm up than during cool down. These
peaks have been observed in multiple samples avad/sloccur at the same temperatures.
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Indeed, we observe pronounced hysteréfiicts between cooling and warming in all
three kinds of structures (irrespective of thekhe&ss) whenever they have the upturns at low
temperatures (resistance minima). In addition,situsually accompanied by two peaks
(maxima) but sometimes only one is realized at fowsmperatures. These features
consistently appear at the same temperature, bypdanng warm-up. As a function of polar
layer thickness (with 4 u.c., and 20 u.c.) we obséhe same qualitative behavior as for the
case of 12 u.c. sample. Based on the charactenzatidozens of samples (s&ppendix 4,

a clear correlation between increased RT samplastaace, increased step size and low
temperature upturns is found.

A survey of the recent literatur4f, 1453 tells only minor details about these features
appearing in the transport data. Interesting infdrom is deduced from the reports of W.
Siemons et al.144, 14%, who have seen these features in their samplés mgh sheet
resistance (which they attribute to thickness aresymably to dielectric relaxations) and
low carrier densities. Additionally, they are matjndield dependent, and during warm-up
stopping at the maximum of one of these featuresehistance returns to the value measured
during cooling over the course of hours. The pegifsear at 80K and 168K in our samples.

In order to better define the above tempees and show they are all the same, |
display in Figure4.5 the hysteresis effect observed for a set of nlaeltgamples along with
their corresponding double derivative testRgheofdT?) to find point of inflection (inset
shows the basic concept of this test). In Biga two NGO samples are showing hysteretic
effect and to find where exactly these curves stakiend | plotted the double derivative of
same data in Figl.5h Similar behavior is also seen with multiple saaspbdf LAO (Fig,4.5¢
andd) and LGO (Fig4.5eandf). From this analysis, we observe two points ofeictfons,
one around 82K and the other at 172K in all thedlstructures. Hence these values are the

same as stated above, which confirms the uniquei¢sese temperatures values.
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Figure 4.5: Hysteresis effect shown for multiple samples alomigh their corresponding double
derivative test (tRsheoldT?) to find point of inflection in; ((a)-(b)) two NG®amples, ((c)-(d)) three LAO

samples, and ((e)-(f)) two LGO samples.
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4.5 Photoconductivity experiments

In order to further investigate the tram$pbehavior in these structures, | have
characterized them under light irradiation. In thitee kinds of heterostructure significant
decrease of the sheet resistance was observedatweom temperature. In this section,
experimental results on transport properties of Ti@rfaces characterized under light

irradiation are shown and discussed.

4 5.1 Effect of UV irradiation

The following procedure was adopted to edaine photoconductivity (PC)
measurement in our samples. The samples were kegark for some days, and a first
transport characterization was performed. During #econd run of measurements the
samples were exposed to the UV radiation, provioked standard Hg (A) lamp. NGO
more subject to degradation (e.g., thermal cycbngging) when compared with LAO or
LGO, hence, high quality growth for NGO finds sodi#ficulty. In view of our experience,
this is due to a higher sensitivity to the substaurface perfection. As a consequence,
NGO/STO with high Bheet and semiconducting behaviour is occasionally olethi A
comparison between sheet resistances of theseegb#laed interfaces in dark and under UV
radiation with LAO/STO is shown in Fig.6, where only cooling curves are displayed.

On the basis of my experience on transpbaracterization of these interfaces (see
Appendix 4, | prefer to present experimental results in sets of samples, (i) lowsRet(<
10° Q/sq at RT) samples as shown in Fgsa,and (i) high Rheet> 10° Q/sq at RT) samples
as in Fig.4.6h The bold symbols represent measurements in dduike open symbols stand
for measurement under continuous UV illuminatiog.dmparing set (i) and set (ii) in Fig.
4.6, | draw following findings. On average, NGO take the highest Reetand LGO holds
the lowest Rieet While LAO has intermediate sRetvalues. Additionally, Photoconductivity
(PC) is more prominent in highsRetsamples (Fig4.6b) than low RpeetSamples (Figs.69.
Moreover, it is seen that a significant reductidrth@ resistance under light is observed in
the low temperature region, where the incrementarfductivity suppresses the resistance
upturn (resistance minima). This strong temperatiggendency of the PC is already a hint

that the origin of the effect is not a simple irage in charge carriers but rather complex.
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Figure 4.6: Sheet resistance vs temperature under UV irradiaifo (a) set (i) low resistance samples in dark
NGO/STO (solid black triangle), LAO/STO (solid reidcle) and LGO/STO (solid blue square), effectbf
irradiation is also clear (open symbols), (b) samibehavior with set (ii) higher resistance sampldsch show
bigger drop in resistance under light irradiation.

4.5.2 Time evolution of photo resistance

In order to further explore the properties of the €ffect in these heterostructure, |
performed a study on the measurement of time deyeed PC is clearly observed at room
temperature for all the three structures, howeaveelies very much on the intrinsic nature of
the sample’s resistance. As stated before (seetfdgy.the effect of UV irradiation is strong
for highly resistive samples when compared with losgistive ones. In this view, a
comparison of time dependence of photoresponsgaltate based interfaces is shown in Fig.
4.7a For this part, two NGO/STO samples (S_1) and J$dh having different Beet
values were chosen, together with one LGO/STO sarf$l3) having low resistance value
at room temperature (298K), respectively. The asrawow the ON and OFF moments for
the UV irradiation. In addition, it can be seentttieey all show clear long-term relaxations

which are more elongated when the sample has highmstance values.
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Figure 4.7: Comparison of; (a) time dependence of photorespéorsévo NGO samples (S_1) and
(S_2), and an LGO sample (S_3) having differerstasces at 298K, (b) same data for (S_2), showing
a stretched-exponential behavior, solid dots aeeetkperimental data (dashed lines are fits of &4.
and 4.2.

As clearly seen from FigL.73 the highest resistance sample (S_3) has noheetais
initial resistive state (i.e., before UV irradiatjoeven after 5x0seconds, while (S_1) has
regained its initial state well before. Some higlgulating samples showed persistent
photoconductivity (PPC) effect i.e., the sample has retained its initial state after light
exposure, where (dark exposure) time was on thie stanonthsLet’s stick to ‘ordinary’
photoresponse seen in conducting interfaces (Biyid.6), postponing a wider discussion of
PPC to a separate section. In this context, | wkédto add few more words on long-term
relaxation, by taking data for NGO/STO samfffe 2) plotted in Fig4.7h This does not
follow a true exponential function; instead it che better described by the stretched
exponential relations of the form;

One can write for lamp ON,
pdtt) Uexp [~ ¢/7)] (4.1)
and for lamp OFF

PR U (1-exp[- (/") (4.2)
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Wherer is time constant angl (usually< 1) is the stretching parameter whose fitting values
were 0.22 and 0.43 respectively for E4<l and4.2 Fits shown in Fig4.7h verify that the
data approximates a stretched exponential aftarital transient.

In addition to the above, a test experimeas performed on NGO sample, i.e., time
evolution of photoresistances at different tempees, keeping the time interval fixed. As

shown in Fig4.8.
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Figure 4.8: Time evolution, for NGO sample at various tempaned, of (a) photoresistance decay
(Lamp ON) and (b) photoresistance recovery (Lamp-YOk) Same data re-plotted AR/R in light
(Lamp ON), extra feature is seen at 125K (orangeejuand (d) in dark (Lamp OFF).

In Fig. 4.8 time evolution of photoresistance decay in ligkig. 4.8 g and
photoresistance recovery in dark (Hg8 B is shown. The arrows at t = 0, shows the ON
and OFF moments for lamp. Actually, with the clossdle refrigerator (CCR) setup it is

quite difficult to obtained time evolution data flamger time intervals as the temperature
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changes quickly. Therefore, this data was obtafoedpto 90 s, during warming path when
the measurement is relatively slower than cooliathpln Fig.4.8 (c, d, same data is re-
plotted in the form ofAR/Ryy and AR/Rya« respectively. Overall, photoresistance decay
shows feeble traces of increase photo responsevatiiible temperature, that are better seen
with AR/R, for example an extra increase is seen at 1@BKnge curve). In Fig4.9,
percentage change &KR/R (%) vs. T of the above data (F&8) is shown for both in dark
and UV irradiation (for fixed time). It is seen thAR/R (%) increases with decrease in
temperature, interestingly, abrupt changes are se#me vicinity of STO’s 110K and 55K
phase transitions (in this case 125K and 50K). ®tileer comment is that the carriers’
recombination process does not seem to be thermasdigted since the time constant seems

to be independent on temperature.
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Figure 4.9: Percentage change AR/R (%) vs. T of NGO sample, bottom curve (blackemp
circle) is in dark, while top (red solid spherejrimdiation with UV lamp.
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4.5.3 Effect of different wavelengths

Indeed, this photoconductive behaviorncarbe associated to the bulk response of
STO, we tested that a STO crystal remains insgatimder identical irradiation conditions
(see Fig3.17. In Fig.4.10 RsheefT) of a NGO/STO sample named N1 irradiated bytlimfh

different wavelengths is shown.

10°
F —@— Dark
| —=— Bulb
7 _+B1ue LED
10 - —+— Violet LED
F —=— UV lamp
~ i
G10°F
B [
2 I
5
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L ll]ll'l

10 .1.00
T (K)

Figure 4.10: Rghee(T) of sample N1 at various wavelengths (sourcdggbf), bottom curve (violet) is
irradiation with UV lamp; from bottom to top, measments are performed with increasing
wavelength sources.

The sample measured in dark (solid blackle) showed semiconducting/insulating
behavior down to 100K, where the sheet resistaremrhes immeasurably high. When
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illuminated by an ordinary bulb (bold red squaréhe sample showed an insulator-metal
transition with a metallic character under 200K. aiha blue LED was used (blue solid
triangle) the sample showed a further decreasesiRefNd an increase in the transition
temperature (> 200K). Aheading a step furthenoéetLED was used (solid green star) for
exposure, which showed even stronger effect inedsing Rheetand pushing the insulator-
metal transition further in the higher temperataege (~ 250K). It is worth mentioning here
that, after exposure to the respective light sajregery time the sample was kept in the
darkness (24 hrs) and during this course of tinmepda was able to retrieve its initial state in
dark (i.e., top solid black circle) or sometimesm®\a higher value (e.g., see FgllJ.
Infact, all above measurements performed in thébleisange of the spectrum (ordinary
white light to violet) show nonpersistent (or resible) insulator-metal transition with a
strong dependence on wavelength (and intensityjallyi | would like to make a short
comment on the bottom curve (open violet circle)owhwas irradiated with UV (provided
by standard Hg (A) lamp), the sample turned to thetat room temperature (i.e., the slope

of Rsheet(T) Was positive at any temperature). This changs inreversible (more details on
such PC effect are described in next secti@h
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3.0F

Iy .
100 L Bulb light

25

D
(=]

2.0

(10°Q)

o
=

sheet

1.5

R

20 ( a) 1.0

0.5

10 N L R I R I : N 1 R L R 1 0.0 ¢ : : + - + +
0 50 100 150 200 250 300 0 50 100 150 200 250 300

T (K) T (K)

Figure 4.11: (a) Rsneed(T) Of sample N1 showing insulating behavior andtbyesis effect in dark, (b) same data
shown in Fig4.10plotted in linear mode to see the phase transftiulator to metal) under light exposure.

In Fig.4.113 the cooling and warming paths for the NGO sanfilE) in dark showing
insulating behavior (up to the voltage limit of teetup) are described. A hysteresis effect
during warming is seen again in this case, the peak the same temperature (~ 180K) as

mentioned before in the sectidm.3 In Fig.4.11h same data plotted in linear mode to point
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up the insulator-metal behavior under light alscadsinction of decreasing wavelength or
increase in photon energy.

These results show that photon energy é®nthan the STO band gap energy (3.2
eV) was able to induce a change in resistance laal finally a metallic behavior. This
suggests that there might be possibility of sonapdrstates. In addition, the electrostatic
potential determines a band bending in STO. Thel lb@mding determines a potential well at
the interface. In the presence of a potential &elihe interface, the process of PC can be
triggered, since an electron can be promoted te@dhneluctive band by light, and afterwards
it goes to the interface, so moving away from thp {supposed to be fixed); or PC can be
triggered as well because the gap is annihilatedrbglectron injected from LAO. Here, we
did not discuss in detail the presence of photoaotashce effects for photons well below the
direct STO gap. This might be a hint for chargadfar from the valence band of the polar
material. Also the possible interpretation of PRQlae to excitons excite across the interface

should be discussed in this context.
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Figure 4.12: Data comparison; (a) Hysteretic effedRspeevS. T 0on warming, effect of magnetic field is also
shown [L145], (b) Our data showing peaks exactly at the samlees, (c) hysteretic effect in our data is
smoothens by UV irradiation, (d) insulating NGO gderN1 showing hysteresis in darkness.
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Fig.4.12shows an overview of our data in comparison waitent studies by others on
these oxide interfaces [145]. On the left hand gtdp) an interesting hysteretic effect in
oxide interfaces is shown i), taken from Ref.J45], together with a comparison of our
data displayed inbj to (d). As seen from Fig4.123 these peaks (maxima) in hysteresis
show magnetic field dependence, i.e., increasiegntlagnetic field (e.g., upto 9T) tend to
increase the peaks and consequently the resistarftks in our case the photon filed
smoothes them completely as in Fgl2c Dashed lines are guide to the eyes pointing out
that these peaks appear always at the same teomgsraifhe peaks (maxima) insfRe
besides the low temperature upturn could be posgibe to structural changes in the
Polar/STO interface during cooling and warming; guekites often experience small
transitions from cubic symmetry due to rotation ditd of oxygen octahedra. In a recent
study by Bark et al.1[46 concluded that the charge transfer can be infladrby the lattice
mismatch in LAO/STO. Moreover, it was shown tha ttAO/STO system is conducting if
the STO is under tensile strain but the carriersdgns decreased exponentially by very
slight compressive strain (induced by preparing L300 interface on different substrates).
A very recent paper by W.M. LU et dl147], clearly demonstrated a metal-insulator
transition at a depleted LAO/STO interface, makamgevidence for charge transfer induced
by STO phase transitions. In view of their argumgt7], the difference of the charge
transfer at the interface is originating from tlatice mismatch strain at the LAO/STO
interface. Actually, at room temperature thereikely to be a significant strain at the
LAO/STO interface, as, STO is cubic while LAO igtmrhombic. At 110 K, STO undergoes
a cubic to tetragonal phase transition while LA@a&s unchanged. The c/a ratio of STO
changes from 1 to 1.00056 during the phase trangjti4g. This results in a reduced lattice
mismatch between the overlayer LAO (polar) and S3uDstrate. Based on the above
mismatch large charge transfer into the channpteslicted. On the other hand at the 55K
phase transition the STO undergoes tetragonaldmbbhedral phase transition of reduced
symmetry which may enhance the strain at the iaterbetween LAO/STO (with c/a ratio is
now 1.0004) which will increase the mismatch betwé®e overlayer LAO and the STO
substrate. This represents an increase of thedattismatch of 0.01% which will reduce the
charge transfer to the interface, accounting ferrttetal to insulator transition (e.g., see Fig
4.11b.

In the end, | conclude this section byisgythat there are recent reports about the
complexity and phase separations in oxide integfadaich are tightly linked to the external

perturbations like, magnetic field, light or biaxstress imposed by the substrate. In this
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section, | tried to show that there might be a ity (just like manganites) that STO-based
conductive interfaces exhibit phase competitiorveen metallic and insulating phase at
critical doping levels. Curiously there are recepports fi] claiming about possible
magnetism in the insulating phase of STO-basedfates. Our experiments show that light
can switch the system to metallic phase, with loeapvery times. | link the hysteresis peaks
appearing in the dark and smoothening by lightht® phase transitions of STO and to the
possibility of electronic phase separation scenpt]o These results were reproducible in
dark and under light irradiation.

4.6 Persistent photoconductance: the case of highlgsistive samples

As mentioned before, when compared to LAIGOis more subject to degradation (as
due to thermal cycling or aging). Achieving a higmality growth for NGO also seems less
easy. On the basis of our experience, this is d@ehtigher sensitivity to the substrate-surface
perfection. As a result, NGO/STO with high shealisiance and non-metallic behaviour is
occasionally obtained. The effect of UV irradiation Rspeet(T) of such kind of two NGO
samples (that we call N1 and N2 respectively) @sashin Fig.4.13
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Figure 4.13:(a) Rsheet(T) of sample N1 at various delay times after ligkposure, bottom curve (violet) is for as-
irradiated sample; from bottom to top, measuremantsperformed after increasing exposure to ddrk;s{milar
behavior seen with another sample N2.
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In Fig.4.13a Rsheet(T) of sample N1 at various delay times after ligiposure is
shown, bottom curve (in violet) is for as-irradtsample; from bottom to the top,
measurements are performed after increasing expasudark. Under exposure to UV
radiation (in this case, provided by a standard(Aglamp), the sample turned to metallic
(i.e., the slope of Eeet(T) Was positive at any temperature). This changs wreversible;
subsequent measurements performed in dark demimustizat the resistance was slowly
increasing with time (on the scale of days). Aereral months (Dark-3 (4 months), (in
red)), however, the room temperature resistancestilbat leastc 3 (or 4) times smaller than
the as-made sample (Dark-1 (in black)). This betrasthown by sample N1 was reproduced
with another NGO sample N2 as described in Hig.3h Here, delay time after light
exposure was two months (Dark-2 (in green)).

4.6.1 Discussion

Here we describe a model for log time ogse. In association to Fig.14 similar
permanent photoconductivity (PPC) is frequently esbed in semiconducting
heterostructures (see refl4f, and references quoted therein). Among them,asfiqular
interest for the present work is the case of stinestthat host a 2DEG (such as AlGaN/GaN).
PPC is there determined by the transfer of phototex electrons from the deep level donors

of the charge reservoir to the conduction bandhefather side of the junction.

14

NGO

dx

Figure 4.14: Model for log time responsda) long-living electron-hole pair generation byopn is possible
only if electron is injected into STO, (b) chargansfer process from a slab of non-negligible théds

{  and potential barried.
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A photon can create a long-living electharle pair only if the electron is injected in
STO, while the hole remains trapped in NGO (or ptager). This process implies that free
electrons are injected into STO through a tunnglarrier. The number of photo-induced
carriers that have been injected at time t, confriogn a slab with thicknesdx at distance x
(asin Fig4.149, is:

__t
dn=N (1—e “X)]dx (4.3)

X

where r(x):roeE iIs the tunnelling time through distance between states with

characteristic length scake Ndx is the total number of trapes that are createthénslab.
These values depend on the light intensity and itegulated by the local processes of
recombination.

As stated before, for semiconducting dstmes hosting a 2DEG, their PPC is
determined by the transfer of photo-excited elexdrérom the deep level donors of the
charge reservoir to the conduction band of theratlte of the junction. Thus, recombination
is then prevented by the potential barrier thatasses the two slabs. In other terms, the
observation of PPC is a signature of the chargestea at distance, across a potential barrier
of width d, from a slab with non-negligible thicknegg(see inset of Figt.13or Fig.4.110.

The total number of injected carriers is:

‘ __t
n :jN (1—e T‘X)]dx (4.4)
0

where ¢ is the effective NGO thickness that is involved the process. After trivial

calculation, we get:

: expm t
o —
a

n .[ 1—e_ﬁ

= . dr (4.5)
7, exp(%]

Na
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R(MQ)

e[ (1-6(t-1)) dr

n (tj d p(dj
——=<In| —|-— r,exp — [<t<7,ex
Na I,) a a

(4.6)

4.7)

Under this circumstance, theory foresees thdt tiw onset and the decay of PPC follow

a logarithmic law 150. A logarithmic dependence is also observed inctiee of NGO/STO,
as demonstrated in Fig.15 (a)and(b).
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Figure 4.15:(a) time dependence of photoresponse, arrows itgdiba on and off moments of lamp; (b) same

data replotted in log-linear scale.

Indeed, this behavior cannot be associtdetthe bulk response of STO. Indeed, we

tested that a STO crystal remains insulating umdiemtical irradiation conditions (see Fig.
3.17). Furthermore, the relaxation of STO after UV diedion has been thoroughly
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investigated, demonstrating a complex dynamicskaluding logarithmic decayd$1, 152,
153. By extrapolating the plots, it is possible to detigre two characteristic timeg~ 10s
and 5~ 10%s, that describe respectively the delay after whiiehlog behavior starts, and the
saturation time. Within the standard models of PP%I),

t, =1, exp|
1= 1o €XP 2 (4.8)
¢+d
and 1 =T, exp( 3 j 4.9)

where a is the length scale of the electronic albifi.e., of the order of the Bohr radius) and

I,is a characteristic time of formation/ annihilatioh an electron-hole pair7,= s for

both STO (a value that we consider typical for pskites) [L50, and for GaAs 154]. By

the data, we getl =6 unit cells and/ = 2unit cells. That is, a slab with thickness of the
order of 2 u.c. of NGO is involved in the processnjection. Assumingr,=10°s(as for
GaAs) we get that the minimum distance where aaraee injected from isl =25a, that is

of the order ofd = @.c. of NGO.

Finally, we add a few comments on PHrst, we notice that PPC also appears in
insulating LAOSTO andLGO/STO (e.g., samples prepared at high oxygen presasri
ref. [155). Thus, it may be regarded as the typical phajooaese of insulating polar
interfaces.In the PPC, electrons are effectively promotedh® ¢onduction band by light,
determining a sensitive variation of conductanchisTis different from the “ordinary”
photoresponse, as illustrated, elgy, Fig. 4.6 and Fig.4.7. According to the described
analysis of data, the injection seems to regarctreles that are formerly far away from the
interface. Under this respect, PPC may have someextion with the electric field effect:
when a negative gate voltage is applied to an atsig (i.e. 3 u.c. thick) polar layer,
electrons are injected at the interfad®4,158. In this case, the injection is determined by
light.

In summary, we probed the transport priigerand the effects induced by UV light
irradiation on highly epitaxial NdGaf{brTiO;, LaGaQ/SrTiO; and LaAlQ/SITiOs
heterostructures. The metallic nature was confirtneeélectric transport measurements even

at 10'mbar which is a novel result from our group in Nepl We demonstrated the

2011 Muhammad RIAZ - PhD Thesis Page 98




Transport properties of transition metal oxide interfaces between oxide band insulators

conducting nature of 2DEG formation at the integfa above structures is related to the
intrinsic electronic reconstruction scenario, ameirttransport properties qualitatively similar
to those of LaAI@'SrTiOs. This also shows thateither Al nor La plays any crucial role in
the underlying mechanismAdditionally, these results show a possibilityobfarge transfer
to the q2DEG layer is influenced by the interfat&is, which accounts for the reduced
charge transfer to the polar/non polar interfangerestingly, some major photoconductance
effects were found also for photon energies wdlblwehe STO gap, strongly suggesting a
situation in which the photoinduced long lived @ans have the hole in the polar layers and
electrons in STO. Furthermore, all the three typésstructure characterized under UV
irradiation show strong intrinsic tendency of phamtnductivity. Under suitable conditions,
the effect iINnNdGaQ/STO (polar/non polar) may be permanent. Last but hetleast our
procedures and techniques were capable of repmgltive known results to a high degree of
accuracy. Finally, 1 would like to comment for pitds future directions, measurements on
these interfaces both in magnetic filed (upto savéesla) together with UV light switched

ON will be interesting.
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Summary and conclusions

A number of systems based on the transition m&laland Ti were analyzed in the course
of this work by means of variable temperature tasse measurements, also as a function of
light irradiation and of an applied magnetic fieldhe research activity was especially
dedicated to two quite outstanding cases of tramsihetal oxide based systems, i.e.:

a) Pr,CaMnO; (PCMO), a narrow band manganite showing an insgjdiehaviour
across it's whole phase diagram;

b) polar-non polar oxide interfaces, whehe formation of a high mobility 2-
dimensional electron gas (2DEG) in Sr¥i@® triggered by the deposition of a polar
overlayer. In particular, | demonstrated the 2DEG@Grmfation within the novel
NdGaQ/SrTiOs heterostructure, aside to the celebrated La/S@iO; heterostructure and
to the more recent LaGafSrTiO:s.

Recent literature discussed in this work shows tiod only narrow band manganites
but also polar-non polar conductive interfaces lextphase competition between metallic
and insulating phases at critical doping levelstidiisly, magnetism if found in the metallic
phase of manganites and — as recently suggestedheiinsulating phase of STO-based
interfaces. Our research was therefore addressadbtiter understanding of the nature of

transport in the unperturbed samples and thenedight-induced effects.

Summary of experimental results

In chapter 3, the effect of the substrate indudemirson the transport properties of PCMO
films has been investigated. No evident featurpresent at the expected charge ordering
temperature as reported in bulkeg= 230 K). In spite of the different structural details,
PCMO_110 and PCMO_001 show a similar overall trartspehavior and there is no FM
metallic phase evident from the analysis of th& Rdata. The drop (bend) in resistance with
4-probe data are indicative of false transition RNat can be get rid of by increase in delay
time. The observed experimental results suggestttathermally activated hopping (TAP)
of small polarons model is more suitable for ddsog the temperature dependence of
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resistance for the PCMO thin films down to 150Knttiae VRH conductivity model. It was
shown that the robust, nonbulk like FM phase oletdiby the epitaxial deposition of PCMO
on (110) STO (PCMO_110) under low electric fieldedaot undergo a transition towards a
metallic state. Therefore, as it happens in th& lnd PCMO_001 films, the metallic DE
phase remains hidden in PCMO_110 films as wellalginwe have shown that UV light
irradiation is an interesting tool which can chanige doping of manganites with a gradual
and reversible change of the carriers concentraiging the same sample. UV Light has
induced a transition to the hidden metallic phasBCMO thin films which have no metallic
state in the darkness. So, the manganite is rethaeegallic by illumination but the effect is
non persistent. Furthermore no PC effect is seepnah temperature as claimed by others.
We showed that, while the ultrathin PCMO_110 (16:06CMO_110 (10 nm)) film is
photoconductive and the insulator-metal transi{ipM) which had been hidden in normal
scenario is recovered under illumination, in cositthhe PCMO_001 (10 nm) do not show
this effect. This behavior cannot be associatatdedoulk response of STO. We tested that an
STO crystal remains insulating under identicaldiaion conditions. This slightly opens up
the possibility for the observation of a fascingtphenomenon, i.e., the photo- induction of
ferromagnetic behavior by light, in FMI state of RO at low temperature. By changing the
doping with light, probably we pass from the FM ulaing to the FM metallic phase
supporting the scenario of phase coexistence (es®ation) in complex oxides.

In chapter 4, the attention was mainly coti@gged on comparison of transport properties
between high quality NdGafsrTiO;, LaGaQ/SrTiO; and LaAlQ/SrTiO; heterostructures,
all hosting a two dimensional electron gas at titerface. | have investigated the transport
properties and the effects induced by UV lightdrasion on these heterostructures and
confirmed their metallic nature by electric trandpueasurements. A novel result in the form
of conducting nature of these interfaces is obthiae10" mbar. | showed the conducting
nature of 2DEG formation at the interface in abstractures (grown at 10mbar) and their
transport properties qualitatively similar to thadelLaAlOs/SrTiOs. In addition, | purposed
on the basis of transport data that the interfansbetween STO and LAO or between
gallate based films and STO to be responsible fodutating the charge transfer from top
polar layer to STO. Finally, all the three typestificture characterized under UV irradiation
show strong intrinsic tendency of photoconductivithder suitable conditions, the effect in
NdGaQ/STO (Polar-non polar interfaces) is permanent.ar#igg effect of UV irradiation,

it was shown that photoconductivity (PC) is morerpinent in high BeetSamples than low
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RsheetSamples. Moreover, significant reduction of thesance under light is observed in the
low temperature region, where the increment of cetidity suppresses the resistance upturn
(resistance minima). The fits of the low temperattggion upturn (by a formula usually used
for magnetic impurities) were suggestive that tharght be a hidden magnetic phase (which
is insulating, in contrast to the case of mangahit€he strong temperature dependency of
the PC is already a hint that the origin of theeeffis not a simple increase in charge carriers
but rather complex and possibly a phase separatienario also in these complex oxide
interfaces. The transport data was analysed anclsfied in context of an interesting
hysteresis effect seen in the R (T) data showirakgeuring warming path. These peaks are
magnetic and photon field dependent but with ogpaosifects i.e., increasing the magnetic
fields tend to increase the peaks and consequeralyesistance, while in our case the peaks
decrease with increase in photon field (i.e., byditying wavelength or intensity) and
vanished under UV, we did not discuss in detailgtesence of photoconductance effects for
photons well below the direct STO gap. This migatebhint for charge transfer from the
valence band of the polar material. Also the pdessitierpretation of PPC as due to excitons
excite across the interface should be taken intowatt in this context. In addition, a possible
robust coupling between the structural phase tiiansi of STO and the transport properties
of the g2DEG in polar/non polar oxide heterostriesuvas described, which gives evidence
for charge transfer variations from the polar layethe polar/non polar interface. The results
were reproducible and so were the phase transiaodshysteretic effects on the transport
properties. Finally, all the three types of struetaharacterized under UV irradiation show
strong intrinsic tendency of photoconductivity. Tpleotoinduced conductance in formerly
insulating NdGa@STO (polar/non-polar interfaces) was found to lesistent on the

timescale of months.

Conclusions

In conclusion, the transport propertiegmtaxial thin films of two different transition
metal oxide based correlated systems were analyge@sorting to variable temperature
resistance measurements in dark and under UV light.

Thin films of the narrow band manganiteMRZ showed an insulating behaviour at all
temperatures, that we attribute to thermally atdéidahopping of small polarons, in spite of
the strong strain-induced magnetism previously ban samples grown on (110) oriented
SrTiOs substrates. Our data show that it was possibiediace, only on samples grown on
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Summary and conclusions

(110) oriented SrTi@substrates, a colossal insulator to metal tramsivith a decrease of
the low temperature resistance of about ten oradramagnitude. Our data clearly
demonstrate that light affects the transport priogerof PCMO only under the Curie
temperature. Light allows therefore to undiscldse ferromagnetic metallic state, common
to most manganites, but normally “hidden” in PCMé&céause of a competing ferromagnetic
insulating state presumably related to charge amatiuital ordering. The case of epitaxial
polar-non polar heterostructures is even more cexppdince our analysis on previously
metallic or insulating samples showed a remarkaaiaple-to-sample dependence. Persistent
photoconductivity was found with decay times thatreased for the most highly resistive
samples up to values of the order of months or mdnéerestingly, some major
photoconductance effects were found also for phetoergies well below the SrTiQap.
We argue in our discussion that such data stromsgiggest a scenario in which the
photoinduced long-lived excitons have the holehmpolar layers and electrons in Sr{iO

In both cases, our experiments show that lightssaitch the system to the metallic phase,
with recovery times that differ by orders of magdeg in the two systems.

The absence of any photoconductance efédmive the Curie temperature of
manganites shows that light effects should not ésaged as simple photodoping but
analysed in the framework of competing ground statean intrinsically complex system.
Understanding in detail the nature of the photocetahce effect in previously conducting or
insulating STO-based interfaces, a still relativehexplored field of research, would require
more extensive efforts to master the complex phemmhogy and the sample-to-sample

dependence.
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Al: Appendix 1

Al.1 Gifford-McMahon (G-M) thermodynamic cycle

The (G-M) thermodynamic cycle stleeused by the CCR setup has helium gas as
the refrigerant. The gas compressor (operating neamn temperature) and the cryogenic
expansion cylinder (cold head) are thermally linked a regenerator or thermal storage
device. The gas is driven through the 4-step csfetevn in figureAl.1.

Stepl: pressurize expansion cylinder at minimum Step2: maximize volume at maximum pressure (more
volume with regenerated (pre-cooled) gas. pre-cooled gas added).

. M P
Working volume
! [T

%
~ High
(&Y 0

pen
Pressure

Step4: minimum volume at minimum pressure (more Step3: de-pressurize and exhaust through the
exhaust and regenerator cooling). regenerator (cooling).

Figure Al.1: The Gifford-McMahon Refrigeration Scheme used l®y@CR setup
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A2: Appendix 2

A2.1 Transport characterizations of PCMO thin films

In this section, | would like to make fe@smments on the R (T) characterizations of
PCMO. In the very initial measurements (year 2008js frequently observed some strange
features in the R (T) data consisting of jumps {ab 200-250K) and noisy behavior
followed by a drop (bend) in the resistance abd@@-150K (depending also upon thermal
history or aging of the sample) as shown in FAg.1a while Fig. A2.1b shows a set of
recent smooth measuremen®n the basis of my experience, this bend is always
accompanied by compliance indicator of the biaseg@or blinking and interchange of the
voltage signs in this sequence;

For positive voltagd/, — V_ and
For negative voltag¥/_ -~ V, - V_

(it can be seen on the front panel of the nanorwetiér).

1G ' 3
o 07-102 o —8—PCMO_110 (2-probe)
@ 08-017 —a—PCMO_001 (2-probe)
100M o 09-110 3 4

—=—PCMO_110 (4-probe)

c 1M —6—PCMO_001 (4-probe) 1
g

5 3 L 10 £~150 nm ]

T IM R G

~ : ~ 10 F ]

100k

10k

(I
(I
(I
[ |
(I |
[ |
[ I : !
[ I ! 2 L
[ I : : 10
lkl.1.1.|||.||A||AI|.|.1. 10-.| .
75 100 125 150 175 200 225 250 275 300 0 50 100 150 200 250 300 350 400

T (K) T (K)

Figure A2.1: (a) A set of early transport measurements (R ¥$oiTseveral PCMO samples, showing jumps
and noisy behavior. (b) A set of recent transparasurements/ vs. T ) showing smooth data (see text for
more details).

It was difficult to analyse this data irs@nse that these features were appearing at the
points where phase transitions are reported irpttase diagram for bulk PCMO i.e., charge
ordering temperaturech and the Néel temperature or magnetic ordering ¢eatpre , |, as

shown by dashed lines in Fi§2.1a Indeed, based on our measurements alone, we were
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unable to make any specific comment about theronfithese features. Because, on the one
side these features in the R (T) data were vewmirfaing, but on the other hand in literature
reported resistivity data were quite clean and gmdat least down to 150 K) making above
scenario more puzzling for us (see e.g., Rig.1bthat resembles with the usual data shown
in literature). Moreover, the noisy behavior in R€T) curves just before and after the drop
in resistance (between 100-150K) look similar toatvheported for single crystals below
40K, that was interpreted as temporal fluctuatioasveen low and high resistance statgs [
In addition within this noisy region, the I-V curwshowed strange elliptical loops. There are
also reports about colossal dielectric responsenauitiferroic nature in charge-ordered rare
earth manganites in the above temperature windovwi [. Finally, a survey of the literature
had made things more complex at that time. For @kasee Fig3.4, for a quick comparison
(with Fig. A2.1), which is taken from Refi\f] reporting that in the low-temperature range (T
< Ty) an abrupt change is observed in the temperaperatience of the resistivity which
they claimed as an appearance of the metallic phase

It is important to stress that we triedesal steps, e.g., checking internal wiring of the
setup (for the possible artifacts), investigatingasurement techniques (2-probe and 4-probe
methods), replacing measuring devices (Kithley Agdent) and performing different tests
regarding bonding (or contacts). Indeed, the measent setup was working nicely (in
healthy condition) because the measurements obtdoreother compounds like, LaMRO
(LMO), YBCO, LSMO, LAO/STO and LSMO/YBCO/STO mulayers, to name a few, were
in excellent agreement with the reported dataterdiure. Moving a step further to make a
consensus that whether the system responds ictllysior impedance is an issue, we
decided to probe further the implications of ourasw@ement procedure for the measured
value of resistivity; the most important being timae delay between current application and

voltage measurement.

A2.1 Issue of time delay

In view of above context, we devised a &geriment hoping that if the system
intrinsically has a temperature- and phase-tramwsitiependent response time feature, the
final result of the measurement might change withdelay. At the end of the day, indeed it
does (see Figh2.1bor Fig. A2.2). As an example, when we increased the delay leetwlee
application of current (in pulsed mode) and thetage¢ measurement to 1- 2s the features
started to show suppression. This change was reaiyarkable; subsequent measurements
performed on e.g., PCMO_001 (150 nm) sample (&&oPCMO samples shown in Table
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3.1 were also tested) demonstrated that the resistaaseslowly smoothing with increase in
delay time (~ upto 6s) down to 70K. The above expent was a big success in a sense that,
it has enabled us to go down in temperature windbthe order of ~ 70K more (i.e., from
160K (before delay) — 90K (after delay)).

T (K) T (K)
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200 220
3
10 T T T T T T 4 T T v i ™ 06-104: PCMO 001 (10 nmy 10
V=5V ® 08-017: PCMO 001 (10 nm)
® 2000 ms (=100 ) 3 o o 10 1o 1
]02 L * 1000 ms (I=100 nA) | - 10-066: PCMO 110 (10 nm)
® 200 ms (I=100 nA) 3’7" % 410°
4 2-pr RS
; 4-probe probe 100 —~
110 3 Fe)
G vy
N 10 5
Q, 10’ 4 100~
L1 10"
10 @ . ,
(a) SN (©) 10
10-2 1 1 1 1 1 1 1 1 e )| 1 1 1 1 1 1 10'3
3 - . . . . . . .
@ 2000 ms (1=100 nA) Bl .. = pcmo 110 310
. * 1000 ms (I=100 nA) | Xy . A m = PCMO 110
® 200 ms (I=100 nA) L u 110t
‘Q . @ PCMO 001
~ 4-probe | -
> 1 p © PCMO_001 °
~ 3 4100
% o °
5 2-probe , B
> 1 E \ 10 ~—
) delay = 500 -1000 ms
— 1
2k -t =20 -100 ms \ {10
3 . . . s . . . 2 . . . . . s . s 10°
40 60 80 100 120 140 160 180 200 40 60 80 100 120 140 160 180 200 220
T (K) T (K)

Figure A2.2: (a) Delay effect on the 4-probe resistivity of PCMO_0QI50 nm) thin film, (b) voltage
dependence on the temperature for different delagerded during the measurements shown in (a) for
PCMO_001 (150 nm) sample. (c) Temperature deperden-probe resistivity (inset shows 4-probe) for
several PCMO samples of different thickness. (dlapesffect on the 2-probe resistivity of PCMO_11da
PCMO_001 (150 nm) samples.

In view of above context, let me describe the Rg.2 in the following few lines together
with brief comments. Ind), two main issues are highlighted;

(1) Firstly, a comparison between 4-probe measurenpafsrmed in two different
biasing modes namely, constant voltage and constanént. It is clearly seen
that, the temperature window where PCMO is known stiow magnetic
transitions the data also show strange behaviarekample the characterization
of PCMO in constant voltage bias typically showsassy behavior (whether 4-
probe or 2-probe) whenever entering this regime &so FigA2.2c, andA2.20),
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while the case of constant current (in pulsed mate)ws, typically, a drop
(bend) in resistance (which is always accompanjedompliance indicator of the
bias generator blinking).
(i) Secondly, for the case of 4-probe (pulsed curremdah measurement performed
on PCMO_001 (150 nm) sample the effect of increpdiglays (from 200 — 2000
ms) is described. Quite interestingly, the usuapdn PCMOQ'’s resistance around
150K-120K (e.g., green curve for the short delasedecome smoother in the
longer delay measurement (blue curve) and shii€DK.
The effect of voltage dependence on the temper#&burdifferent delays ranging from 200-
2000 ms are shown in Fi§2.2b, that were recorded during the measurements showig.
A2.2afor the same PCMO_001 (150 nm) film. In Fg.2¢, the temperature dependence of
2-probe resistivity in constant voltage bias (= 59@) several PCMO samples of same
thickness (10 nm) is shown, where all samples bagshow noisy behavior around 150K,
while inset shows dropping of resistances with dbpr pulsed current mode in the same
temperature window. A similar behavior is also seehig. 3.2, where 2-probe and 4-probe
measurements were compared for all the PCMO samipigsA2.2d, describes the delay
effect on the 2-probe resistivity in constant vg#abias (= 5V) of PCMO_110 and
PCMO_001 (150 nm) samples. The following procedwas used for this short test
experiment; the measurements were started witht sletaty time during cooling path (solid
arrows) and after observing the start of noisy biliaghe delay time was changed to loner
value, interestingly measurement became smoothwEnmming paths (broken arrows) were
performed keeping the longer delay times, cledhg,noisy regimes were completely wiped
out in this experiment.

Now coming back to the point, i.e., of nmgka consensus about the intrinsic response
of the system (i.e., PCMO), we recorded the voltagiput separately for the forward and
reverse currents as a function of temperature FsgeA2.2b). For the case of short delay
(200 ms), as the temperature is lowered below 130eKpositive voltage output ¢V dark
green) starts to decrease and change its signi)doelow 110K and stays negative after on.
Indeed, the negative voltage output,(W¥ght green) does the opposite, but below 100K it
regains its original negative sign. It is worth miening here that for even lower delay values
(20 ms) the voltage starts to decrease around 20@Kreverse its sign at about 180K and
stays negative after wards (not shown here). Namh boltages stay negative and do not

change sign even though the current is reversetthenshort delay case (in my opinion
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perhaps this causes to blink compliance indicatdh® generator). Considering the case of
longer delay (2000 ms), both voltages stay negatitfeout changing their sign below 70K.
Infact, the approximate symmetry between the vebagignals for forward and reverse
currents, which is clearly seen in the longer delage over the entire temperature range, is
seen to be lost even at temperatures as high aK i8the short delay case.

Lastly, | would like to make few commemstypical bell shaped hump observed in the
capacitance dataii[ v] or a sharp peak observed at the CO transitiothnénmagnetization
data [i] is not reflected strongly in the resistivity maemment, simply because the
resistance value in this temperature range is samall therefore th&C time constant is
smaller than the measurement delay. Moreover, weemcreased the width of the forward
(and reverse) current pulse, once again we obtardgpendence without the sharp drops at
the transition points. We also measured the rggistby two-probe method (only positive
current direction), in this case again we get &uredess dependence similar to that shown in
Fig. A2.2. Finally, these data appear similar to what i®regal in the literature usually.

L. V. Saraf et al.v], have performed a study on the capacitive efledd made a
correlation of large dielectric response with thrdening transitions PCMO (x=0.33) thin
films grown onto (100) oriented LAO substrate byCRPIBased on their results, these authors
attribute the occurrence of upward and downwardpgirm their capacitance data (i.e.,
capacitance is high) at temperatures close to theafd spin ordering temperatures, to the
existence of magnetic disorder (frustration) in theltiphase system. Indeed, it seems that
the resistivity drop (bending) or initiating of 189i behavior (FigA2.2) in our case, also
observed by othersyj vii], and capacitance jump&/] are seen at the transitions when the
system is driven faster than a specific time stalecate that relaxations and reorganizations
of polaronic and magnetic clusters are playing arode. The above scenario can be easily
explained on the basis of the circuit responseceffg, controlled by the impedance of
PCMO film. For this purpose a graphical represémator the impedance of PCMO film,
actually, controlling the circuit response effecsketched in Figh2.3.

Assume a circuit element having, inheregsjstive and capacitive character (like, the
case of PCMO film), driven repeatedly by curremspulsed mode in the form of a wave
form (red square wave) as shown in FAg.3. For the case of a short delay measurement, the

time positions are denoted by, andt, .., while t, ., andt; , . are positions for a

measurement with longer delay. Now, if the RC tooastant of the sample is comparable or
longer than the pulse width of the current sigiia¢ voltage attained (dashed blue) after
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forward current will take time to reverse underreat reversal. Thus, a short delay

measurement (i.et, .., andt; ..,) would show the same sign of the voltage althoiigh

may decay in magnitude over the pulse width. THecewould be diminished or get rid of

by enhancing the delay (e.d, ., andt; ;g )-

~‘+ + P tl(short)
.= q 43 i t’
injecte ] I‘ r 2(long)
t— 1%
I(short) s
t2(10ng) "x" —

Figure A2.3: A graphical representation of the impedance of PCH® controlling the
circuit response effect.

In Fig.A2.4, a comparison of recent 4-probe resistivity datwieen PCMO_110 and
PCMO_001 (both 10 nm) thin films (after delay mazhfion), taken in constant voltage
(5V) and constant current (pulsed current of 100 mddes, is shown. Inset show 2-probe

data in constant voltage (5V) configuration for #aene samples.

4

10

B 10-066: PCMO_110(10nm) V,__

© 10-061: PCMO 001 (10nm) V.

175 225
T®

125 275

p (Q.m)

10-066: PCMO_110 (flnm) V_~N
B 10-066: PCMO_110 (igfhm) 1
|

constnt

u
@ 10-061: PCMO 001 (10nm) V__
10-061: PCMO_001 (10nm) 1.,
" 1 L 1 " 1 L
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Figure A2.4: Comparison of 4-probe resistivity data between PCI{® and PCMO_001
(both 10 nm) thin films. Inset show 2-probe datatf® same samples.
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These measurements show qualitatively similar at;yg behavior, with false drop in
resistance (with 4-probe current pulsed mode) ¥adid by starting of noisy behavior (with 4-
probe and 2-probe constant voltage mode). Moredkerdrop (bend) in resistivity and the
starting of noisy behavior appear at the same ilmeatfor both samples. However, it is seen
that on average PCMO_110 has higher resistivityabaVe features appear early in the case
of PCMO_110 sample if a comparison is made betwsame thickness values of
PCMO_001 samples (see FAR.4andA2.1b).
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A3: Appendix 3

A3.1 Transport characterizations of PCMO at different bias currents

In this appendix, | will briefly discuske epitaxial stabilization of the ferromagnetic
phase and the concomitant suppression of the aptii@gnetic one in PCMO films grown
on (110) STO, in contrast to the bulk-like featunésamples grown onto (001) STO. Indeed,
the origin of the FM insulating (FMI) phase in PCM® still controversial. Such a
combination of magnetic and electronic propertegare, but it occurs in several other
manganites systems too, however in the lower domggne x< 0.25, where Jahn-Teller
electron-lattice and superexchange interactionstaoager than DE and may result in a FMI
ground state sustained by a suitable ordered patire, orbitals. While the physical
mechanism (i.e., the double exchange interactivet) leads to the FMM state in manganites
is well known, the reason why an insulating stad@ persist in a DE system at higher
doping, as it occurs in PCMO is less evident. Teéeuparity of the insulating state of PCMO
IS quite spectacular since it adjoins a hidden hnetatate, characterized by enormous
changes in resistivityvjii] that can be reached either by application of sdvexternal
perturbations. However, while magnetic or pressum@uced transitions seems to be
homogeneous (e.g. they involve the whole bulk syktéhere is some evidence that electric
and radiation fields (see section 3.7) may cawaesitions in phase-separated regions of the
system where nucleation of metallic patches infoinen of filaments within the system body
have been observed.

Let us start with FigA3.1 which is taken ﬁ i \
from Ref. jx], where the temperature variation of ;

the resistance of a PCMO (x = 0.3) film deposited

on Si (100) is shown for different values of the dc

Resistance ()

current. Here with increase in current the film

showed an I-M transition in the low temperature

range. The inset on left shows non-ohmic behavior 100

200
Temperature (K)

Solid state Communications 114,
295-299 (2000)

in -V curves, while right side inset shows a ol oA e /

behavior similar to what we have observed in our

thin films (see FigA2.1). Here, they interpreted _
Figure A3.1: R (T) for PCMO sample showing

this low temperature noisy behavior to temporaldrop (bend) in resistance for different values

. o of the current, inset shows similar behavior we
fluctuations between resistive states. Recall thserved. Taken from [Rek].
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the noisy behavior in the R (T) curve below abd@ K is similar to what reported for single

crystals below 40K, which was interpreted as terapfiuctuations between low and high

resistance stateg]|
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Figure A3.2: Temperature-variation of resistivity for differevalues of the current, (a) of a PCMO_001 (150
nm) film, and (b) of a PCMO_110 (10 nm) film, ins#tows similar data for PCMO_110 (10 nm).
Temperature-variation of voltage for, (c) PCMO_@0%20 nm) and (d) PCMO_110 (10 nm) samples

respectively. Temperature-variation of electri¢ditor, () PCMO_001 (150 nm) and (f) PCMO_110 (ig)
samples respectively.
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In Fig.A3.2, a comparison between PCMO_ (001) and PCMO_ (1a@)pkes is
presented. The temperature-variation of resistiafya PCMO_001 (150 nm) film for
different values of the current is shown in FAQ.2a clearly showing that the large current
values (upto 20QuA) were not able to decrease resistance. Likewrsesig. A3.2b the
temperature-variation of resistivity for PCMO_111D(nm) film as a function of different
values of the current (uptoi\) is shown, demonstrating that even a small ceivalue was
able to bring decrease in the resistance stageintportant to note the inset which shows that
similar current values were not able to decreasistemce of PCMO_001 (10 nm) sample
just like thick sample (PCMO_001 (150 nm)). FA3.2c shows temperature-variation of
voltage for the PCMO_001 (150 nm) sample, while. A§.2d shows similar plot for
PCMO_110 (10 nm) sample, respectively. Finally,. Ag.2e and A3.2f show data for
electric field (E vs. T) for PCMO_001 and PCMO_ EHinples respectively.

This data analysis also show voltage lwhithe measuring device (reaching > 10 V) or
consequently E > PO//m. Therefore, we need to further narrow down shacing between
voltage contacts (in this study we used ~ 109 in order to reduce the electric field and
concomitantly overcome the compliance issue whpgears together with the drop (bend) in
resistance with 4-probe. Furthermore, from FAQ.2, it also appears that on increasing
current | (or current density j), the charge lazation process is weakened and progressively
eliminated. As displayed in the R (T) curves of.FA§.2b, at a temperature around 230 K, a
slight difference in the resistance is seen alreadyow values of current (100 nA) in
PCMO_110, while PCMO_001 do not show any changkeste values of currents (inset Fig.
A3.2b). The same current induced melting of the polarslightly below the charge ordering
temperature, was reported in thick relaxed films Ri§Ca sMnOs; [xi]. We observe,
however, that in PCMO_110 (10 nm) the low resistasiate is achieved under a very low
current (current density) if compared with the afighick sample (FigA3.28 or with the
bulk. Actually, the melting of the polaron soliddaa crossover to a large polaron regime of
metallic conductivity can be induced by sufficigritigh E and j, as extensively reported [
xii] since the pioneering work of Asamitsu et al. [

Finally, 1 would like to comment that theansport measurements of this highly
complex material PCMO are quite tedious to obtaima(sense that one has to sit all the day
in front of the instruments looking at their fropainels for the blinking of compliance
indicator). Moreover, in FigA3.3, R (T)s for three different PCMO samples are shown

obtained by using 2-probe constant current mode ihitial warming path is shown by
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dashed arrows, after 360K a clear increase in dbistance is seen, and the sample never
returned back to the initial resistive stage. Tfeeeit is advisable to not heat too much the
sample, specially, if one needs to make a comparigmong the low temperatures
resistivities. Moreover, it was also observed tia R (T) show a slow increase with time
(moths) with respect to the first virgin run (e.gerformed after several months), and
sometimes | noticed that the contacts also becaffused (dirty) i.e., clear aging effect. For
the better results, however, | recommend long del&.g., 500-1000 ms) and the
performance of the experiment in one single altbtime (e.g., 10 days) without taking the

sample outside the CCR setup.

IOM T T T T T B 1 OM T T T T T T T T T T |
09-110: PCMO_110 (35 nm) (2-probe,1__) 09-088: PCMO_001 (10 nm) (2-probe, 1)

10:018: PCMO _001 (150 nm) (2:probe,1_ )

IM IM}

R ()
R (@

100k 100k |
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280 290 300 310 320 330 340 350 360 370 330 3% 125 175 225 275 325 375 425 125 175 225 275 325 375 425
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Figure A3.3: Temperature-variation of resistance for showingdase in resistance upon heating, (a) PCMO_001
(150 nm) film, (b) PCMO_110 (35 nm) film, and (cCMO_001 (10 nm) sample. Measurements done in 2eprob
(constant current) mode.

A3.1 Substrate issue

An important issue concerning possiblgiarbf the photoinduced resistance change is
carrier injection from the substrate for films thar than the absorption length of light. Thus
not only the film but also the substrate is opticaixcited. Hence, the possible change in
doping resulting from carrier injection from thebstrate is an open point for most
experiments on illuminated manganite films with hickness of several 10 nm.
Consequently, all observed effects can, in primgiplave their origin either in processes in
the substrate or in the film, or in both. To clagossible origins of the photoconductivity the
transport behaviour of bare LAO and NGO substréaéso bare STO substrates) is studied,
with the same photon flux and electrode configoratised for the thin film samples. In Fig.
A3.4, R (T) for LAO and NGO substrates both in dark amdler illuminations are shown.
No signs of PC are seen with 4-probe and 2-probégurations.
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Figure A3.4: Temperature dependence of resistance measuredknstdid arrows) and under illumination
(dashed arrows) for bare, LAO and NGO substraths. ieasurements were done in 2-probe constangeolta
(V= 5V) mode by resorting to ultrasonic bondingilner (sputtered) contacts of 0.1 mm apart.
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A3.2 Low temperature resistance minima

Here, | would like to briefly discuss the loentperature resistance upturn. The variable
temperature dependence of the sheet resistanceniseatool which can provide further
understanding the nature of the scattering in tigpa interfaces. In all the three kinds of
heterostructures, in the temperature window of 9@ok/n to 20 K, is routinely seen a slight

upturn in the sheet resistance data. This indicdéitese is a possible metal-insulator (M-I)
transition in this range.

10°
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g o
@ @2 p (T)=py= p,In(T)
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2 L
vﬁ p (T)=p,— p,In(T)+bT*+cT* " .
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i
10° : 10° : : —
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Figure A3.5: The sheet resistance vs. temperature in dark, fognto bottom; (a) of two

different NGO/STO samples (black), LAO/STO (RedddrGO/STO (blue), dashed lines
are fits to EqQA3.2, (b) same data fitted to E43.1.

This transition which is ascribed to localizaticould possibly be due to increased
scattering effects, e.g., arising from the preseavfcenpurity at the interface (or magnetic
ions in the polar layer). Furthermore, under lighadiation a significant reduction of the
resistance is seen in this region, where the inentnof conductivity suppresses this
resistance upturn. The scattering of conductiootedas from magnetic impurities and the
presence of resistance minima at low temperatsreswell known phenomena ascribed to
Kondo effect. The temperature dependence of thetshsistance is found to be logarithmic

over a wide range of temperature (~ 10 -50 K, $geA3.5b). For a metallic sample having
this effect in its resistivity, one can write arfarla of the form
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p =po—psin (T) (A3.1)

wherepg is the residual resistance, ands the contribution of spin-scattering due to the

magnetic impurities. The overall sheet resistaragel®e described by
p (T)=po—psIn (T) + b+ cT° (A3.2)

where the Tand T terms are suggestive of electron—electron andreteephonon
scattering, relevant at higher temperatures. Thgarlthmic term used, is for the low
temperature upturn. In FigA3.5a, we show fits to EqAS3.2 for all the three structures.
Clearly, NGO sample with highsRetvalue shows a very nice fit (dashed line), whilere is
a slight mismatch seen at low temperature for tleaseples where the upturn become less
evident. FigA3.5b shows only the low temperature region, where lemvgerature resistance
upturns are fitted to EqA3.1. This result is in consistent with previous repooh oxide

interfaces §0].
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A4: Appendix 4

A4.1 List of samples characterized by me during tlsi PhD research work

Serial number Sample name Substrate Material (S)
TMO interfaces
1 10-024 STO (001) LTO (12 uc)
2 10-043 STO (001) Ti©
NGO
3 08-059 STO (001) NGO ( ?? uc)
4 08-081 STO (001) NGO (07 uc)
5 10-005 STO (001) NGO (12 uc)
6 10-007 STO (001) NGO (12 uc)
7 10-021 STO (001) NGO (11 uc)
8 10-027 STO (001) NGO (12 uc)
8 10-058 STO (001) NGO (12 uc)
10 10-067 STO (001) NGO (12 uc)
11 11-078 STO (001) NGO (06 uc)
12 11-082 STO (001) NGO (12 uc)
13 11-097 STO (001) NGO (12 uc)
LAO
14 08-020 STO (001) LAO (04 uc)
15 09-107 STO (001) LAO (12 uc)
16 10-026 STO (001) LAO (12 uc)
17 10-057 STO (001) LAO (17 uc)
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Serial number Sample name Substrate Material (S)
18 10-071 STO (001) LAO (?? uc)
19 10-072 STO (001) LAO (?? uc)
20 11-079 STO (001) LAO (12 uc)
21 11-080 STO (001) LAO (21 uc)
22 11-090 STO (001) LAO (12 uc)
23 11-093 STO (001) LAO (12 uc)
24 11-096 STO (001) LAO (12 uc)
25 11-100 STO (001) LAO (10 uc)
26 11-102 STO (001) LAO (05 uc)
27 11-103 STO (001) LAO (11 uc)
28 11-115 STO (001) LAO (12 uc)
29 11-116 STO (001) LAO (12 uc)

LGO
30 10-010 STO (001) LGO (12 uc)
31 10-031 STO (001) LGO (12 uc)
32 10-048 STO (001) LGO (20 uc)
33 10-054 STO (001) LGO (12 uc)
34 11-081 STO (001) LGO (20 uc)
35 11-083 STO (001) LGO (12 uc)
36 11-084 STO (001) LGO (20 uc)
37 11-085 STO (001) LGO (20 uc)
38 11-086 STO (001) LGO (20 uc)
39 11-088 STO (001) LGO (12 uc)
40 11-089 STO (001) LGO (12 uc)
41 11-092 STO (001) LGO (12 uc)
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Serial number Sample name Substrate Material (S)
42 11-095 STO (001) LGO (12 uc)
43 11-098 STO (001) LGO (12 uc)
44 11-099 STO (001) LGO (12 uc)
45 11-110 STO (001) LGO (12 uc)
46 11-113 STO (001) LGO (08 uc)
LMO

a7 07-043 STO (001) LMO
48 LMO-A STO (001) LMO
49 LMO-B STO (001) LMO

HTc Superconductors
50 10-001 STO (001) YBCO
51 10-033 LAO (001) YBCO
52 10-053 LAO (001) YBCO
53 10-060 LAO (001) YBCO
54 08-021 STO (001) YBCO

Manganite Multilayers
55 09-010 STO (001) LSMO/YBCO (top)
56 09-019 STO (001) YBCO/LSMO (top)
57 08-145 NGO (110) LSMO(5 uc)/STO(15 uc) top

layer
58 08-149 NGO (110) LSMO(5 uc)/LAO(15 uc) top
59 08-155 NGO (110) LSMO(5 uc)/PCMO(15 uc) top
56 08-156 NGO (110) LSMO(4 uc)/PCMO(15 uc) top
57 08-166 NGO (001) LSMO(4 uc)/PCMO(15 uc) top
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Serial number Sample name Substrate Material (S)

PCMO (Manganites)
58 06-104 STO (001) PCMO (10 nm)
59 07-102 STO (001) PCMO (50 nm)
60 08-017 STO (001) PCMO (11 nm)
61 09-088 STO (001) PCMO (10 nm)
62 09-110 STO (110) PCMO (35 nm)
63 09-111 STO (110) PCMO (35 nm)
64 10-018 STO (001) PCMO (150 nm)
65 10-020 STO (110) PCMO (150 nm)
66 10-022 STO (001) PCMO (150 nm)
67 10-061 STO (001) PCMO (10 nm)
68 10-066 STO (110) PCMO (10 nm)
69 09-014 STO (001) LSMO
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Fig. A4.1, showing R vs. number of u.c. at room temperaf80®K) for several samples of
NGO, LGO and LAO based interfaces grown on STO 001
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Fig. A4.1: R vs. number of u.c. at 300K for NGO, LGO and LA&séd heterostructures on STO (001).
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Fig. A4.2, showing R vs. time at room temperature (300K)tfoo samples each of NGO,
LGO and LAO based interfaces grown on STO (00Epeetively.
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Fig. A4.2: R vs. time at 300K for (a, b) two LGO/STO, (c,tdjp NGO/STO, and (e, f) two LAO/STO sampl
respectively.
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A5: Appendix 5

A5.1 Photoinduced phase transition experiment on P@O

In order to explore this metallic phase claimedref. [xiii], | tried PIPT experiment on 07-

102: PCMO_001 (50 nm) sample by selecting infra(t&) and green wavelengths of the
pulsed laser (type: Q-switched (pulsed) Nd:YAG)wibwer~ 95 mJ/pulse at 1064 nm (IR)
and 88 mJ/pulse pulse at 532 nm (green), havingtiteym rate of 0.1 Hz, respectively, from

room temperature down to 150K, but we saw no sigh dhe outcome of this experiment

resulted in no change in the resistance except feafyle traces of heating effects in this

temperature window (Figh5.1).
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Fig. A5.1: Room temperature PIPT test on PCMO sample
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