ABSTRACT

RASIC, DANIEL. Structure -Property Correlation in Novel Multiferroic Thin Film
Heterostructures . (Under the direction of Dr. Jagdish Narayan and Dr . JohnT.
Prater).

This dissertation focuses on four separate studies in the field of thin -film
science: i) the room temperature epitaxial growth of thin films, ii) post -
deposition thermal processing of thin films, iii) the strain ~ -control in epitaxial
thin film heterostructures and iv) electric -field induced magnetic switching
in multiferroic/ferromagne tic epitaxial thin  -film interfaces.

In the first part of the dissertation, the epitaxial growth is considered
at room temperatures in titanium nitride and magnesium oxide systems
grown on sapphire substrates. An established epitaxial relationship is
established between the substrate and the films and comparisons are drawn
with the traditional high  -temperature grown films.

The second part of the dissertation analyz  es the role of temperature
in the post -deposition annealing process. In the past, the overa I
understanding of the annealing treatments in the epitaxial thin -film
heterostructures was not very well understood. Here, various
heterostructures were analyzed and considered and three categories were
proposed to explain the behavior of thin -film post -deposition annealing
treatments: i) non -epitaxial samples, ii) epitaxial films grown on small misfit
substrates ( by lattice matching epitaxy ) and iii) epitaxial films grown on a
large misfit substrates ( by the principles of domain matching epitaxy ).

Strain-control in epitaxial  thin films is demonstrated in novel
heterostructures in the third part of this dissertation. Lanthanum strontium
manganese oxide (LSMO) is a ferromagnetic half  -metal perovskite whose
physical properties are highly dependent on the di stance and the angle of
neighboring manganese atoms that are connected by the bridging oxygen.

Together, oxygen and manganese form an octahedron  that via Jahn -Teller



distortions changes the hopping amplitude for spin transfer. In this section,

two distinct , novel epitaxial growths of LSMO films are demonstrated. The

first epitaxial growth eliminates the in -plane anisotropy by having three
equal domain variants rotated by 60  °. The second, introduces a large lattice
misfit growth with different in -plane relax ation mechanisms resulting in a
strain anisotropy that creates different magnetic and transport behavior in

the LSMO film.

The final section of the dissertation focuses on electric -field induced
magnetic switching behavior of the multiferroic bismuth ferr ite (BFO) when
coupled with ferromagnetic LSMO film. A novel magnetic force microscopy
measurement was performed that showed a directional magnetic response
in the LSMO films with the application of electric field in the bismuth ferrite.

A switching behavi or confirmed the possibility of developing a multiferroic
materials that exploit either strain or their polarization vector coupling to

achieve ferroic order control .
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Chapter 1 Introduction

1.1. Overview

This dissertation focuses  on low -temperature epita xial thin film
growth and thermal processing behavior in epitaxial heterostructures for
applications in electric  -field induced magnetic switching used in next

generation data storage devices and thermally -assisted memory devic es.

High -temperatures were always considered a prerequisite for high -
guality epitaxial growth of nitride and oxide heterostructures. Little
consideration was given to the other important parameters such a s bonding
energy, dislocation formation energy and diffusion. Laws of
thermodynamics put restrictions on the possible outcomes when a crystal is
grown and , with a higher thermal budget, the equilibrium state is preserved.
By using the non -equilibrium proce ssing methods and starving the system of
thermal energy, epitaxial growth is made possible at room temperatures.
The ability to use a lower energy budget for epitaxial thin film growth is not
only interesting from a cost perspective, but also from the diff usion
considerations. The semiconductor industry is desperately trying to find a
solutionto prevent the electron tunneling phenomena that occurs in a
doped silicon once the feature size becomes smaller than 5 nm. Lowering
the temperature at which the devi  ces are made will decrease the interfa cial

diffusion between the functional layers and allow for better performance.



Magnetic data storage technology stores around 90% of the world data
and yet, it has not been dramatically improved since it was developed in the
1956 by IBM. Fundamentally, the hard disk drive works by sensing the
magnetic field from the disk by read -head. To rewrite or store new
information, a magnetic field is applied to alter the magnetization of a small
area of the disk. This requires  a certain amount of power to create a
magnetic field strong e nough to perform the switching. New research
direction where a multiferroic/ferromagnetic interface can provide electric -
field induced magnetic switching has been proposed. The ferroelectric
natur e of bismuth ferrite (BFO) allows for electric -field control  of its
polarization vectors that are coupled to the magnetic vectors. This
multiferroic property  can be exploited at the interface  for data storage and
spintronic applications
The first part of the dissertation focuses on exploring epitaxial growth of
buffer layers with respect to temperature and lattice misfit on the various

sapphire substrates.

After the substrate/buffer platform was been established, the physical
properties of lanthanum stron tium manganese oxide ( LSMO) were
investigated as a function of changing oxygen vacancy concentration, strain
and thermal processing. Fully understanding the LSMO properties is a
crucial step before BFO layer growth in order to clearly understand the

change in magnetic and electric behavior of the functional layer.



Finally, the last section of this dissertation focuses on the BFO/LSMO
interface and the observed magnetic switching in the LSMO layer by

application of electric bias to the BFO film.

In the rest of this chapter , a brief introduction for each major chapter

is provided with most significant results.

1.2. Room -Temperature Epitaxial Growth of TiN

The role of temperature in thin film growth has always been
considered fundamental; it dictates the kineti cs and energetics of film
growth . Therefore, reducing the thermal budget increases the defect
concentration and destroys the epitaxy of the thin films. However, it also
decreases the overall cost of fabrication significantly. For these reasons,
room temper ature growth of high quality epitaxial thin films that possess
comparable physical properties would revolutionize the industry.

In this thesis , successful room temperature, epitaxial growth of
titanium nitride on ¢ -cut (0001) sapphire has been demonstrated . The
growth is governed by the principle of domain matching epitaxy (DME)
where the lattice misfit is ~8.46%. DME theoretical framework was used in
this paper to explain the experimental growth. Films were grown at 650 °C,
450 °C and RT, and characterized b y X-ray diffraction to establish film -
substrate epitaxy. Higher residual out -of -plane strain was measured in room
temperature films due to incomplete lattice relaxation. Scanning

transmission electron microscopy showed periodic dislocation formation at



the film -substrate interface, while EELS provid ed insight into interface
inter diffusion phenomena at high temperature. An atomically sharp
interface was observed at room temperature film. High -quality Raman
spectra were acquired, confirming higher nitrogen va cancy concentrations
with decreasing temperature of deposition. Low-temperature flattening was
observed in resistivity vs. temperature measurements, showing that the RT
film displays stronger defect scattering than films grown at high
temperature. Finally, the resistivity of room -temperature grown film was ~55
pnem as compared to ~22 1 nem for 650 C grown films.
1.3. Oxygen role in the epitaxial (110) LSMO films

Mixed -valence manganese oxides are a heavily studied research topic
due to their multiferroic pr operties, metal -insulator transitions, half  -metallic
nature and colos sal magnetoresistance. For thin  -film applications, these
properties can be controlled by strain, defects and direction of growth. One
of the biggest challenges has been to successfully se parate and quantify the
role and contribution of each parameter that would allow this class of

materials to be seriously considered for applications.

In this study, four epitaxial (110) out -of -plane LSMO films with varying
oxygen partial pressure have been  grown on (111) MgO buffered Al  ,0O,
substrate using pulsed laser deposition. The out  -of-plane growth direction
was chosen because it leads to three equal, 60° rotated, in -plane domain
variants, thus eliminating the magnetic anisotropy of t he films. The grow th

of MgO on sapphire is a large lattice misfit growth (>7%) and is explained by



domain matching epitaxy. The epitaxial relationship was established by XRD

and TEM to be (111) ,,0//(0001) 4205 for out -of-plane and < pp0>y40 // < P P a0s
for the in -plan e between the buffer layer and the substrate, while the out -of -
plane matching for buffer layer and the film was established to be

(110) .smo//(111) yyo- Three in -plane variants between the buffer and the film

are: i) < PPTC.svo /1 <1 PO> 0. i1) < PPTC w0 // <1 TP> g0 and i) < PPTE oo //
<0p1>,.. Experimentally, the oxygen partial pressure was the only tuning

variable between four samples grown. In the grown films, the oxygen patrtial
pressure changed the oxygen vacancy concentration, which distort ed the

unit cell of the LSMO. This was confirmed by an observed shiftinthe 2 [-XRD
peaks. The change in magnetic properties was observed as a function of

oxygen concentration. Specifically, the increase in oxygen concentration

improved the magnetization s  aturation of the films and improved transport
properties of the films. The samples that were grown with low oxygen

concentrations showed an insulating and weak ferromagnetic behavior,

while the samples grown with higher oxygen concentration showed

semicond ucting and ferromagnetic properties with a finite Curr e

temperature of ~300K. Magnetoresistance measurements of the highly

oxygenated sample showed ~36.2% decrease in resistivity with an applied

magnetic field at 50K and ~1.3% decrease at room temperature.

This chapter investigates the effect  of oxygen concentration in the

LSMO films due to the i) unique epitaxial growth of the LSMO films that



eliminates magnetic anisotropy, ii) low intermixing at the MgO/LSMO

interface that marginalizes the influence of a odeaddé | ayer and

maintain the same structure, thickness and orientation of the LSMO films

while controlling the oxygen content by defect engineering. The oxygen

concentration in turn, affects the magnetic and transport properties while

the contributions from the interface, thickness and orientation are

diminished.

1.4. Thermal Processing in LSMO

A set of three epitaxial (110) films of LSMO grown with different

oxygen partial pressure conditions were systematically subjected to

annealing tre atments. The results indicate that annealing treatments above

deposition temperature (~900°C) create irreversible strain relaxa tion in the

films which degrade the  magnetic properties of LSMO films. This hypothesis

was supported by in -situ XRD experiment th at showed a linear increase in

interplanar spacing up to ~520°C for LSMO and ~690°C for MgO. Further

increase in the temperature showed decrease in unit cell size of the films

indicating that samples experienced both reduction of oxygen and

irreversible de fect nucleation and recombination. Partial recovery of

magnetic properties was observed once the samples were subsequently

annealed in pure oxygen at 700°C for six hours due to grain growth and

defect annihilation. However, XRD showed that out -of -plane Br agg peaks of

the LSMO film did not reach the original position indicating irreversible unit

cell size change upon initial high

-temperature (900°C) air -annealing. High -



angle annular dark field (HAADF) and electron energy loss spectroscopy
(EELS) measurement s were performed and showed clean interface with no
intermixing following high  -tempe rature annealing treatment and
disappearance of the oxygen pre -peak confirming the increase of oxygen
vacancies. Parallel annealing experiments in high vacuum instead of
atmosphere were performed and showed a complete loss of crystal structure
in the LSMO films due to significant loss of oxygen in the lattice that
irreversibly collapsed the perovskite structure. Finally, a lower temperature
(~500° C) oxidation annealing was performed on an as -deposited sample
with no significant change in the interplanar spacing observed , indicating no
change in the strain state of the film.

Combining the results in this work and literature, three distinct
growth categories were proposed to  explain the properties of the LSMO film
due to thermal annealing: i) non  -epitaxial samples, ii) epitaxial films grown
on small misfit substrates (LME) and iii) epitaxial films grown on large misfit
substrates (DME). The reversibility of magnetic properties while the crystal
structure of the films is preserved indicates the importance of bridging
oxygen in controlling the magnetic behavior of mixed valence perovskites
and also creates possible applications in thermally assisted switching
devices (TAS). Final ly, it was determined that the highest magnetization
saturation in the films is achieved by incorporating  high oxygen partial
pressure during growth and subsequent thermal annealing below the

deposition temperature . This manuscript combines find  ings from p revious



research and by performing an additional set of experiments, develops a
hypothesis on the annealing behavior of LSMO thin films. The results and
conclusions presented here can possibly be applied to the other perovskite,

oxide and nitride systems by providing insight into the kinetics of thin -film

annealing.

1.5. Strain Induced Magnetic Anisotropy in LSMO Films

Two samples of epitaxial (001) LSMO films were grown by pulsed laser
deposition with different in -plane lattice misfits. The R samplewas gr  own
on r -plane sapphire substrate and (001) MgO buffer layer while the M sample
was made on m -plane sapphire substrate and (11  0) MgO buffer. The
symmetrical cube -on-cube growth in R sample caused a uniform relaxation
via dislocation formation as explained by the domain matching epitaxy. In
the M sample case, the two principal directions were relaxed to different
extent , causing the magnetic and transport anisotropy in the films. X -ray
diffraction confirmed that the epitaxial relationship in the M sample is

nnp fmnpp Ffonm forout -of-planeand T TP T

nnp ¥ mpTm in the plane of the film. In the case of the R sample,
the growth was confirmed to be nmnp fXnmnp T¥np( out -of -plane
and pTmT ¥ pnnm I¥ ppm in the plane of the film. Magnetic
measurements revealed that the easy axis is in the <010> direction while the
hard axis is in the <001> direction. Both principal axe s of R sample were

similar to the <001> axis of the M sample, indicating that the strain



relaxation is the main mechanism that dictated the properties in the films.

The transport measurements showed a ~10 centigrade shift in the metal -
insulator transition  between the hard and easy axis in the M sample while no
shift was observed in the R sample. Magnetoresistance measurements

showed no significant anisotropy between the principal directions in both
samples. Finally, the M and R planes of sapphire buffered w ith MgO provide
an interesting way of controlling the in -plane strain in the LSMO films.
Tuning the strain in these heterostructures has interesting applications in

sensors, actuators and inductors

1.6. Electric -Field Induced Magnetic Switching in LSMO/BFO
heterostructures
Epitaxial ppmn MMppmn MTppmn IXomm thin -film

heterostructure with the thickness of the BFO and LSMO layers of ~60nm
was grown by pu Ised laser deposition technique. The epitaxial relationship
was predicted by the atomic model and confirmed by the high  -energy X -ray
diffraction. In -plane relationship in the film was confirmed to be

pTT ¥ pnm ¥ pnmn ¥ mpm with a ~6.6% lattice
misfit indicating an unrelaxed BFO/LSMO heterostructure . Due to the
exchange coupling and spin pinning in the BFO/LSMO interface, magnetic
and transport anisotropy in the sample was observed. The transport
measurements revealed a shift in the metal -insulator temperature by ~10
centigrade. Finally, magnetic for  ce microscopy measurements were

performed and showed an anisotropic magnetic response in the LSMO film



when the electric bias is applied in the < ppp> direction while the sample

showed a similar behavior with electric field applied in <001> and <
directions. The results indicate the pinning of magnetic spins in the <110>
direction in the LSMO/BFO interface while the <100> and <010> directions

show easy spin alignment axes.

ppre>
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Chapter 2 Background
2.1. Thin Film Epitaxy

Derived from the Greek words epi (placed) and taxis (arrangement),
the term epitaxy is used in materials science to describe the oriented growth

of one crystalline material on top of another. In recent times, the term is

used predominately in thin  -film growth to describe well  -defined rela tionship

between the substrate and the film. Specifically, the epitaxy refers to
formation of single crystalline film on single crystal substrate where the film
and the substrate have a fixed orientation relationship. The single crystalline
epitaxy is impo ssible when the crystal symmetries between the substrate
and the film in the growth plane are different. In those cases, the films will
have several fixed orientations with the substrate (textured growth).
Additional classification of epitaxy in the materi als community can be made
by the terms homoepitaxy and heteroepitaxy. Homoepitaxy refers to a
crystalline growth of the same material as the substrate. For example, silicon
growth on single crystal silicon wafers is utilized in the fabrication of MOS
trans istors by vapor phase epitaxy. Heteroepitaxy refers to the growth of an
epitaxial film on a single crystal substrate where the material compositions
differ between the substrate and the film. In this dissertation, we

investigated several heteroepitaxial gr ~ owths such as titanium nitride and
magnesium oxide growth on sapphire substrate. In the case of
heteroepitaxial growth, the film and the substrate have a different

crystallographic properties, chemistry and expansion coefficients and

11



therefore, most of mat  erial combinations will not yield an epitaxial films.
The most prominent, first  -order consideration to determine the likelihood of
epitaxial growth between film and the substrate is by calculating the lattice

misfit at the interface by
- — P T

Where d; and d . are lattice plane spacing in the in  -plane direction between
the film and the substrate, respectively.

Epitaxial thin film growth is preferred in most applications as physical

properties like conductivity can be enhanced by several orders of

magnitude. * Epitaxial thin films also have considerably smaller amounts of
material required for achieving the same results as randomly oriented
(polycrystalline or nanocrystalline) films which becomes an important

considerat ion when using toxic materials.

2.2. Lattice Matching Epitaxy
In the case where the lattice misfit is small (7%> Rr,>0%), the film
growth is possible with one  -to-one matching of lattice planes. The difference
in the lattice constants gives rise to a lattice strain in the film that is
increasing with film thickness. At a certain thickness, the accumulated strain
is rel axed by dislocation nucleation on the surface and propagation in the
film. This film thickness is defined as critical thickness of the film and is
directly related to the lattice misfit, energy of dislocation formation and

Schmidt factor. The critical thic ~ kness is inversely proportional to the lattice

12



misfit, meaning that the higher lattice misfit will cause relaxation via

dislocat ions at a lower film thickness.

2.3. Domain Matching Epitaxy

It was shown in the past that traditional lattice matching epitaxy IS not
able to explain the growth of epitaxial titanium nitride on silicon
demonstrated by Narayan et al. 2 In the referenced case, the latti  ce misfit is
~22.5%, indicating that the lattice strain imposed on the film by the
substrate would create immediate dislocation at the first step of growth.
This idea cumulated with the proposal of Domain Matching Epitaxy (DME)
paradigm. * With further research, it was shown that epitaxial growth is
possible for many film/susbstrate systems such as AIN/Al ,0,, TiN/AI ,0,,
ZnOJ/Al ,0;, MgO/Al ,0;, MgO/STO, LSMO/MgO, MgO/Si, STO/Si etc. **° In DME,
growth of large misfit systems (>7  -50%) is possible due to matching of
integral mul tiple of | attice planes where fi
few monolayers so relaxation occurs at the interface. After initial relaxation

occurs, a defe ct-free crystal grows with only residual thermal stress. !

The schematic in Figure 2.1 . an example of a large lattice misfit
interface and the relaxation via dislocation. The residual strain is lowered
with matchi ng of m planes of the film with n planes of the substrate, given

as

,,,,,,,,,,,,,,,,,,,,

- — pééeeééeceéecééeceecéecéeéee. (1.4
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Where m and n are integersand 'Q and ‘Q are inter -planar spacing in the

plane of the film and the substrate, respec tively. Theoretically, if the misfit

yields the perfect matching ratios of planes ( aQ ¢ Q,the residual strain
will be zero. Contrastingly, if the misfit yields non -zero residual strain, it is
alleviated by two domains, alternating with a ce rtain frequency ( ]) to

minimize the residual strain, given as

a | Q € | Qéeééeééeééeééecééeéée (1.5)
Where | is the domain variation (frequency) parameter. For example, if 1=
0.5, then m/n and (m+1)/(n+1) domains alternate with the same fr equency.

Film

Substrate

Figure 2.1: A sketch of domain matching epitaxy (DME) interface, where three
lattice planes of the film match with four planes of the substrate.

7
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2.4. Ferroelectricity, Ferromagnetism and Multiferroics
Ferroelectricity

Ferroelectricity is a physical phenomenon in which specific materials
possess the ability to change their electric polarization with the application
of an external electric field. ™ Most materials demonstrate linear polarization
(a.k.a. dielectrics) with applied electric field where the slope of the curve is
known as permittivity ( R). In some cases, the enhanced nonlinear
polarization is observed in para -electric materials. Finally, when a
spontaneous non -zero polarization is observed and can be made reversible
with applied electric field forming a hysteresis loops similar to the
magnetization curves in ferromagnetic materials, we call tha t class of
materials ferroelectrics. ** A typical hys teresis loops of a ferromagnet and a

ferroelectric are shownin  Figure 2.2.

# i

Saturation Polarization

B{Weber/m"2 "
( / ) P(dipole moment/cc) / s
£ Pr .
) (rement polarization)
Remnent Magnetization i
in Ferrn-Magne\iJ:j: Material.

/ 4{ H(Tesla) / E (V/em) — =

g / . —rPr '

Z_ ,_/ (remnent poarization
= P*s under negative field).

(saturation Polarization) under negative applied field.

(a)B-H Hysteresis Loop. (b) Polarization-E Hysteresis Loop.

Figure 2.2: Schematic of characteristic magnetization vs. magnetic field and
analogous polarization vs. electric field grap
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Ferr omagnetism

Similar to ferroelectricity, ferromagnetism terms describes a class of
magnetic materials where magnetization direction for all magnetic spins is
the same. Fundamentally, the origin of magnetism in materials comes from
two, purely quantum -mechan ical effects: Pauli exclusion principle and spins.

The spins of the electrons are the main contributor to overall magnetic

behavior of the mat er i al as unpaired electrons have
rule) and therefore, add to create a large magnetic dipole. The behavior of
ferromagnets with applied magnetic field is also shown in Figure 2.2. Therise

of hysteresis is caused by the spins that form magnetic domain resist the
change in magnetic orientation with applied magnetic field. The area under
the magneti zation vs magnetic field curve defines the power needed to change
the magnetization direction of a material. It is a standardized metric used to
define a OoOharddé and oO0softd magnet .
Multiferroics

A new class of materials called multiferroics is defined in ca ses where
a material possesses more than one ferroic ordering. In materials science
however, multiferroics are most commonly referred to magnetoelectric
multiferroics that are simultaneously exhibiting ferroelectric and
ferromagnetic properties. In some ca ses, multiferroics also refer to
anitiferromagnetic or ferromagnetic ferroelectrics such as bismuth ferrite

discussed in length in this thesis.
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2.5. Exchange Coupling

Exchange coupling phenomenon occurs when a ferromagnetic (FM)
and antiferromagnetic (AFM ) interface is cooled through the Néel
temperature (T ) of the antiferromagnet with the magnetic field applied .
The interfacial pinning of the spins in the ferromagnetic film due to
exchange -coupling with the antiferromagnetic la yer was the fundamental

discovery that lead to hard disc drive technology. A schematic in Figure 2.3.

shows the exchange coupling mechanism

— —— —>
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) TN(I:TC
lFleldCool
- T<T
FM — i — (11) . < N
[ /\M\. By
M (i) —T )
——— T H
M IEERE
(w)\
o5
TRRR ///
FM W)
Figure 2.3: Schematic diagram showing the configuration of spin s in a FM-AFM
bilayer at different conditions of an exchange biased hysteresis loop. .
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2.6. Magnetoresistance

The phenomena where the material shows a change in electrical
conductivity due to an externally applied magnetic fie Id is called
magnetoresistance. It has applications in magnetic data storage, sensing
technology and biosensors. In certain materials, the change in resistivity is
orders of magnitude. In the case of manganites, this phenomena is called
colossal magnetores istance (CMR). To date, there has not been a uniform
theory to explain CMR, however, several prominent models are proposed.
Half -metallic ferromagnetic model that is based on density functional theory
(DFT) and spin -density approximation calculations expla ins the existence of
metallic spin band and non  -metallic minority spin band in ferromagnetic

phase.®

2.7. Sapphire

Aluminum oxide (alumina, sapphire) has a chemical formula Al .03 with
a hexagonal close packed crystal structure. * It is transparent, electrical
insulator with a high thermal conductivity (~30Wm 1K1Y Itis commonly used
as a substrate f or thin film growth where insulating and transparent material
with large band -gap is desired. Itis also used as a tunneling barrier, insulating
barrier for capacitors and abrasive. Figure 2.4 shows a schematic of a unit cell

and the respective planes of s  apphire.
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Figure 2.4: A schematic of a unit cell of single  -crystal sapphire.

2.8. Titanium Nitride & Magnesium Oxide
Titanium Nitride
Titanium nitride (TiN) isa gold  -colored and hard ceramic material
with rock -salt crystal structure. It is commonly used as a gold replica due to
it being a cheaper alternative with better coating properties. It is also
characterized by high melting temperature (~3200K) and low resistivity. It is
also used extensively in tool -coating, biomedical implants and as a diffusion
barrier in thin films. It is paramagnetic, with magnetic susceptibility ( ?) of

~38 x 10 ° emu/mol and thermal expansion coefficient of ~9.35 x 10 oK
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Magnesium Oxide

Magnesium oxide (MgO or mag nesia) is an insulating ionic crystal with
large bandgap of ~7.8 eV, rock -salt crystal structure and high melting point
of ~3100K. It has a very similar lattice parameter to TiN (4.212 0 compared
to 4.24 0), melting and boiling points. It is also used as a diffusion barrier
and it has diamagnetic properties.  *

Both titanium nitride and magnesium oxide are fascinating materials
because they provide an insight into differences in epitaxial growth between
oxides and nitrides with similar lattice constants and completely different
physical properties. In thisd  issertation, extensive research was performed
to investigate the room temperature epitaxy in TiN and MgO and to use

them as a buffer layers of choice in creating a functional devices.

2.9. Lanthanum Strontium Manganese Oxide

Lanthanum Strontium manganese o  xide (La,;Sr,-MnQO;) is a
ferroelectric half -metal that demonstrates high Curie temperature (~370K
in bulk). By changing the trivalent lanthanum with divalent strontium, LSMO
gradually becomes ferromagnetic metal.  ** Generally used as a cathode due to
high electrical conductivity, LSMO has alsod  emonstrated remarkable
magnetic properties as well. Its use in spintronics has raised a substantial
interest in recent years and for that reason further investigation in
structure -property relation is required.  * A diagram showing the magnetic
and transport properties of LSMO with changing Sr doping level is shown in

Figure 2.5.



400 A

E
" /\

250 Ferromagnetlc
Te (K) § Phase in the range

0.1<x<05 j

FM

IEETENTEES AR E. .

, AFM
DU LN G (S S, |

0 0.1 0.2 0.3 0.4 05
X

o
o

Figure 2.5: A phase diagram of LSMO with different Sr doping level (x) showing the
change in magnetic and transport properties. 2

Perovskite materials have ABX ; structural formula where A represents
large cation that fills cubo  -octahedral sites while the small B cation is placed
at the center of octahedral site surrounded by six anions. In the case of the
LSMO, the A cation is lanthanum and strontium atoms while B cation is a
smaller, manganese atom. Finally, the X anions are oxygen. The schematic of

a unit cell in LSMO is shownin  Figure 2. 6.
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Figure 2.6: The schematic of the perovskite unit cell of ABO s Yellow: La and/or Sr;
Black: Mn; White: O.

Depending on the Sr doping, a variety of phases can be achieved,
ranging from ferromagnet ic or antiferromagnetic metallic phases, to
antiferromagnetic insulating phases. Oxygen concentration is another
important factor to consider, as oxygen vacancies degrade the magnetic
properties due to promotion of antiferromagnetic super -exchange
coupling .? LSMO shows a complex interplay between the orbital, lattice, spin

and charge degrees of freedom, which depend on d orbital occupancy. 15,1923

By changing the strontium concentration, the manganese valence state
changes from Mn ** to Mn * while oxygen deficiency disables the spin transfer
via double -exchange mechanism and promotes antiferromagnetic ordering.
Practically speaking, th e Mn-O octahedral dictates the properties of the
LSMO. By epitaxial thin film growth of LSMO, the strain anisotropy imposed
by the substrate gives rise to two kinds of octahedral distortions. Figure 2. 7

shows a model of temperature induced fluctuations in LSMO octahedrals
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where the angle between oxygen and manganese is not 180 ° causing increase

in electron hopping amplitude that decreases conductivity.

Figure 2.7: A model demonstrating the temperature -indu ced octahedral distortions
in the LSMO film.

The second kind of octahedral distortion is Jahn -Teller distortion
(elongation or compression) of the LSMO octahedral. * When Jahn -Teller
distortion occurs, the energy splitting in the orbitals occurs that leads to
changes in magnetic and electronic configurations of the material. In this
dissertation, due to relaxation of the films at the interface by DME, the

complexities of Jahn -Teller distortions are avoided.

2.10. Bismuth Ferrite

Bismuth ferrite (BiFeO , or BFO) is a perovskite with antiferromagnetic
and ferroelectric ordering. It has a Neel temperature of ~650K and Currie
temperature of ~1100K making it a good candidate for applications such as
photovoltaics and spintronics.  * Because the ferroelectric and

antiferromagnetic ordering arise from different mechanisms, the BFO is
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labelled as a type | multiferroic. In general, the ferroelectric ordering is
always followed by breaking of space inversion symmetry, while magnetic
ordering creates atime -reversal symmetry breaking. Therefore, symmetry
breaking in multiferroics can lead to coupling of ferroic order paramete

and in the case of BFO, it causes the magnetic moments to be coupled with
polarization vectors. ?® This property allows, theoretically, to change the
direction of magnetic moments via external electric field. This fundamental

idea is outlining the work of this dissertation.

rs
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Chapter 3 Experimental Methods

3.1. Pulsed Laser Deposition

One of the most powerful and versatile growth methods used in
laboratories today is puls ed laser deposition. Main advantages over
sputtering, PVD, CVD and other technique is its forward -directed non -
equilibrium growth of stoichiometrically preserved multi -layered exotic
materials at much lower temperatures. ' On the other hand, the
disadvantages are Z -based contrast with cos( [) dependence during growth,
thickness gradient and price of the large scale manufacturing. % In the case of
epitaxial thin film growth, the PLD allows lower temperatures of deposition
as compared to other alternatives making energetica lly less favorable
configurations possible. This is the main requirement for single domain
growth and epitaxial films under strain. The PLD growth method requires a
high vacuum as the mean free path shortens with increasing pressure,
making the energy of ¢ onstituent particles lower, thus, getting the overall
energetics of the process closer to the equilibrium. The main advantage of
the PLD process is the ability to deposit several exotic materials in -situ with
stoichiometry preserved. Control of gas flow in the case of nitrides and
oxides guarantees low concentration of point defects that are detrimental to
the physical properties of a heterostructure. In Figure 3.1. a schematic of a
PLD assembly is shown. The high energy pulsed laser is used to ablate the
target and form a high -energy, forward directed plume that deposits on the

substrate. The number of pulses dictates the thickness of the film, and
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rotating the target assembly allows for growth of alternating functional
layers. In PLD, the energy of the abl ated species is between 10 and 100 eV,
compared to the energy of the ejected species in electron and thermal beam

evaporation techniques (e.q. thermal energy [KT] at 1200 K is ~0.1 eV). This

high energy of deposited species lowers the overall temperature r equirement

for epitaxial growth. 3

Plasma plume

substrate on holder

focussing lens
/ Laser beam

RS

laser in window

target

Figure 3.1: Sketch showing the pulsed laser deposition assembly.

3.2. X-ray Diffraction

To analyze the growth or ientations and relationship between the film
and the substrate, an X -ray diffraction (XRD) is often used in thin films. XRD
is a powerful tool for not only establishing the epitaxial relation, but also for

calculating strain in the films in both in -plane and out -of -plane direction.
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Furthermore, XRD gives insight into defects and dislocations in the
films as well as grain misalignment by broadening of the FWHM of peaks
observed in intensity vs angle measurements. It can also be used to establish
the pahse ¢ omposition, lattice parameters of the film and grain size. The
XRD techniqgue is based on the Braggds | aw of
diffraction occurs when electromagnetic waves of a certain wavelength
satisfy the Bragg equation. Standard X  -rays have a wavelength of 1.54
angstrom which is in the order of a unit cell size, thus satisfying the Bragg
equation yields a lattice constant of a material. Specifically, when X -ray
interacts with a crystal at an angle |, the waves will create constructive
interference at a specific angle 2 [ when the path difference between two
incident x -rays is a integer multiple of the wavelength of an x -ray. The

mathematical formulation of a Bragg law is as follows:

,,,,,,,,,,,,,,,,,,,,,,,,,,,

Where 1 is the wavelength of the X  rays, nis an integer, d is the spacing

between lattice planes and | is the incident angle of incoming X  -rays.*

The schematic of an XRD [ -2[ configuration is shownin Figure 3.2.In
this configuration, the x ~ -ray source arm moves by [ while the detector arm
measures the diffracted beam at an angle 2 [ . Finally, the X ray diffraction is
non destructive investigation technique that provides large area sample

inf ormation without any sample preparation.
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Receiving
slit

Divergent
slit

X-ray -
source

Figure 3.2: Sketch showing the pulsed laser deposition assembly.

While the [-2f configuration provides out -of-plane information of the
sample, it is not enough to  establish the epitaxial relationship between the
substrate and the film.  Therefore , the sample can be tilted at a specific angle
w while the 2 [ detector is fixed at a known out  -of -plane diffraction peak. The
sample is then rotated by a phi (  3) angle for 36 0° around the axis. This setup
and the corresponding measurement are traditionally called t h ehi éscan. A

schematic of a phi scan XRD configuration is shown in Figure 3.3.
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260
X-Ray Source H-Fay Detector
Figure 3.3: Schematicrepresenta t i on of the Philips XoPegzt diffr
scans. IBO: Incident beam optics, DBO: diffracted beam optics. 6

3.3. Transmission Electron Microscopy

Transmission electron microscopy is a powerful analysis tool used in
thin film science to investigate defects, interface quality, sample thickness,
surface roughne ss, epitaxial relationship, grain boundary, etc.
Selected Area Diffraction

Selected area diffraction (SAD) and  the convergent beam e lectron
diffraction (CBED) patterns are two methods to obtain complimentary
structural information of a crystalline material using transmission electron
microscopy (TEM). SAD is utilized for checking the presence of weak
reflections or to look for structure in the diffuse scattering. It is effectively
utilized to obtain diffraction from specific regions in polycrystalline samp les
with or without precipitates. SAD acquires diffraction pattern via parallel
beam and CBED via focused beam. ' The aperture size and the convergence
angle are linearly related to each other. In CBED, the beam is focused on a

small area (approximately 30nm - 100 nm), probing the sample locally. In
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SAD specimen region being analyzed is about 0.5 t m. Therefore, SAD is
more desirable for a region that contains more than one grain. Although the
position of the spots in SAD has a clear meaning but intensities of the spot
carries limited information. Intensity of discs in CBED contains 3D
information a bout the lattice, symmetry, lattice parameter, and thickness
changes. If the specimen is polycrystalline, SAD is preferred as it produces a
sharp ring pattern which can be easily used to determine the crystal
structure. The Kikuchi lines contain valuable i nformation about the
orientation of the sample. They are al so use
sample to find a specific orientation and move from one zone axis to
another. Moreover, one can measure the average spacing between layers or
rows of atoms, dete rmine the orientation of a single crystal or grain, and
find the crystal structure of an unknown material. One can also measure the
size, shape and internal stress of small crystalline regions, determine the
thickness of sample, define the symmetry element s of a crystal and
determine low -order structure factor amplitude, phase and Burger's vector
from the diffraction patterns.
Bright and Dark Field Imaging

Bright field (BF), and dark f ield (DF) modes are the typical modes used
to acquire TEM images. The ba sic ray diagram of the BF and DF imaging is
shown in F igure 1. BF image is formed when the objective aperture selects
006 rays. On the other hand, when the object

that it selects 0glo6 rays, iteiinBRimgingdar k f i e
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one selects the direct beam and in dark field imaging one selects electron

beams those are not in the direct beam direction .” Diffraction and mass
thickness contribute to image formation in BF imaging. On the other hand,

heavy atom enriched parts (Z contrast) and crystalline areas appear darker

in BF imaging. In DF imaging, diffra  cted beam strongly interacts with the
specimen. Therefore, it gives information about planar defects, particle size

and stacking faults. There are two techniques utilized to perform dark field

i maging, among them O6dirtyd dar d&todeianl d
idea regarding crystalline orientation of the specimen.

To see the cross section of the interface between film and substrate,
high resolution TEM is used. Dislocation periodicity is easily observed by
using Fourier transforms of SAED pattern, while HAADF is used for strain
analysis. SAED diffraction spots splitting has been reported to indicate
double domain growth ® BF imaging gives a Z contrast and EELS gives the
chemical information about the sample.

HRTEM & STEM

High resolution transmission electron microscopy (HRTEM) involves
preservation of diffracted electron wave phase as it interferes constructively
or destructively with the transmitted wave. This technique of phase contrast
imaging is utilized to  form images of columns of atoms. Earlier we
performed conventional transmission electron microscopy where the
intensity of diffracted waves was acquired to form the image. In case of

HRTEM the biggest challenge is correct interpretation of observed images . By
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using HRTEM microscopicists can image the finer details in the specimen
around size scales of 0.2nm. Contrastingly, interpretation of the acquired
images is not as simple as the imaging technique. This challenge is

particularly critical in case of nan ocrystalline specimens. However, HRTEM
has been successfully used for the imaging in -plane atomic arrangements,
such as crystals and various defects like dislocations, stacking faults, twins,
grain boundaries, anti -phase boundaries or inversion domain boun daries. To
enhance the imaging quality, HRTEM is equipped with small angle

illumination Field emission electron gun source with a high degree of
coherence and narrow energy (wavelength) spread coupled with the electron
lenses having low spherical and chrom  atic aberrations. Under ideal imaging
and sample conditions a HRTEM image is an interference pattern of

unscattered electrons and those scattered by the sample.
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by the aberration of the objective lens, i.e. the image is a convolution of the

point transfer function of the objective lens T(r) with the object exit wave

function G ,(r). Figure 3.4 shows the lens configuration of these two

microscopes. The scan coils are absent in CTEM as we do not raster the

beam at every atomic column. The objective aperture sits below the

speci men

n CTEM where
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aperture in STEM. Condenser lenses C1, C2, condenser aperture and

objective lenses are common in both microscopes. Comparatively, C2 is

35

n

STE



stronger in STEM which is a requirement to de -magnify the probe to sub
angstrom resolution. In HRTEM the im ages acquired need to be coupled

with the simulated thickness and defocus map  s.

Figure 3.5: An example of a simulated image in JEMS software for [101] Silicon with
varying thickness and defocus value

In Figure 3.5 , role of thickness of the sample as well as defocusing is
shown with simulated images. It shows inversion of contrast for atoms
observed , making data interpretation impossible without adequate

simulation program as well as knowledge of the sample parameters and
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microscope imaging conditions. To actualy interpret data using HRTEM
technique, JEMS simulation is necessary.
Defect Analysis

For the defect analysis, minimizing aberration and enhancing contrast
is essential. TEM imaging is the projection of 3D material on the image
plane. Amplitude and phase variations in the transmitted beam provide
image contrast that is a function of the sample thickness (the amount of
material that the electron beam must pass through) and the atoms in
specimen. Specim en constituents are important, as heavier atoms scatter
more electrons and therefore have a smaller electron mean free path than
lighter atoms. Notably, TEM images do not show the exact position of the
core of the defect/dislocation as the excitation error is different on both
sides of a dislocation (Related effective excitation equation is discussed in
the invisibility criterion part). Therefore, the contrast is different and the
half of the dislocation side which matches ¢
going to be visible. The other side has relatively wane contrast and gradually
vanishes in the image. In TEM the diffraction pattern of any sample is very
important to identify the crystalline nature of the sample (i.e. single
crystalline/polycrystalline/ amorphous). If the specimen is crystalline then
from diffraction pattern we can determine the separation between the

planes in that sample.
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3.4. Magnetic Measurements

Magnetic measurements were performed by the superconducting
guantum interference devic e (SQUID) from Quantum Design. The basic
operating principle is based on a vibrating sample stage on which a magnetic
sample is placed. The SQUID magnetometer contains two Josephson
junctions that are parallel and enables the detection of magnetic flux
changes in the order of ~1 x 10 “emu. When the sample is vibrated, the
change in flux is created in Josephson junction that consists of two
superconducting electrode spaced by a layer of non -conducting material.
The rise of electric bias is measured by the instrument, and the magnetic

response from the sample is calculated.

3.5. Transport Measurements

The transport measurements are one of the most important
measurements in materials science. The standard four probe measurement
is used to measure resistivity  of a material when subjected to an applied
electric field by measuring the current and calculating the resistance. Then,
the sample dimensions are taken into account to yield resistivity. However,
in thin films, the standard four probe setup would yield in correct results
due to investigating a very small amount of material. Creating contacts and
getting reputable resistivity is problematic. In the thin film case, the Van der
Pauw setup is used to most accurately solve the equation for resistivity. In

an arb itrary sample geometry, the 4 contacts are made at the edges of the
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sample and the current is measured in two perpendicular directions. The

equation that yields the resistivity of the sample is
Q F 7T qQ & T p

Where d is the thickness of the sample, Mis the resistivity, R oS the
resistance determined by dividing the potential difference V o 1 V¢ by the
current going from Ato B, and R ... is defined as resistance determined by
dividing the potential difference V-V, by the current going fromBto C.  °In
this dissertation, all the measurements were performed by Van der Pauw

setup and the resistivity reported was calculated using the equation

provided from the ref  erence.
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4.1. Abstract

Reducing the thermal budget of epitaxial thin film growth has been one
of the biggest challenges for the electronics industry. In this report, the room -
temperature epitaxial growth of titanium nitride (TiN) thin film S (~75nm) on
(0001) Al ,O, substrates is demonstrated using a pulsed laser deposition
technique. In TiN thin films, the epitaxial relationship is established by X -ray
diffraction for (111) W //(0001) s and <pp0>qy // < p PO> A, Which
corresponds to a 30 ° rotation of titanium and nitrogen atoms with respect to
the hexagon arrangement of aluminum atoms. An increase in the defect
concentration is shown in the room -temperature thin film growth as
compared to the ones grown at elevated temperature. A's hift and broadening
of the diffraction peaks is observed in the thin films as compared to the bulk
value, indicating a higher residual tensile strain with decreasing growth
temperature and an increase in defect concentration at room -temperature.
The increa sed defect concentration observed at lower growth temperature is
explained by the lower energy budget that limits defect recombination and
film relaxation. The residual strain in all films is dominated by the lattice
mismatch ( ~8.46% misfit) and defects, a nd not due to the thermal expansion
mismatch, as Al,O; and TiN have similar coefficients of thermal expansion.
Raman spectroscopy measurements also confirm an increased concentration
of vacancies in TiN films grown at lower temperature. Using atomic resolu tion
scanning transmission electron microscopy, it is shown that the room -

temperature grown films contain a lower density of periodic dislocations at
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the film/substrate interface, a characteristic of the large misfit systems, but

have more dislocations tra pped within the film. The lower density of
dislocations near the film  -substrate interface signifies incomplete relaxation

at lower temperatures. In view of more defects in the film, resistivity of the

film grown at room temperature is ~55 p nmcm as compared to ~22 4 nmcm for
films grown at 650 °C, showing similar performance at a reduced thermal

budget.

4.2. Introduction

Pulsed laser deposition (PLD) has been used extensively as the
deposition method for scientific investigation due to its no n-equilibrium,
forward directed, stoichiometrically preserved depositions of multi -
component materials that can be difficult to fabricate using other deposition
techniques *. Due to higher energetics of laser ablated specie s (average
energy ~16 eV) compared to KT = 0.1 eV (at T=1200 K) for equilibrium
methods, PLD leads to higher quality (less defective) films at lower
temperatures. Moreover, the implementation of lower growth temperatures
avoids the introduction of addition al residual thermal strain incurred during
post -deposition cooldown arising from the difference in thermal coefficients
of expansion between the film and the substrate. The role of temperature in
growth of thin films has always been considered fundamental . In general, a

higher energy budget allows for defect segregation and annihilation at the
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interfaces and stress relaxation of the lattice mismatch between the film and

the substrate *. The additional energy input also favors textured or epitaxial
growth to occur instead of polycrystalline growth **. From a material
perspective, the epitaxial growth of thin titanium nitride (TiN) films is highly
important, especially in lig  ht of their extensive use as coatings *%in
electronics and bioengineering "%, TiN is a mechanically robust, stable and
conductive nitride with rock  -salt (NaCl) crystal stricture . In thin film
applications, TiN has been used as a diffusion barrier and as a bottom
conductive electrode layer ™. Polycrystaline growth of TiN has been
demonstrated by various research groups 61284 "hut the grain -to-grain
misalignment degrades its electrical performance. It is noteworthy that

single crystal TiN has a resistivity of 11 pnem *°, which is considerably lower
than the values of 40 p  nm - 0.4 netm obtained for randomly oriented, thin
films *'. To exploit TiN for electrical applications, it is of paramount
importance to achieve epitaxial growth conditions. The epitaxial growth of

(100) TiN was first achieved on Si (100) substrate at elevat ed temperatures
which was explained by domain matching epitaxy, where a large lattice

misfit was accommodated by matching of integral multiples of lattice planes
across the film -substrate interface (U.S. patent 5,406,123 (1995)). * The
epitaxial growth of TiN at elevated temperatures has been reported for a

variety of substrates such as sapphire (Al .0s3), magnesium oxide * and silicon
substrates . For example, Talyansky et al. * demonstrated successful, high

quality film deposition of TiN on ¢ -cut Al ,0, using PLD, and reported a
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resistivity of 13 pnpem for the best films. However, they were unsuccessful

in growing high quality films at lower temperatures. Lower temperature
growth has been demonstrated onc - Al,O, by Chen et al. ? and on 6H -SiC by
Yang et al. ® using reactive sputtering, however, no property measurements

were conducted. Finally, the room temperature deposition of epitaxial TiN

was done on SiC substrate by Yang etal. * where (111) TiN //(0001) SiC and
[TPpP]TIN//[ pgp 16IC demonstrating no rotati  on between substrate and film
plane. The lack of rotation is due to weaker bonds between the titanium and

SiC, as opposed to the Al ,0, case, where the strong Ti -O bond forces the 30°

rotation of the film.

In this paper, the room temperature (RT) growth of the epitaxial TiN
thin films on ¢ -Al,O, substrate is reported and the role of defects on the film
resistance investigated. The epitaxial relationship was established by X -ray
diffraction (XRD) and scanning transmission electron microscopy (STEM) and
compar ed to the model created using the Domain Matching Epitaxy (DME)
Paradigm . Raman spectroscopy con firmed that the vacancy concentration
increased in films grown at lower growth temperatures. Finally, the electrical
properties were measured to confirm the applicability of the films grown at

the room temperature as contact layers for electronic applicati ons.

4.3. Experimental Procedure
C-plane (0001) A 1,0, substrates were cleaned by acetone and methanol

in a sonicating bath for 3 -5 minutes to remove any impurities from the
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surface. Substrates were then dried by a high purity nitrogen gun and loaded

into the vacuum chamber. Using a combination of turbo  -molecular and
mechanical scroll pump a base pressure of ~5x10 7 Torr was achieved prior
to the deposition. A 99.9% pure TiN target was attached to the rotational
assembly to allow for rastered ablation by th e 248 nm KrF excimer laser
with a pulse duration  z=25 ns . The target -sample distance was maintained at
~4.5 cm to ensure that a high energy plume was uniformly depositing on the
substrate. A laser energy of ~150 mJ was focused down to an ablation area

of ~0.03 cm ?, corresponding to an energy density of ~ 5 J/cm 2. It is important
to note that higher energy densities lead to higher atom mobility during the
growth process and improved crystalline quality. On the other hand, a

higher energy results in larger thickness gradients across the width of the
substrat e as well as a higher atomic number (Z) contrast distribution of

species within the plume causing stoichiometry breakdown. * A laser pulse
repetition rate of 10 Hz was used for a total of 3500 shots, resulting in layer
thicknesses of ~75 nm, confirmed by TEM imaging. The deposition rate

depends strongly on the energy density and also the pressure conditions

inside the chamber. An increase in the gas pressure lowers the mean free

path and kinetic energy of ionized particles ablated from the target. For this
paper, the temperature of the deposition was changed from the ~25 °C (RT)
to ~450 °C (MT) and ~650 °C (HT), while keeping all other deposition

conditions constant. Structural properties of the samples were then

investigated by the Rigaku X -ray diffractometer with CuK | radiation source
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(0 =1.54 A)in a parallel beam configuration (divergence 0.5°). A Quantum
Design physical property measurement system (PPMS) using a Van Der Pauw
setup was used for the resistivity measurements. A Whitetech Spectrometer

with 532 nm sour ce was used for Raman measurements. The HAADF

imaging was performed using 200 keV aberration corrected Nion UltraSTEM

and FEI Titan microscopes. The convergence and collection angle used for

the HAADF imaging were 30 and 65 mrad for Nion UltraSTEM and 19 and 77
mrad for FEI Titan, respectively. Atomically resolved EELS data was acquired

with a collection semi -angle of 48 mrad

4.4. Results and Discussion:

To confirm out -of -plane alignment of crystal planes, [-2] XRD scans
were performed. Both first and second order reflections are observed for the
film and the substrate, confirming the high quality of the films. The results
are shown in Figure 4.1, indicating the strong texture of titanium nitride
films on th e Al,O, substrate. The figure shows that a (111) plane of the
titanium nitride grows on the (0001) plane of Al ,0s, with (111) planard -
spacing calculated to be 0.2484+0.0001nm for the RT deposition and
0.2478+0.0001nm for the HT deposition. The d -spacing for bulk (111) TiN is
0.2448 nm , indicating that a higher trapped lattice strain is present in the
film grown at lower deposition temperatures. The TiN deposited at HT
shows an out -of -plane residual tensile strain of ~1.23%, while the RT -
deposited TiN film  experiences a tensile strain of ~1.47%. The total strain in

thin film is due to the combination of strain resulting from the thermal
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expansion mismatch, lattice misfit and defects. 2 Since TiN and Al ,0; have

similar coefficients of thermal expansion (9.35 x 10 e°C for TiN and 8.40 x
10'¢ °C for Al ,0, at room temperature  *°), the contribution of thermal strai nis
calculated, using R=(s4:) *@®T, to be quite glael?l , <~0.

Because titanium nitride is prevented from contracting during cooldown by

the underlying Al ,0; substrate, the film experiences a small in -plane tensile
strain. In this case, the lattice misfit is the dominant contribution to the

resultant residual strain in the film. The increased residual strain observed
in the RT deposited film is attributed to the lower mobility of atoms and

defects afforded by the lower thermal budget, which results in lower

vacancy recombination and defect annihilation rates | For this reason, both
post -deposition annealing and higher deposition temperatures are found to
improve the crystalline quality. The higher defect concentration is reflected

in the larger FWHM of the (111) TiIN 2 [ diffraction peak, which increases

from 0.68+0.05 °to 0.93+0.05 °for the HT grown sample and the RT
deposited films, respectively. This incr ease in the FWHM of 2 [ plane peaks
indicates a higher defect concentration as well as higher number of low

angle grain misalignments which also lead to a sharp drop in the intensity.

An XRD 3 scan was performed, which established the in -plane epitaxial

rel ationship between the film and substrate as (111) w//(0001)  anos @nd
<pp0>;y // < p P 0. The results are shownin  Figure 4.2. The observed
reflections are (220) for TiN and (012) plane for the Al ,0;. The Al ,0O, is

showing a characteristic 3 -fold symmetry with a 120 °spacing of the
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diffraction peaks, while the TiN peak is showing a 30 ° rotation of the
diffraction peaks with respect to the Al .0s;. These shifts correspond to a

rotation of a nitrogen plane with respect to the aluminum plane of the

sub strate leading to the energetically preferred orientation shown in Figure

4.2, where every titanium atom is directly bonded to an oxygen atom in the
lower plane. Both 3 scans of the RT and HT depositions are shown with
overlap with respect to each other. However, broadening and lowering of
the intensity of diffraction peaks is again observed, consistent with the

rationalization introduced previously for the [ -2] XRD scans.

A representative, low -magnification, high -angle annular dark field

(HAADF) image of TiN film grown at HT is shown in Figure 4.3a. A uniform

thickness (~75 nm) of the film is observed from the figure. In Figure 4.3b,

magnified atomic resolution image of the TiN film is shown, illustrating

epitaxial growth of the film with negligible def ormation due to lattice
relaxation. An atomic model is displayed in Figure 4.3c, corresponding to
the boxed region in Figure 3b. The model elucidates the evolution of the

misfit dislocations forming at the TiN -substrate interface that are leading to
partia | relaxation of the large lattice mismatch . The SAED patterns of TiN
and substrate are shown as green and yellow insets in Figure 3, showing an
allignment of  p p)aiffraction spot of TiN and (006) of Al .0, and (110)
diffraction spot of TiN with ( oo jJtof Al,O;. This confirms the XRD -phi scan

results in establishing epitaxial relations using domain matching epitaxy.

a
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A detailed analysis of the dislocations and defect formation is given in
Figure 4. 4. Figure 4 .4a and b show the HAADF images of the TiN films
grown at the HT and the RT, respectively. It is seen from the figures that the
zone axes of the film and the substrate are nicely aligned in the case of HT
growth, while 4 ° tilt is seen in zone axes between two grains found in the RT
films. This grain misa lignment leads to off -zone -axis diffraction ¢ onditions
for the substrate in  Figure 4.4b. This tilting of the grains is attributed to the
low energy budget during RT deposition, which traps the TiN atoms in
energetically less favorable positions. The energ y is just not sufficient to
realign the grains and annihilate defects. For HT grown films, the energy
budget allows the post -deposition diffusion of atoms and approach to the
lowest energy of the system (i.e. good substrate -film alignment). The
complementa ry image where the substrate is zone  -axis aligned has been

provided in the supporting information , Figure 4.8 .

The TiN/Al ,0,system is a large misfit system, which is expected to
form periodic dislocations at the film -substrate interface, based on the
dom ain matching epitaxy. Long -range ordering is characterized by a lattice
misfit of ~8.46% at room temperature (~8.42% at 650 °C) between the TiN
and the oxygen plane of Al ,0,, leading to an in -plane compressive strain of
the film, as shown in  Figure 4.2, and tensile out -of -plane strain,
corresponding to a related Poissonds expansi
by lower angle shift from the bulk value (2 [ =36.662 °) in XRD peaks in Figure

4.1. As the film thickens, a crossover will occur where the energy of a misfit
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dislocation at the interface becomes lower than the elastic strain of the

unrelaxed film and relaxation can begin via dislocation nucleation at the film
surface and propagation down to the film substrate interface. In this system,

due to large misfit, this occurs after only few monolayers. The average linear
density of dislocation along the interface is estimated 0.68/nm for the film

grown at HT while it is 0.52/nm for the one grown at RT. The inverse fast
Fourier transforms (IFFTs) corresponding to ( ppO0) diffractions for both the
cases are shown in Figure 4.4c and d respectively, illustrating a decrease in
number of dislocations along the inter face. TiN grown at HT shows an
average dislocation periodicity formed by matching 11 planes of TiN with 12
planes of Al ,0, creating an average dislocation periodicity with a spacing of
10-12 atomic columns of the film, which is consistent with the DME
predictions. Figure 4.4(e, g) and Figure 4.4(f, h) show the IFFTs
corresponding to the marked region in Figure 4.4a (HT) and Figure 4.4b (RT)
for ( pp0) and (111) diffraction spots. The figure reveals the presence of

trapped dislocations within the film grown at the RT, while the one grown at
HT appears relaxed. It is important to note that for given orientation of the

film observed in this study, the Schmid factor for the primary slip system

a/2 <110> {110} of TiN is zero. This implies that the critical resol ved shear
stress is also zero, meaning that stress relaxation by primary slip system is
forbidden. Therefore, secondary slip systems are activated to relax the

stress on the film. The active secondary slip system in this case is a/2 <110>

{111} 2.
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One aspect of the thin film growth at high temperatures is the
formation of a pseudomorphic phase at the film -substrate interface due to
high temperature surface reactivity of the atoms, seen in Figure 4.5. The
formation of this pseudomorphic TiN O, phase has been characterized using
plane -by-plane EELS analysis across the interface . Figure 4.5(c) showst he
spectra containing N-K (401 eV), Ti -L,; (456 eV) and O -K (532 eV) edges
corresponding to the eleven planes that bridge the interface. The spectra
corresponding to the TiN film (planes #1 -4) distinctly  display only the N and
Ti edges, while the spectra for  Al,O, substrate (plane #8 -9) are characteristic
of pure Al,O;. At the interface, the presence of both O and N is observed
along with Tiina 3 -monolayer thick region (plane #4  -7), suggesting the
format ion of TiN,O, This occurs due to the surface reaction of Al .05
substrate with depositing TiN at high temperatures and the subsequent
formation of a pseudomorphic phase containing Ti, N and O. With further
analysis, we determine that the atomic % of O vari es between 20 -60% in the
interface layer, as shown in  Figure 4.5(d). Since the mobility of surface
atoms on Al,O, surface is high at high temperatures, the incoming energized
particles of titanium and nitrogen penetrate through few monolayers of the
substr ate causing intermixing of phases. As seen in Figure 4.5(d), the larger
oxygen atom partially substitutes nitrogen and creates a strained TiN,O, at
the interface that leads to residual strain throughout the film. This

pseduomorphic TiN ,O, phase affects the atom matching and strain
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relaxation in the HT film as evident by relatively high (~1.27%) out -of -plane

residual strain.

Raman spectroscopy is a useful tool for determining the concentration
of defects in the TiN lattice; results are shown in Figure 4.6. Scattering of
acoustic phonons (range below ~400 cm  *) are associated with titanium
atoms, while optical phonon scattering is mainly due to the nitrogen atoms
(=540 cm *)*. This can be qualitatively used to estimate the number of
vacancies in titanium nitride films by taking the ratio of acoustic and optical
modes. In the graph, a gradual decrease in TO (transve rse optical) intensity
and spectral blue shift are observed as the temperature of growth decreases.
This confirms that the number of nitrogen vacancies is increasing with
decreasing deposition temperature. The peak observed at ~450 cm *
corresponds to sec ond order scattering of the TA (transverse acoustic)
mode. * A blue shift is observed between TA peaks for t he films, which is
even more pronounced in the 2xTA peaks. The ratio between LA
(longitudinal acoustic) and TA modes also drops with decreasing growth
temperature. This trend is attributed to an increase in titanium vacancies. It
is also interesting to not e that the appearance of the LA+TO mode in the HT
film is indicative of the increasing strength of the LA mode. The increased
intensities of the Raman spectra reveal an increase in both titanium and
nitrogen vacancies as the growth temperature decreases. These are
expected to introduce additional scattering centers for charge carriers that

ultimately lead to a degradation of the electrical properties of the films.
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The resistivities of the films were measured as a function of
deposition temperature using a standard 4 -probe Van der Pauw setup. The
results for all three samples are shown in Figure 4.7. All films show a
characteristic metallic behavior over the measurement range (5K -300K) with
linear temperature dependence. The room  -temperature resistivity of  films
changes from ~55 pnem for RT deposited films to ~31 pnem for MT and ~22
pnem for HT grown films.  The nitrogen concentration in TiN films is known
to correlate directly with the resistivity of the material 2% “where it is found
that stoichiometricf  ilms lead to the highest conductivity. In this paper, the
films were grown with no supplemental nitrogen flow; essentially all of the
nitrogen was provided from the stoichiometric TiN target. As a result, TiN
films grown in this study are deficient in ni trogen. In addition, no additional
annealing step was employed, which is known to enhance defect mobility,
reduce defect concentration and encourage grain growth. Thus, it is not
surprising that the electrical resistivity reported in this paper are higher
than the reported values of 13 4 nem (from Talyansky etal. #). A
supplemental flow of nitrogen during deposition, higher temperatures of
growth and post -deposition annealing are all primary processing steps that

would lower the resistivity of the films.

Furthermore, all three samples show low tempera ture flattening, which
is due to defect scattering becoming the dominant resistance mechanism at
low temperature. At higher temperatures, the thermal lattice vibrations

overwhelm crystal imperfections and electrons are predominately scattered
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by phonon int eractions. In the RT film, the flattening occurs at a higher
temperature (at ~ 35 K) than seen in the other films, (~27.5 K for HT sample
and ~32.5 K for MT sample). This reaffirms that the concentration of defects

increases in the films grown at lower tem peratures .

4.5. Conclusions

TiN thin films were grown epitaxially on ¢ -cut Al ,O; substrates using
pulsed laser deposition at room temperature, 450° C and 650° C. X -ray
diffraction, both in  -plane and out -of-plane, was used to establish the
epitaxial relati onship between the film and the substrate. The relationship is
determined to be (111) +//(0001) az0: @Nd < PPTPry // < P PTL> 420: WhiCh
represents a 30 ° rotation of TiN lattice with respect to aluminum plane of
Al,O;. Higher out -of -plane residual str ain was observed for RT grown films
and is explained by lower defect mobility and the reduced energy budget
available to drive the relaxation of the lattice. The assumption that the larger
defect concentrations were present in the films grown at lower temp erature
was confirmed by broadening in FWHM of the XRD peaks, increasing ratio of
TA and LA scattering modes seen in Raman spectroscopy, and enhanced
flattening of R vs. T curves. Resistivity of TiN film grown at HT was ~22
pnem while RT film showed resistivity of ~55 u necm, demonstrating
comparable values, potentially opening the door for room temperature thin
film depositions for advanced microelectronic devices requiring low thermal
budget which will become more important as the length scale becomes

smaller and inter -diffusion between interfaces becomes more prominent.
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4.6. Figures
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Figure 4.1: (a) XRD [ -2J of RT and HT TiN thin film on (0001) Al ,O; substrate with
epitaxial re lation as follows: (111)TiN//(0001)Al ,Os. Shoulder on substrate peaks are
due to nickel filter absorbing the k | reflections. (b) TiN (111) diffraction peak
showing increase in FWHM and decrease in intensity with temperature of growth.

*The intensity of RT  sample is multiplied by 3 for easier viewing.
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Figure 4.2: (a) and (c) show 3 scan of (220) plane of TiN and (012) Al  ,0O, respectively
showing 30° rotation of the films in the basal plane wit h respect to the substrate . (b)
illustration of atomic matching between aluminum (green) and nitrogen (blue) layer.

In this configuration, a 30  ° rotation is obseved between aluminum hexagon and
nitrogen hexagon as drawn on the illustration. The distance b etween aluminum and
nitrogen is considerably smaller, allowing for every aluminum atom to bond with

nitrogen, thus explaining the preffered growth orientation that is observed
experimentally.(d.) lllustration of atomic matching between oxygen layer of Al,O; and
titanium layer of TiN. In this configuration, an overlap between titanium and oxygen

is prefered atomic arrangement as every titanium atom will bond with oxygen
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Figure 4.3: (a) An overview HAA DF image of TiN thin film grown on Al ,O; at 650 °
C.The thickness of the film is measured to be 75 nm. (b) cross section TEM image
showing interface between  Al,O; and TiN film. View direction is alligned and the scale

is calibrated with the model to show th e atomic matching. The SAED pattern of TiN
and the substrate are shown as green and yellow insets showing the epitaxial
relationship.
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Figure 4.4: HAADF images of TiN films grown at (a) HT and (b) RT condi tions. The
inset images show the magnified interface between TiN and the substrate. IFFT along

(110) from the TiN/Al  ,0O,interface region (marked in (a) and (b)) in (c) HT and (d) RT
grown TiN films. IFFTs along (110) and (111) in the (e,f) HT and (g,h) in RT films. The
images show the trapped dislocation in the RT grown TiN film with a burgers vector

in [110] direction. The selected diffraction spots are shown in the insets.
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Figure 4.5: A plane -by-plane EELS analysis at TiN/Al ,0, interface showing the

formation of pseudomorphic phase formation of TiN O, in the film grown at HT
conditions. (a) HAADF image containing the region analyzed by EELS.(b) atomic
resolution HAADF image acquired simultaniously with the EELS data acquizition

showing various planes across the interface (c) EELS spectra from plane 1 to 11,
displaying the N -K (401 eV), Ti-L,; (456 eV) and O -K (532 eV) edges. Elemental
distribution (at%) of Ti, N and O along the marked planes (1 -11) showi ng the
formation of 3 monolayer thick TiN O, at the interface.
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Figure 4.7: The resistance vs temperature measurements of room temperature, 450 °C
and 650 °C grown TiN films showing increase in resistivity with decrease of the growth
temperature. The flattening of the curves below ~35K is due to defects becoming the
dominant scattering mechanism for charge carriers.
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4.9. Supporting Information

2 nm

Figure 4.8: HAADF image of room -temperature epitaxial TiN on c-Al, O, with zone -
axis aligned with (a) TiN film and (b) with substrate, showing a 4 °in-plane rotation
between the film and substrate.
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Chapter 5 Room Temperature Epitaxial Growth of Magnesium Oxide Thin
Films by Pulsed Laser Deposition

5.1. Abstract

Epitaxial magnesium oxide  (MgO) thin films were successfully grown
on c-cut (0001) Al ,0, substrate at room and at high (~650  EC) temperature of
deposition. Epitaxial relationships was determined to be (111) 4, //(0001)  aos
and < pp0>;,, // < p 0> A0 Which indicates a 30 degree rotation of
magnesium oxide with respect to sapphire hexagon. Both high and room
temperature grown films show high quality epitaxy. The magnetic properties
were investigated and showed a higher magnetization saturation for hig her
temperature grown films indicating stoichiometric inequality due to growth
conditions. High temperature grown films showed a residual thermal strain
of ~0.14% which was absent from the room temperature grown films. The
room temperature films however, s  howed lower overall crystalline quality
due to large number of point defects and clinging dislocations trapped
throughout the film. The growth of the large misfit magnesium oxide (~8.1%)
was explained by the domain matching epitaxy paradigm and the samples
were further investigated by transmission electron microscopy. The TEM
results showed high quality interface with low roughness and no significant
interfacial mixing between the film and the substrate indicating the potential

use of MgO as a buffer layer for oxide growth and diffusion barrier.
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5.2. Introduction

Pulsed laser deposition (PLD) is the deposition technique of choice in
exotic, multicomponent materials because of its high -energy, forward
directed and non -equilibrium kinetics. * In comparison, the PLD deposition
usually contains species of energies between 10 and 100 eV while traditional
equilibrium methods have a kT of ~0.1 eV at 1200K. Due to the high -energy
of the deposition technique, PLD allows for lower temperature require ments
during growth, or in this case, ability for epitaxial growth at room
temperature. Magnesium oxide (MgO) is arock  -salt structured mineral with
wide bandgap (7.8 eV). ° Its use as an epitaxial film is mostly confined as a
buffer layer °, a substrate or a n barrier layer *°. Strongly oriented (111) MgO
films were grown on ¢ -sapphire by MOCVD at 500°C but polycrystalline

samples were observed at higher and lower temperatures. e

In the past, it has always been considered tha  tthe high -temperatures and
small lattice misfit between the substrate and the film is necessary for the

high -quality epitaxial growth. However, Narayan et al. showed that the
epitaxial growth is possible for large misfit systems by domain matching
epitaxy .” Furthermore, room temperature epitaxy in titanium nitride was
demonstrate d in the previous work. ® In this work, magnesium oxide films
grown at room temperature demonstrated complete epitaxy explained by

the same principles of domain matching epitaxy paradigm. The subsequent
magnetic properties were evaluated to establish the importance of defects

and st oichiometry.
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5.3. Experimental Procedure
Aluminum oxide substrates with (0001) out -of -plane orientation were

cleaned using aceto ne and methanol using the sonicating bath at

temperatures between50 -6 0EC for 5 minutes. Samples wer
high -purity (99.99%) nitrogen gun and loaded into the ultra -high PLD vacuum

chamber with MgO target. The target was made in the lab using so lid -state

reaction technique and sintered for over 100 hours at ~1400EC. The energ

dispersive X -ray was used to determine that the MgO target made was

96.67% pure. The mechanical pump and turbo  -molecular pump were used to
create a vacuum of ~4-7x10 " Torr before the deposition. The oxygen gas flow
was set at ~1x10 * Torr and the HT films were grown at ~650EC. Optics we
configured to create a rectangular spot on the target during laser ablation

with energy density of ~2.7 J/cm 2. Frequency of 248nm KrF pul sed laser was
set to 10 Hz for all samples with number of pulses (duration Z=25ns) set at
1000, corresponding to the thickness of ~40nm. The cool -down for the HT
MgO samples was 2.5 hours long to minimize the residual thermal stresses

in the film and was d one with constant oxygen flow of 1x10 3 Torr. The
deposition parameters for titanium nitride films are described in the

previous paper. ° The thickness of magnesium oxide layer was established to

be 25 nm throughout by TEM. To eliminate the thickness effect observed

here, all of the structural, magnetic and physical properties of thicker MgO

films are available in supplemental data. Structural properties of the

samples were investigated by the Rigaku X  -ray diffractometer with CuK |
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radiation source (1 = 1.54 A) in a parallel beam configuration (divergence
0.5°). A Quantum Design physical property measurement system (PPMS)
using a Van Der Pauw setup was used for the resistivity measurements. The
gold contacts were sputtered onthe s  amples and wire connections were
made by Westbond Wire bonder. A Whitetech Spectrometer with 532 nm
source was used for Raman measurements. The HAADF imaging was
performed using 200 keV aberration corrected Nion UltraSTEM and FEI Titan
microscopes. The co nvergence and collection angle used for the HAADF
imaging were 30 and 65 mrad for Nion UltraSTEM and 19 and 77 mrad for
FEI Titan, respectively. Atomically resolved EELS data was acquired with a

collection semi -angle of 48 mrad

5.4. Results and Discussion

To establish the quality of the films and the out -of -plane alignment,
the X -ray diffraction is used in the standard [ -2 setup. The results are
shown in Figure 5.1. In both high -temperature (HT) and room -temperature
(RT) grown MgO films, the same Bragg pe aks are observed indicating the
same out -of -plane growth. Both (111) and (222) diffraction peaks of MgO are
observed, however, in the HT film, the peak intensities are higher suggesting
better crystalline quality, larger grain size and smaller dislocation
concentration that contribute to scattering ox incident X -rays. A shift in the
detector angle is also observed indicating that the HT film has a larger
interplanar spacing than the RT film. This is explained by residual thermal

strain being presentin HT g rown film that is absent in RT grown film.
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By domain matching epitaxy (DME), there are three components of
strain that dictate the growth of an epitaxial thin film. " Those strains are
thermal strain that arises from expansion coefficient mismatch, the defect
induced strain and the lattice misfit strain. The sum of all strains on t he film
during growth is equal to zero, however, in room temperature grown films,
there is no thermal expansion mismatch component present, creating a film
with no residual thermal strain. 9 The interplanar spacing of a bulk MgO in
(111) orientation is 2.43 angstrom thus, the corresponding 2theta value is

36.9459 degrees. The lattice mismatch between the MgO (d (ppm)=2.97 ) and

Al,O, (d(p EM)=2.747 ) is ~8.1% using the for mula for lattice misfit strain in

the x -y film plane given by: °

(1)

From Figure 5.1, it is calculated that the HT grown film has an interplanar
spacing of ~0.2427 nm indicating a residual strain of ~0.14% while the RT

films shows interplanar spacing of ~0.2432 nm indicating complete
relaxation with no residual thermal strain. These results compliment the
residual thermal strain calculations as the HT MgO gives ~0.13% indicating
in -plane tensile strain of the film using the rough estimate from R= (]«
1) * &T ( ME-10¥BL0 °K™* | | anos~8.4x10 °K*)*?, The tradeoff for lower
residual strain obser ved in RT is higher defect concentration as higher
temperatures allow for defect segregation and mutual annihilation that is

not present in the RT films and therefore, show lower performance.
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To establish in -plane correlation between the substrate and the
magnesium oxide,an X -ray di ffraction i s usedFigura
5.2 shows the phi scan of HT and RT grown MgO films with 3 peaks
approximately 120° apart indicating a three -fold symmetry around (220)
peak. A 30° rotation is observed between the sapphire and MgO peaks
indicating a rotation of oxygen plane of MgO layer with respect to aluminum
hexagonal plane of sapphire. * The schematic of atomic arrangement during
growth is shown in  Figure 5.3. The complete epitaxial relationship is
therefore established to be < pp0>,,, // < p AT A0 IN the plane of the sample
and (111) ,,0//(0001) .05 in the out -of -plane direction. Finally, the broadening
and lowering of the intensity observed in the RT films is consistent with
increasing number of scattering centers due to large number of point

defects, trapped dislocations and small -angle grain bou ndaries.

High -angle annular dark field (HAADF) images were taken of the films
and the results are shown in  Figure 5.4. Epitaxial growth suggested in the
XRD scans is confirmed and low inter ~ -diffusion at the interface is observed
in the HT film. Indicating that the quality of the interface is not sacrificed at
higher temperatures. Dislocations are observed at the interface in HT film
and support the domain matching epitaxy paradigm on large lattice misfit

growth.
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Magnetic Measurements

The magnetic propert ies of magnesium oxide were investigated using
superconducting quantum interference device (SQUID) with a vibrating
sample holder. The Figure 5.5. Shows magnetization vs. applied magnetic
field in -the -plane results. The Figure shows higher magnetization sa turation
~8 emu/ccm for HT sample compared to ~ 3 emu/ccm for RT sample. Higher
coercivity in the RT grown film confirms the increase in defect concentration
and low -angle grain boundaries that degrade the spin alignment. The results
shown in the Figure 5.5 are performed at 10K where the highest magnetic
response is observed. In the literature, the increase in magnetization
saturation of magnesium oxide thin films was followed by lower deposition
temperature, ™ indicating that the oxygen vacancies are responsible. In films
grown here, the HT grown film suffer for oxygen deficiency as the lighter
oxygen at oms are more easily scattered during the deposition than the
heavier, magnesium atoms. ** Therefore, at lower temperature s of growth, the
ion inequality between magnesium and oxygen is lower than at high
temperature grown films. Contrastingly, the total number of point and line
defects is lower with increasing growth temperature, creating a possibility of
temperature control led magnetic and transport properties in magnesium
oxide. This point defect and stoichiometry inequity based hypothesis is
supported by the literature. Room temperature ferromagnetism was
observed in MgO thin films grown in the temperature range from 350°C to

room temperature. It was shown that the films with lowest number of point
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defects demonstrate lowest magnetization. ' Similarly, pristine MgO films
grown on (001) silicon at 350°C showed magnetic moment in nitrogen, argon
and oxygen atmosphere during growth, indicating that the cation deficiency
was responsible. * Room -temperature ferromagnetism was also observed in
MgO nano -crystalline powders grown by sol  -gel method. Subsequent
reduction in magnetization was observed with post -deposition va cuum
annealing indicating Mg vacancies contribution. “ contrastingly, oxygen
vacancies wer e identified as the source of ferromagnetism in MgO nano -
crystallites ** and in (100) crystals upon neutron irradiation. * Therefore, it is
still unclear whether the oxygen or magnesium vacancies are responsible for
rise of magnetic ordering in the MgO. However, in this wo rk, a simple
experiment was performed and demonstrated higher magnetic moment in

high -temperature grown films indicating that the increase in oxygen

vacancie s is causing the magnetization.

5.5. Conclusions

Epitaxial magnesium oxide thin films of approxima tely 25nm
thickness were grown on (0001) oriented sapphire substrates using pulsed
laser deposition. The epitaxial relationship was established by X -ray
diffraction to be  (111),//(0001) ..0; inthe out -of -plane direction and
<pp0>;, /I < p |WO> ,.0simn the plane, which indicates a 30 degree rotation of
magnesium oxide with respect to sapphire hexagon. Both high and room
temperature grown films show high quality epitaxy, clean interface with no

sign of interfacial mixing and minimal surface roughnes s. Magnetic
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measurements showed an increase in magnetization saturation in the high
temperature grown film indicating that the ion inequality is responsible

while the room temperature films suffered from higher overall defect
concentration. The magnesium o xide film growth on sapphire substrate is a
large lattice misfit growth (~8.1%) explained by domain matching epitaxy.

Primary advantage of room temperature grown magnesium oxide is the

absence of residual thermal strain and lower cost of fabrication while higher

temperature grown film demonstrate better physical properties and
crystalline quality. Finally, it was shown that it is possible to control the
physical and structural properties of a magnesium oxide thin films by

temperature of growth.
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5.6. Figure s
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Figure 5.1: An X-ray diffraction of HT and RT samples showing out -of -plane
matching.
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Figure 5.2: A magnified image of the X -ray diffraction of th e samples showing out -
of -plane matching emphasizing the MgO (111) peak differences between the HT and
RT growth conditions.

77



{|—RT

(222)

Intensity (arb.)

T T T

76 77 78 79 80 81 82
2J

Figure 5.3: A magnified image of the X -ray diffraction of the samples sh owing out -
of -plane matching emphasizing the MgO (222) peak differences between the HT and
RT growth conditions.
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Figure 5.4: An X-ray diffraction of the RT and HT grown samples showing in -plane

mat ching emphasizing the MgO (220) plane peak differences between the HT and RT
growth conditions and 30 degree rotation with respect to the substrate.
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Figure 5.5: a) An overview high -angle annular dark field (HAADF) transmission
electron image showing film thickness. b) High -resolution image showing the
interface between the film and the substrate. The SAED patterns are shown for the

film c¢) and substrate d) confirming the epitaxial matching establi shed by the XRD.
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Figure 5.6: Magnetization change with respect to externally applied magnetic field
or HT and RT samples showing a ferromagnetic behavior in both films. The coercivity
is shown in the inset in the fourth quadrant.
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6.1. Abstract

The multiferroic properties of m ixed valence perovskites such as
lanthanum strontium manganese oxide (La0.7Sr0.3MnO3) (LSMO)
demonstrate a unique dependence on oxygen concentration, thickness,
strain, and orientation. To better understand the role of each variable, a
systematic study has been performed. In this study, epitaxial growth of
LSMO (110) thin films with thicknesses D15 nm are reported on epitaxial
magnesium oxide (111) buffered Al203 (0001) substrates. Four LSMO films
with changing oxygen concentration have been investigated. T he oxygen
content in the films was controlled by varying the oxygen partial pressure
from1x 10 14to1 x 1071 Torr during deposition and subsequent cooldown.
X-ray diffraction established the out -of -plane and in -plane plane matching to
be (111)MgO ~ (0001)AI203 and 011Q@oMgO~ @101 G8AI203 for the buffer layer
with the substrate, and an out  -of -plane lattice matching of (110)LSMO
(111)MgO for the LSMO layer. For the case of the LSMO growth on MgO, a
novel growth mode has been demonstrated, showing that th ree in -plane
matching variants are present: (i) d10LSMO™ d10MgO, (i) 001QALSMO™
0101 &éMgO, and (iii)) aL1ALSMO™ 011MgO. The atomic resolution scanning
transmission electron microscopy (STEM) images were taken of the
interfaces that showed a  thin, D2 monolayer intermixed phase while high -
angle annular dark field (HAADF) cross  -section images revealed 4/5 plane
matching between the film and the buffer and similar domain sizes between

different samples. Magnetic properties were measured for all f ilms and the
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gradual decrease in saturation magnetization is reported with decreasing
oxygen partial pressure during growth. A systematic increase in the

interplanar spacing was observed by X  -ray diffraction of the films with lower
oxygen concentration, in  dicating the decrease in the lattice constant in the
plane due to the point defects. Samples demonstrated an insulating behavior
for samples grown under low oxygen partial pressure and semiconducting
behavior for the highest oxygen partial pressures. Magne totransport
measurements showed D36.2% decrease in electrical resistivity with an
applied magnetic field of 10 T at 50 K and D1.3% at room temperature for

the highly oxygenated sample

6.2. Introduction

One of the most exciting research topics in the field of material
science is on the mixed -valence manganese oxides that show a combination
of interesting physical properties such metal -insulator transitions, half -
metallicity and colossal magnetoresistance 2 In mixed -valence manganites
with the general formula A, B.MMnO;, where A is a trivalent rare  -earth metal
and B is a divalent alka line earth element, the average Mn valence varies with
Mn-site occupancy (x), and is therefore, referred to as hole -doping. The
filling (n) of the e , electron conduction band is defined by n=1 -x.* The
structural, magnetic and electronic properties are closely related and
provide great potential for use in magnetic field sensors *, infrared detectors
and spintronics. °®® Lanthanum strontium mangane  se oxide (La .,.Sr,MnO; or

simply LSMO) is the most ferromagnetic of the mixed -valence manganites
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with a Curie temperature that peaks around 370K at x=0.3 ' and a notably
large magnetoresistance ratio. ° It has been shown that properties of LSMO
can be drastically altered with the introduction of strain in the epitaxial
films. ™ Most of the research reported to date have focused on small lattice
misf it systems where full relaxation occurs gradually, after few hundred
monolayers. This suggests that the properties of these films are directly

affected by the layer thickness. For example, LSMO is commonly grown on

STO (strontium titanite) substrates due t o their similar crystal structures

and lattice constants, which results in a small lattice misfit of ~0.79%. Since
LSMO lattice is smaller, the STO substrate forces in -plane expansion of the
LSMO film which causes compression in the out -of -plane direction. In this
system, due to the lattice misfit strain, the change in the thickness with each
additional monolayer is altering the physical properties of the film. The STO
substrate also introduces the titanium -oxygen octahedral rotations that
directly affectt he LSMO growth whereas for MgO, no such phenomenon was
observed. Another issue of substrates such as STO, LAO and NGO is the
electronic softening of the Mn  -O bond near the surface which has been
reported to lead to an interfacial region that strongly scatt ers spin and
degrades the magnetotransport properties of the LSMO thin films. 1518 With
increasing thickness however, the octahedral tilts and distortions (Jahn -
Teller effect) begin to influence the LSMO properties and thus, the

contributiomdof atylee 60d'eé mi ni shes.
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It is noted that choosing a substrate with a lattice misfit that is larger
than ~7%, e.g. MgO, can significantly increase the energetics favor ing film
relaxation such that full relaxation can occur within the first few monolayers
of growth, allowing for subsequent strain -free growth independent of the
thickness. This process can be broadly understood within the context of
Domain Matching Epitax y (DME).** Magnesium oxide (MgO) has a rock -salt
crystal structure with | attice constanta ,,=0.421nm *°, while the LSMO has a
perovskite structure with | attice constant of 3.875 nm. However, depending
on the strain imposed by the substrate or by the stoichiometry, the LSMO
structure can be rhombohedral, monoclinic or orthorhombic. % |n the past,
successful growth on (001) MgO substrate has been demonstrated and
characteri zed by various groups. #%* The influence of growth temperature for
LSMO films deposited on (001) MgO substrates was also investigated; * Itwas
reported that the higher temperatures were needed to achieve epitaxial
growth and lower resistivities. It is important to note that no successful,
high -quality epitaxial growth has been demonstrated on (111) MgO substrate
as the large lattice misfit ~ systems energetically favor polycrystalline and
nanocrystalline growth. In related work, the interdiffusion between Mn and
Mg cations at the interface of polycrystalline LSMO films grown on MgO
(100) substrates was reported to form an interfacial layer wit h 1-2 hour,
high -temperature post -annealing. *® In this work however, during the initial

deposition of LSMO, the cation mixing at the interface was minimal due to
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no additional annealing tre  atments. The low mixing at the MgO/LSMO

interface was confirmed by the TEM.

In this study, ~15 nm thick, epitaxial (110) LSMO films were grown on
(111) MgO buffered (0001) Al ,0O; substrates at different oxygen partial
pressures, which directly changed the point defect concentration (oxygen
vacancies). The pulsed laser deposition technique was used because it favors
the preservation of stoichiometry, monolayer -by-monolayer growth and
highly non -equilibrium deposition of complex materials that allowed for
epitaxial growth of the LSMO film on the (111) MgO buffer. 7% The change in
point defect concentration affe  cted the overall strain in the films and
affected the transport and magnetic properties of the LSMO films at fixed
thickness. These films show behavior similar to ultrathin films (>10 unit
cells) grown on STO with the exception that the cation mixing at th e
interface was significantly reduced. TEM revealed the presence of ~1nm
thick intermixed layer at the interface. Since the thickness of all LSMO films
are ~15nm, the contribution to the physical properties of this intermixed
layer is insignificant and ef ~ fectively plays no role in explaining the behavior
of the films. I n Narayands previous work, a
on c-sapphire showed magnetic anisotropy  #. In this case, however , by
adding the MgO b uffer layer that allows for three equal in -plane growth of

domains, the magnetic in  -plane anisotropy of the films is eliminated.
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This paper reports on the effect of oxygen concentration on the
properties of LSMO films that result in: i) unique epitaxialg rowth of the LSMO
films that eliminates magnetic anisotropy, ii) low intermixing at the
MgO/ LSMO interface that marginalizes the inf
the ability to maintain the same structure, thickness and orientation of the
LSMO films wh ile varying the oxygen stoichiometry through defect
engineering. The oxygen concentration in turn, controls the magnetic and
transport properties while the contributions of the interface, thickness and

orientation are diminished.

6.3. Experimental Details
All films were grown using the KrF ( 1=248nm) pulsed laser deposition
technique. Prior to deposition, targets were ablated to remove all surface
impurities. The (0001) Al ,0, substrates were cut and cleaned in the ultra -
sonicating baths of acetone and then methano
pressure inside the vacuum chamber prior to the deposition was ~5x10
Torr and sample -target distance was maintained at ~4.5cm. During
deposition, the laser energy density was ~3.1 J/cm ? for MgO deposition and
~1.7 Jlcm 2 for LSMO growth while the laser pu Ise rate was 10 Hz and 5 Hz
respectively. The films were grown with 1000 pulses of MgO corresponding
to a layer thickness of ~25nm and 200 pulses of LSMO leading to ~15nm
thick fil ms. The substrate temperature was
~800EC f©anddo@dgwn was set for ~2.5 hours. The oxygen partial

pressure during growth was changed by an order of magnitude between
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each run and maintained during the cooldown of the sample. In this study,

the sample grown at ~1x10 * Torr pressure of oxygen was labelled n1; and
the same convention was then applied for n2 -n4. X -ray diffraction was done
using a Rigaku X -ray diffractometer with a CuK | radiation source ( 1 =1.54
A) in a parallel beam configuration (divergence 0.5 9. Resistivity and
magnetoresistance measurements were performed over a temperature range
from 375K -10K with a Quantum Design physical property measurement
system (PPMS) using a standard Van Der Pauw configuration. Prior to the
measurement, the gold contacts were sputtered onto the sample and a
WestBond wire bonder was used for connecting aluminum wires. The
superconducting quantum interference device (SQUID) from Quantum

Design was used for magnetization vs magnetic field measurements at 10K,
100K, 200K and 375K with magnetic field applied in the plane of the

samples. HAADF imaging was performed using a 200 keV 5 ™ order
aberration -corrected Nion UltraSTEM which provided sub -angstrom spatial
resolution (~800 pm). The convergence and collection angle used for the
HAADF imaging were 30 and 65 mrad. The probe current used in the

experiments was 18 pA £ 2pA

6.4. Results and Discussion:

Following the deposition, the samples were inv estigated using X -ray
diffraction to confirm the nature of growth and the quality of the films. In
Figure 6.1, [-2[ XRD results on n1 -n4 show the alignment of (111) MgO,

(110) LSMO and (0006) Al ,0O, diffraction peaks. A large angle range was



scanned to ensure there were no other Bragg peaks for the films. The

location of MgO peak is at the well  -defined, bulk interpl  anar spacing for

(111) orientation (d 4,=0.2431nm), indicating almost complete relaxation of

the buffer layer. Second order (222) reflection of MgO also indicates a

relaxed structure. The MgO growth on (0001) Al ,O; substrate is similar to

previously publis hed growth of titanium nitride ¥ that has the same crystal

structure and similar lattice constant (a /@ vgo=1.0071) as the MgO. In this

work, the epitaxial out -of-plane and in -plane relationship was observed to be

(111) g0 //(0001) a0 @Nd < PPTC o // < P T azos. Thi s in -plane relationship
corresponds to a 30Erotation of the cation s

Al O, substrate, as reported previously in the literature. 332

This epitaxial growth of a large misfit system (>7%) can be understood
in terms of the domain matching epitaxy (DME) paradigm. 1833 According to
DME, there are three components of strain in epitaxial films; i) the la ttice
misfit, ii) the residual thermal strain and iii) defects. For the case of large
misfit systems grown at high temperatures all three strains sum to zero
since the introduction of misfit dislocations at the interface is energetically
favored. Then, upo n cooldown a small net strain resulting from the
difference in thermal coefficients of expansion between the substrate and
the film is introduced. In this work, the magnesium oxide and LSMO both
contract at a faster rate than the Al .O; substrate, resultin g in a net tensile
strain in the plane of the film at room temperature. The thermal expansion

coefficient of magnesium oxide (~10.4x10 *K*) and LSMO (~12.2x10 °K*)** are
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larger than the Al ,O, substrate (~8.4x10 *°K™"). Therefore, the residual thermal
strain is calculated, using first approxima tionsby rR=(]4) *®@T, t o be ~
0.131% for MgO and ~ 0.140% for the LSMO layer. The LSMO thin films show

a gradual shift in the Bragg peaks towards higher 2 | angles with increasing
oxygen partial pressure, implying the increase in the lattice constant in t he
plane. The change in the unit cell size with different oxygen partial pressure

has previously been reported for epitaxial LSMO grown on STO, NGO and

LAO substrates. ** The changes in the strain with oxygen partial pressure

are shown as insets in  Figure 6.1. At the highest oxygen partial pressure (for
nl), the interpla nar spacing of the LSMO filmisd | ,0=2.730£0.001 , while
the films grown at lower oxygen partial pressures show a gradual elongation

in the out -of -plane lattice from 2.751 + 0.001 (forn2) to 2.758 + 0.001

(for n4).

The matching of (110) LSMO films  with (111) MgO buffer layer is
shown by 3-XdarDa8 shownin Figure 6.2. The three -fold symmetry of
MgO (111) surface is allowing three equivalent in -plane orientations for
matching to the rectangular facets of (110) LSMO films. A model showing the
atomic arrangement is shown in Figure 6.2. Thus, the epitaxial relationships
are established to be (111) ,,//(0001) .05 fOr out -of -plane and < ppTeyyo //
<p Tt .05 fOr in -plane between the substrate and the buffer layer. In the

case of the LSMO film, a fixed out -of -plane lattice matching relationship is

established to be (110) s//(111) we and combination of three different in

plane relationships are observed; i) <  pPTisuo // < PPTwgo, i) < PPTC Lsvo //
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<P P>y and i) < PPTC.svo // < TPP>ue0. The angular spacing between LSMO

peaksinXRD 3scan are 60E which confirms the pred

High -angle annular dark field (HAADF) images of n1 and n2 (LSMO
films grown at P(O ,)=1x10 *and 1x10 * Torr, respectively) are shown in
Figure 6.3(a) and (b) . The thickness of both samples are estimated to be
~15+1 nm for the LSMO layer that was grown on a ~25 nm thick MgO layer
suggesting that the deposition rate was approximately the same in the
experiments (n1 -n4). A magnified (HAADF) view of n2 sa  mple is shown in
Figure 6.3(c), which reveals the presence of multiple domains in the LSMO
film, as suggested by the XRD  3-scan. The domains oriented in the ppTt out -
of -plane direction are indicated in the figure. The size of the domains was
estimated to be 6 +1 nm. The fast Fourier diffractograms (FFTS)
corresponding to the LSMO, MgO and Al,O, are shown in Figure 6.3(d-f),
showing the alignment of (110) diffraction spot of LSMO with (111) MgO and
(00086) Al ,0, confirming the out  -of -plane XRD results. Furthermore, the ( ¢¢T)
diffraction spot of LSMO is aligned with (  ¢cm) MgO and ( oomt JtAl,O.. This
confirms the XRD  3-phi scan results in establishing the epitaxial relations

using the domain matching epitaxy.

An atomic resolution HAADF image of the LSMO/MgO interface is
shown in Figure 6.4(a). Since LSMO/MgO is a large misfit system (>7%) that
follows the domain matching epitaxy (DME), a relaxed (zero lattice mismatch

strain) LSMO film is expected with the formation of dislocations that
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terminate at the LSMO/MgO interface with a 4/5 lattice plane periodicity. In
the Figure 6.4(a), the predicted dislocations are indeed obs erved at the
LMSO/MgO interface, confirming the validity of DME in the present case. A
sharp interface is also observed between the LSMO and the MgO with two
atomic -plane thick intermixed layer, as shown in Figure 6.4(b). An averaged
atomic column intensit y profile as a function of atomic distance is plotted in
Figure 6.4(b), showing uniform intensity of LSMO columns throughout the
film. Figure 6.4(d) shows the absence of lattice distortions through the
inverse FFTs in xx directions, which is confirmed by t he presence of
uniformly spaced distances between lattice planes. This figure also
demonstrates the equidistant LSMO atomic columns, consistent with full

lattice relaxation.

Electron energy -loss spectroscopic (EELS) spectra for the n1 and n2
samples were a Iso acquired and the results are provided in the Figure 6.9 in
the supporting information. No noticeable chemical -shift or intensity
variation inthe O -K, Mn-L;, and La-M,; edges between the films was
observed, suggesting preservation of the overall stoich iometry of the films
with small changes in oxygen defect concentration
Magnetic measurements

The results for 10K measurements are shown in Figure 6.5. A
systematic decrease in magnetization saturation of the LSMO is observed as
function of decreasing oxy gen partial pressure. In LSMO, the rise of

ferromagnetism comes from the manganese and oxygen octahedra, where
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neighboring manganese atoms are connected by bridging oxygens. Here, the
bond angle and distance determines the extent of the orbital overlap o f the
manganese 3d electrons and the oxygends 2p e
relaxed film, the bond angle is 180°. As the angle changes or the bonds

stretch, the orbital overlap decreases, directly affecting charge transfer and
magnetic exchange coupl ing of neighboring Mn moments. ¥ In films grown
here, no significant tilt of the octahedra is observed. Rather, the gradual loss

of magnetic properties is attributed to the gradual increase of oxygen

vacancies that break the ex change coupling. The influence of the bridging
oxygen on the magnetic properties of the LSMO is shown in Figure 6.6. The
oxygen concentration in the films clearly alters the interplanar spacing in

the films; reduced oxygen content leads to films with smal ler unit cell and
lower magnetization saturation. It is believed that this alters the coupling

between neighboring manganese atoms, both by disrupting the double -
exchange mechanism responsible for bringing about long -range
ferromagnetic order, and by intr ~ oducing a competing superexchange
mechanism (a.k.a. Kramers -Anderson superexchange) at missing oxygen

sites, which promote antiferromagnetic spin coupling. In the n1 sample, the
double -exchange coupling dominates giving rise to a combination of

ferromagnet ic and semiconducting physical properties. In these samples,
therefore, a gradual decrease in the magnetization is observed due to

lowering of the oxygen conentration, as explained by competition between

the double exchange and superexchange mechanisms. Th is competition
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would be expected to quickly disorder the system and drop its overall
saturation moment of the sample.

The magnetic moment measurement vs the temperature for n1 sample
is shown as inset in  Figure 6.5. The measurement shows a temperature
dependence that is typical of ferromagnets with a Curie temperature T . of
~300 K, slightly lower than the bulk value of ~375 K. ® |n contrast, the n2 -n4
samples show a very small decrease in magnetization with increa sing
temperature and there is no crossover with the magnetization axis in the 10 -
375 K range. The magnetization vs temperature curves for samples n2 -n4
are provided in the supporting information, Figure 6.10. Extrapolating the
slope of these curves, the Cu rie temperature values would be >450K,
suggesting the presence of the canted AFI (antiferromagnetic insulating) and
weak FI (ferromagnetic insulating) phases in the more oxygen defiecient
films. As the oxygen concentration goes down, the AFI vs FI phase f raction
increases. This lowers the magnetization and makes the M vs T curve flatter,
pointing at higher Curie temperatures. The seemingly high Curie
temperature values with finite spontanious magnetization have been
reported previously by Boschker et al. i n the LSMO films grown on (110) STO
substrates. They reported a critical thickness of 10 unit cells below which
conductivity of the films disappeared and the Curie temperature rose,which
was attributed to the presence of the magnetic insulating phase. 1
Furthermore, a similar behavior was reported in the bulk La 1:Sr,MnO; films

when x=0.15 and x=0.13 where the loss of metallic character is explained by
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Anderson localization of charge carriers due to the structural disorders. 3940
Therefore, the AFI behaviour with a finite spontanious magnetization in this
work is attributed to the oxygen concentration of the films, since no
significant change in film thickness, octahedr al rotation and distortion
(Jahn-Teller effect) is observed, while the influence of a dead layer is
minimized.
Transport measurements
In LSMO the valence inequality controls the number of charge carriers.
The carrier density is highest when lanthanum to strontinum ratiois 2.  *
The characteristic OR vs .-nddarédshawninviegsre f or s amp
6.7. An increase in resistivity is observed for films grown at lower oxygen
partial pressures. The nl sample shows good electrical conductivity above
~50K. At high temperatures (>175K), a variable range hopping model
showed a good fit to the experimental data in previous studies 2 At lower
temperatures, a thermally activated transition takes place and fully develops
at temperatures below ~80K. Finally, below ~30K the sample becomes
insulating due to decrease in thermally activated charge carriers available.
This behavior is similar to that observed for a 9 unit cell thick (110) LSMO
on (110) STO substrate. ** In contrast, samples n2 -n4 all show an insulating
behavior indicating the loss of charge carriers due to oxygen deficiency.
Transport properties of LSMO with incr easing thickness have been
studied by various groups. The oxygen sufficient, epitaxial (001) LSMO thin

films have been grown on (001) STO, showing an insulating behavior (a
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odead | ayero) for LSMO thickness below 8

behavior above 13 unit cells. * Additionally, the physical behavior of the

20nm thick LSMO films was shown to be tunable by the application of the
electric field via ionic liquid. An increase in resistivity and lowering of T . was
shown with the application of electric field indicating the behavior is related

to Mn */Mn * ratio change. *

The magnetotransport properties of the LSMO films were measured
using a Quantum Design PPMS. The isothermal magnetoresistance
measurements for n1 sample are shown in Figure 6.8. The

magnetoresistance was calculated using a standard formula given as

0Y — oopmnmn 1)
Where, ” "O is the resistivity at applied magnetic field H, and " T isthe
resistivity at no applied magnetic field. A systematic change of MR response

is observed with te mperature. The resistance decreases with the applied

magnetic field (negative magnetoresistance) and peaks around 30 K (~ -39%)).

The MR decreases to ~ -1.3% at room temperature.

6.5. Conclusions

Four samples of ~15nm thick, epitaxial LSMO films were gro wn on
epitaxial (111) MgO buffered (0001) Al  ,0, substrates. The physical properties
were altered by manipulating the point defects. This was accomplished by

changing the oxygen partial pressure during growth of the LSMO film by
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pulsed laser deposition.  X-ray diffraction showed that out  -of -plane lattice
matching was (111),,,//(0001) ..0s While the in -plane lattice matching was
<pp0>,,0 // < p PP Au0s fOr buffer layer and the substrate. In the case of the
LSMO and the buffer layer, the out  -of -plane match ing was found to be

(110) .smo//(111) weo With three equal, 60° rotated, in  -plane domain variants: i)
<PPTPsuo // < PPTPugo, i) < PPTPwswo /1 < P Twgo @Nd i) < PPTP sy // < TPP>vigo.
This led to a relaxed films. By changing the oxygen partial pr essure, it was
possible to introduce oxygen vacancies into the film, which reduced the unit

cell size that was observed in the XRD measurements. The presence of

oxygen vacancies degraded the magnetic coupling across the system as the
bridging oxygen betwee n manganese ions disrupted the double exchange
mechanism that is responsible for ferromagnetic ordering. Magnetic and
transport measurements confirmed the increase in magnetization and
conductivity for the films prepared with higher oxygen content and smal ler
unit cell. The highly oxygenated sample showed strong ferromagnetism with

a Tc~300 K and magnetoresistance of ~  -1.3% at room temperature while
oxygen deficient samples (n2 -n4) developed an insulating antiferromagnetic
and ferromagnetic insulating phas  es of LSMO making them an interesting

candidate for spin injectors in spin polarized tunneling devices
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6.6. Figures
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Figure 6.1: An X-ray diffraction [ -2[ (out-of-plane) scans of n1 -n4 samples showing
a gradual increase in the 2 [ angle with increasing oxygen partial pressure of

growth, leading to the in  -plane expansion of the lattice and decrease in the out -of -
plane interplanar spacing of the LSMO films
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Figure 6.2: An X-ray diffraction Phi -scan of n1 sample (left), showing the in -plane
epitaxial relations. A 30Er ot a,iandrthe MgO whiths er ved |
is explained by the rotation of the magnesium atoms to match with the oxygen

hexagon of the substrate. The LSMO film shows three equal in -plane domain growth

as 6 peaks are observed that overlap with the MgO film. An atomic model of

LSMO/MgO interface showing one of three possible configurat ions for LSMO growth

in-the -plane is shown in the upper right corner while the atomic model of the

MgO/Al ,O,i nt erface that shows a 30Edegree rotation t
substrate and oxygen plane of the film is shown in the lower right corner)
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Figure 6.3: An overview HAADF image of the LSMO t hin film grown on the MgO
buffered Al ,O; substrate for the n1 sample (a) and n2 sample (b) demonstrating the
same layer thickness. (c) Cross section TEM image showing the interface between
MgO buffer layer and LSMO film that confirms the multiple in -plane domain growth.
(d) The SAED pattern of the n2 sample for the LSMO (d), MgO (e) and Al ,O; (f) showing
the epitaxial relationship.
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are shown from (c) confirming the in -plane and out -of -plane XRD results.
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Figure 6.5: The magnetization vs magnetic field curves for nl -n4 samples at 10K
showing a gradual decrease in saturation magnetization. This confirms the role of
the bridging oxygen concentration in inhi biting the super -exchange mechanism that

leads to antiferromagnetic spin alignment in the LSMO films. The inset in second
guadrant shows a graph of the magnified area close to lower fields to exaggerate the
coercivity with oxygen pressure. The temperature dependence of magnetization is
shown as inset in fourth quadrant for n1 sample (P~10 * Torr) showing a Tc~300K.
The sample was cooled in the 5000 Oe magnetic field applied in -plane and the field
of 3000 Oe was used for the measurement.
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temperature. The slop e of the curves indicates high Currie temperatures (450K>).

114



—
Q
~—
—
(o}
~—
—_
()
—
<
=

Counts
Counts
Counts

10" Torr J

107 Torr| _

540 560 620 640 660 680 700 820 840 860 880 900
Energy-loss (eV) Energy-loss (eV) Energy-loss (eV)

Figure 6.10: EELS spectra of (a) O -K, (b) Mn -L and (c) La -M edges of LSMO films grown
at 10 * and 10 ?Torr.

Figure S2 shows the EELS spectra of (a) O-K, (b) Mn-L and (c) La-M edges of LSMO
films grown at 10 * and 10 2 Torr. This demonstrates that there is no noticeable
chemical shift or intensity variation is observed between LSMO films. This suggests

that the films, while having oxygen vacancies due to synthesis at different O2

partial pressures, maintain the stoichiometry at large. This observation is also

supported by the presented results on magnetic response of the films.
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7.1. Abstract

Mixed -valence perovskites have drawn significant r esearch interest in
the past due to their exotic properties. Lanthanum Strontium Manganese
Oxide (LSMO) shows a ferromagnetic ordering that can be tuned with the
control of defects and strain. Here, experiments were performed to decouple
the effects of str ain and oxygen content, which together control the
magnetic properties of the LSMO (La ,,Sr,;MnQO3). In this work, thermal
treatments show promise in effectively controlling the ferromagnetic
response of LSMO films. A set of three samples were grown on th e same
substrate -buffer platform with different oxygen partial pressures and
annealed above their deposition temperature (~900° C) in air. The physical
and structural properties were measured and showed overall decrease in
magnetization saturation as well as decrease in out -of -plane lattice spacing
with decreasing oxygen partial pressure. A second anneal at lower (~700° C)
temperature with flow of pure oxygen was performed for six hours to allow
for defect annihilation and grain growth. All three films rem ained epitaxial
allowing for direct correlation of magnetic measurements with defect
concentration. Partial recovery of the magnetic properties and a slight
increase in interplanar spacing was observed. The inability of the films to
fully recover their  original magnetic properties suggests irreversible strain
relaxation during the initial, high -temperature air anneal. This hypothesis
was further supported by the in -situ XRD that showed a linear increase in

the interplanar spacing with temperature until ~ 520°C for LSMO and ~690°C
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for MgO. With further increase in temperature, the films experienced both

loss of oxygen and irreversible defect nucleation and recombination. High
resolution high -angle annular dark field (HAADF) images showed uniform
thickness a nd no interfacial mixing with subsequent annealing treatments
while electron energy loss spectroscopy (EELS) showed a loss of
characteristic pre -peak A in oxygen indicating formation of oxygen

vacancies. Parallel annealing experiments in high vacuum instea d of
atmosphere were performed, which showed complete loss of crystal

structure in the LSMO films due to significant loss of oxygen in the lattice

that irreversibly collapsed the perovskite structure. Furthermore, a low -
temperature (~500° C) oxidation anne  al was performed on a pristine sample
with no change in the interplanar spacing observed indicating no change in

the strain state of the film due to annealing below the deposition

temperature. The reversibility of magnetic properties, which is observed as
long as the crystal structure of the films is preserved, indicates the

importance of bridging oxygen in controlling the magnetic behavior of

mixed valence perovskites. Finally, it was determined that the highest
magnetization saturation in the films is ach ieved with a high oxygen partial
pressure during growth and subsequent thermal annealing below the

deposition temperature.
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7.2. Introduction and Background

Lanthanum manganese oxide is a scientifically fascinating material
with intriguing interplay of pro perties. Doping this ABX ; perovskite
structure material with a finite concentration of strontium is proven to
change its physical properties significantly. When the strontium
concentration in the La ,,Sr,MnO; is between x= 0.2 and 0.4, room -
temperature f erromagnetism due to double  -exchange mechanism is
present. [1] The use of LSMO ranges from spin injection material of choice
for thin film heterostructures to magnetic memory heads in next generation
electric field driven ferroelectric -ferromagnet coupled switching.  [2,3] It has
been shown in the past that LSMO properties such as half -metallicity,
ferromagn etism and colossal magnetoresistance change drastically with
thickness, orientation, stoichiometry, substrate, growth temperature and
strain. [4912] Complexities associated with the orbital overlap, charge state
and spin degrees of freedom make this system exciting but enigmatic, with
recent research focusing on growing films with strong ferromagnetism, but
absentoftheforma ti on of a {ld,&3ald];dnansulmtmgand non -
magnetic layer that forms at the interface of STO and LSMO due to

interdiffusion at high  -temperature.

Research has been rep orted on various thermal treatments of LSMO
thin films. However, few studies were successful in correlating the structure
changes with physical properties of the LSMO films. For example, studies on

polycrystalline LSMO films grown on (111) silicon substra te and then
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annealed in air have indicated slight improvements of physical

properties. [15] Likewise, polycrystalline La ,,Sr,;MnO; films grown on (001)
silicon substrate and annealed with and without magnetic field for 20

minutes at 800°C resulted in small enhancements in their magnetic

properties. [16] Epitaxial LSMO films were grown on SrTiO  ; and LaAIO ,
substrates and annealed at temperatures of 950°C with the pure oxygen

flowing resulted in significant enhancement of the magnetization sa turation
and decreased coercivity. [17] Manganese depleted La ,55Sr,0:Mn,3;O; epitaxial
films grown on (001) STO substrates subsequently annealed in air showed

an increase in magnetization with increasing anneal temperature. [18] An
approximate ~2.5 minute ramp anneal was performed at 700°C in air on

Lags, Sro1MNO; films grown on (001) STO substrate, which is showed decrease

in interplanar spacing for 70 nm thick films, but no strain relaxation for 20

nm thick films. Improvement of magnetic properties was observed in b oth
films with increasing oxygen content. [19] Finally, strongly -textured low Sr -
doped La ,4Sr,,.MnO; films have been annealed at ~600°C in different oxygen
pressures on the STO (001) and MgO (001) substrates and their physical
properties compared [20]. Significant improvement in magnetic properties

was observed on the STO substrates at higher oxygen partial pressures, but

only slight improvement was observed on the MgO substrates.

In the present work, the b uffer layer of choice is Magnesium Oxide
(MgO). Its insulating properties along with low diffusivity at high

temperatures [21,22] makes it a good alternative to the more traditional STO
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platform because it suppresses the formation of the dead layer observed in
STO/LSMO interface [23]. In addition, the MgO buffer layer is compatible with
sapphire substrates [24 826], which are of greater commercial value and in

the case of ¢ -cut sapphire (0001), enables epitaxial room -temperature growth
of MgO and TiN that | owers the energy requirements for sample growth. [27]
Finally, in the samples grown here, the characteristic magnetic in -plane
anisotropy of LSMO is eliminated due to the growth of 3 equivalent in -plane
domain variants of LSMO that form on (111) MgO buffer layers. [23] This
allows for easy comparison between the films grown with differen t starting
oxygen concentrations and provides insight on the evolution of the magnetic

properties with thermal processing treatments.

Finally, this paper identifies two main sources of stress acting on the
epitaxial LSMO films during annealing: the lattic e misfit strain and the
thermal expansion mismatch strain. The three categories are proposed to
explain the behavior of LSMO films: i) non -epitaxial samples, ii) lattice -
matching -epitaxy (LME) films and domain  -matching -epitaxy (DME) films. It
was establis hed that the samples with the highest magnetization saturation
are grown with the highest oxygen partial pressures and thermally

processed below deposition temperature.
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7.3. Experimental Procedure

The samples investigated in this paper were made by pulsed laser
deposition using a domain matching epitaxy paradigm [28] . The growth
conditions are described in a previous work [23] The three samples (labelled
nl,n2 and n3 for convenience) were grown under identical conditions except
for changing the oxygen partial pressure defined as P(O ,)=1x10 " Torr where
n=1,2 and 3, respectively. The growth temperature was ~680°C for the MgO
and ~800°C for the LSMO layers, well below MgO  -Al,O; spinel formation
temperature. [29] Therefore, no evidence of interfacial mixing between the
buffer layer and the substrate was observed in the films. The MgO buffer
layer had a measured thickness of ~25nm, while the thicknesses of the
LSMO films were confirmed by TEM to be ~15nm. In -situ XRD data of the
films were acquired using an X  -ray diffractometer (Empy rean, Panalytical,
Almelo, Netherlands) equipped with a high temperature oven chamber (HTK
1200N, Anton Parr, Graz, Austria). Sample was first heated in an air -filled
chamber from 25 °C to 900 °C at a heating rate of 10 °C/min. After that,
samples were coo led to room temperature with a cooling rate of 10 °C/min.
Diffraction patterns were measured throughout the whole heat treatment
using Cu K | x-ray radiation with a wavelength of 1.5418 A and a 2 range of
30° 8 45°. Each pattern was measured for 1 minute using a 2 | step size of
0.01°and count time 1 sec/step. Similarly, the heating and cooling procedure
for oxygen annealing experiment was do  ne using a standard quartz vacuum

tube. The oxygen annealing experiments were performed for 6 hours with
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99.99999% pure oxygen flow at 700EC. The

performed in the vacuum chamber with a base pressure 1x10 ® Torr. Room
temperature X -ray diffraction was done using a Rigaku X  -ray diffractometer
with CuK J radiation source ( 1 = 1.54 A) in a parallel beam configuration
(divergence 0.5 ). An aberration -corrected STEM -FEI Titan 80 1 300 was used
in conjunction with electron energy loss spectroscop y (EELS) to acquire
HAADF images and EELS spectra. An electron probe current of 38 = 2pA and
collection semi -angle of 28 mrads were used during the EELS acquisition. For
the HAADF images, the convergence and collection semi -angles were 19.4
and 80 mrad, re spectively. Superconducting quantum interference device
(SQUID) from Quantum Design was used for magnetization vs magnetic field
measurements at 10K with a magnetic field applied in the plane of the

samples.

7.4. Results and Discussion
XRD [ -2

The three samples (n1, n2 and n3) were investigated using an X  -ray
diffractometer in the [ -2[ setup, designed to establish the out  -of -plane
interplanar spacing (d). In  Figure 7.1, a wide angle scan is shown for the n2
sample in the as deposited (AD) ¢ ondition and then following air annealing
(AAA). The only Bragg peaks observed are the Bragg peaks associated with
the Al ,O; substrate [(0006) and (00012)], the MgO buffer layer [(111) and
(222)] and the LSMO film [(110) and (220)], indicating that the fil ms have a

fixed axial, preferential growth in the out -of -plane direction (texture). The
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corresponding z -axis alignment is (0001)  au0s // (111)  weo// (110)  Lsuo-
Expanded 2 d scans for the as -deposited n2 sample before and after thermal
treatment are presented inthe Figure 7.2. The results show that the
interplanar spacings for the buffer layers and the LSMO films shift with

processing conditions. The bulk values reported f or stoichiometric MgO and
Lay,;Sr,:MnO, at room temperature are d(110) s40=0.2739 nm [13] and

d(111) ,,,0=0.2431 nm [30], respectively. These values fall below the values of
the as -deposited film, but greater than the values obtained after the thermal
treatment. This result suggests that the air -annealing treatment to
temperatures in excess of the deposition temperature may be associated

with misfit dislocation formation and oxygen vacancy creation. This

behavior is manifested as an XRD shift of the 2[ angle that corresponds to a
change in the interplanar spacing (d) of the film. This was observed for both

the buffer layer and the film, while the substrate, not s urprisingly, seemed
unaffected. The calculation of the interplanar spacing for the as -deposited
(AD) n2 sample at room temperature shows that the MgO buffer has

d(111) 0= 0.2438nm, while the LSMO film has a d(110)  ,sw=0.2751nm. The
substrate interplanar s  pacing matches the bulk value of

d(0006) A20:=0.2164nm. Interestingly, foras  -deposited samples of n1 and n3,
the MgO and substrate interplanar spacing values match those of the n2

sample, while the LSMO film shows a gradual change with changing oxygen

par tial pressure from d(110) | su0=0.2730nm for n1 to d(110) | su0=0.2757nm for

n3.
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XRD Phi -scan
The in -plane alignment between the film, buffer and the substrate was
determined via XRD performed in the phi ( 3) scan configuration. The results
of the scans are sh own elsewhere. [23] The in -plane relationsh ip for this
heterostructure was determined to be < PPTweo Il < P TP anos . This relation
creates a 30Erotation bet weel24] tWhichissubstrate
explained by bonding of magnesium atoms with the oxygen hexagon of
alumina substrate, while the oxygen atoms bond with the aluminum atom.
The in -plane relationship between buffer MgO layer and the LSMO film wa S
established to be < PPTE> w0 // < PPTPwgo OF < PPT o I/ < P T>wgo OF < PPTE>Lowo //
<TPP>uq0. I simple terms, the LSMO grows with three equivalent in -plane
domain variants that are rotated by 60Ewith
growth mode lea ds to magnetically isotropic films where in -plane
orientation does not play a significant role.
Domain Matching Epitaxy (DME)
Epitaxial film growth is usually associated with systems where the
lattice mismatch between the film and its substrate is small ( below 1%),
which is not the case here. The in  -plane lattice mismatch between MgO (d
(pp=2.97 L) and Al ,0O, (d(p pm=2.747 ) is ~8.1% using the formula for lattice

misfit strain in the x -y film plane given by:  [28]

(1)
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Similarly, the mismatch between the MgO and the LSMO film is ~30.4% along
<PTUT>.svo and ~15.6% along <Tt P>.svo. IN general, when misfit strains
approach these levels the matching o  f lattice planes between the films and
the substrate is not possible and randomly oriented polycrystalline films

form to alleviate the strain. However, in certain large misfit systems (>7%)
including the LSMO/MgO and MgO/Al  ,0, shown here, the epitaxial gro  wth
can be successfully explained by domain matching epitaxy (DME) [31,32] . For
epitaxial growth of thin films in large misfit, single unit cell mismatch is not
considered, rather, lattice planes are added to minimize the strain. The large
mismatch translates to a small critical thickness that favors dislocation

formation early in the film growth (first few monolayer s) where dislocation
insertion can be easily accommodated as a part of the film nucleation step,

allowing the rest of the film to grow strain free. [28]

In the films grown here, the relaxation occurs in the initial stages of
growth for both the buffer and the film. However, the stoichiometry is not
fully preserved from the target. Heavier atoms deposit readily, while lighter
atom s such as oxygen tend to be lost due to scattering (i.e. lower mean free
path). To compensate for this ionic imbalance, additional flow of oxygen is
required during the deposition. In the present study, the oxygen partial
pressure has been varied by severa | orders of magnitude among the samples
investigated. Thus, their as -deposited oxygen content is different, which

explains the change in unit cell size seen in the XRD data. This growth
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process allows for good control of oxygen content in the samples while

maintaining epitaxial, high  -quality films.

Under ideal DME growth conditions, for large misfit systems, the three
components of strain in epitaxial films (the lattice misfit, defects and
residual thermal strain) will equal zero at the growth temperature. [32] Upon
cooldown to the room temperature, differences in the thermal expansion
coefficie nt for the different layers will introduce thermal residual strain. For
MgO and LSMO this is calculated to be ~0.13% and ~0.25%, respectively,
indicating in -plane tensile strain of the film using the rough estimate from
R= (U141 * @T ( 'uwgotl04x10 °K* N ,,0,~8.4x10 *K*and h gy0~12.2x10 °K?)
[33,34] . In this case, the remain ing unrelaxed strain observed in MgO
(~0.11%) and LSMO (~0.20%) is explained by point defects and trapped
dislocations introduced during the pulsed laser deposition process.
Similarly, in the LSMO films, the magnetic properties are closely controlled
by ch anging the oxygen partial pressure, which in turn, dictates the
stoichiometry of the film. The change in stoichiometry ultimately alters the
unit cell dimensions that can be mapped via XRD. The control of anion
content by point defects can also be controll ed by changing the deposition
temperature [24,27] or in case of this paper, post -deposition annealing of the
films. Similarly, unrelaxed defect  -induced strain for the LSMO isd ependent

on the oxygen partial pressure used during deposition. [23]
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In-situ X -ray Diffraction

For easier viewing, Figure 7.2 shows an expanded view of the first
order reflections of the buffer MgO (111) layer and the LSMO (110) film of
the n2 sample. Here, a clear shift is observed with air anne aling of the
sample. Both the (111) MgO peak and (110) LSMO peak shift to higher 2 |
angles causing the interplanar spacing to decrease in the out -of -plane
direction. This decrease in overall unit cell size is explained by strain
relaxation via additional d islocation formation and oxygen diffusion out of
the heterostructure (film reduction). A similar decrease of unit cell size with
increase in oxygen vacancies in LSMO films has previously been reported in
the literature in the case of LaAlO  ; substrates, whi le the opposite effect is
seen in STO/LSMO heterostructures [8,35] . The inconsistencies in the
literature reinforce the additional complications posed by the su bstrate/film
lattice misfit and the residual thermal strain. Furthermore, no previous work
has been reported for the (111) MgO/ (110) LSMO heterostructures. Because
the lattice constant misfit (~8.7%) differs from the lattice misfit of substrates
such as SrTiO ,, LaAlO,;, NdGaO, ( O1 %) , it i's no surprise tha
of the unit cell on changing oxidizing and thermal treatments differs from
previously reported systems. To better understand the competing processes,
an in -situ XRD experiment was performed . The results are shown in  Figure
7.3. Here, the sample n2 was heated to 900°C in atmosphere and
subsequently cooled at the same rate. The peak fitting of the (111) MgO,

(110) LSMO and (0006) Al ,0, Bragg reflections as a function of temperature
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was done us ing LIPRAS software. [36] The interplanar spacing was plotted
with respect to temperature. As expected, the substrate showed linear
expansion with temperature and returned to the same value upon cooling.

The MgO layer and LSMO film both initially showed linear out -of -plane
expansion dictated by the substrate. However, at ~520°C for LSMO and
~690°C for MgO, a decrease in interplanar spacing was observed.

Interestingly, the interplanar spacing reversed for the MgO buffer layer

around the same temperature as the initial deposition temperature,

consistent with the DME assumption that the sum of all str ains on the film
is close to zero at the growth temperature. [28]

Above these oOtransitiond t e mpddioaat ur es,
misfit dislocation are being generated to alleviate the thermal misfit -induced
strain. The structural distortions also appear to promote oxygen reduction
of the LSMO system. The in -situ XRD reveals that irreversible strain
relaxation has occurre d. As shown in the next section, the role of oxygen

vacancies in LSMO are very clearly reflected in the magnetic measurements.

Large-view high -angle annular dark field (HAADF) images of sample nl
and n2 are shown in Figure 7.4a and 4b , respectively. The f igures show very
similar thickness of LSMO film (D15 £ 1 nm) in n1 and n2, grownon D25 nm
thick MgO buffer layer. Atomic resolution HAADF images of as -deposited
(AD) n1 sample are presented in  Figure 7.4c and 4d , demonstrating the
atomically sharp LSMO/Mg O (Figure 7.4c) and MgO/ c-Al.,O, (Figure 7.4d)

interface. From the images, it is extracted that (110) diffraction spot of LSMO
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is aligned with (111) MgO and (0006) Al ,0,, which are consistent with the
out -of -plane XRD results. To rule out the possibility of a high -temperature
spinel phase formation during the annealing experiment that could
influence the magnetic properties of LSMO films, atomic resolution imaging
is performed on AAA (nl) sample, as shown in Figure 7.4e. From the f igure,
it is confirmed that  the interface between LSMO and MgO still remains
atomically sharp without any interfacial interdiffusion or reaction. These
conclusions were further confirmed by using electron energy -loss
spectroscopy (EELS) structure analysis, as shown in Figure 7.4fandg.Mn-
L., (640 eV) edge is shown in  Figure 7.4f, which demonstrates a chemical
shift (~0.75 eV) in Mn -L; peak. This result is directly related to the formation
of Mn ** after annealing in LSMO where Mn exists with +4 valance state.
Similarly, O -K (532 eV), as shown in Figure 7.4e, shows the disappearance of
characteristic A pre -peak of O -K, which again indicates the creation of
oxygen vacancies. These fine structure EELS results confirm the creation of
oxygen vacancies which lead to an observable chemical -shiftin Mn  -L,.
Magnetic Measurements

The magnetic properties were evaluated us
superconducting quantum interference device (SQUID) via vibrating sample
magnetometer (VSM) setup. The H vs M measurements were done at -263°C
(10K) with an applied in -plane magnetic field varied from +10kOe to -10kOe.
The results of samples n1, n2  and n3 following deposition are shown in

Figure 7.5. A systematic decrease in magnetization saturation is observed
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for the films grown at lower oxygen partial pr essures. As discussed in
previous work [23], decreasing the oxygen partial pressure during growth
increases the number of oxygen vacancies, causing the distortion of the

LSMO unit cell and disrupting the coupling between neighboring manganese
atoms. The bridging oxygen is necessary for enabling sp in alignment via
double -exchange mechanism in the LSMO. [37 639]

Upon initial 900° C air annealing of the samples, a significant
deterioration of magnetic properties in all three samples is observed. The
magnetic properties results are shown in Figure 7.6 for sample n1, and
Figures 7.8 and 7.9 for samples n2 and n3, respectively. This large
reduction of magnetization saturation is attributed to creation of point
defects in the LSMO film by removal of the bridging oxygen. The loss of
oxygen disables the double -exchange spin transfer mechanism and causes

loss of ferromagnetic ordering in the LSMO film.

The partial recovery of magnetic properties is observed for all three
samples following the 6 hour, pure oxygen annealing treatment. The results
indicate the re -entering of oxygen into the LSMO film. The magnetization
saturation for all samples converge around 80 -84 emu/ccm, indicating the
approach to the equilibrium state. Longer oxygenation times were
performed and no further increase in the magnetic properties was observed.
The failure to reach as -deposited level of magnetization in the LSMO films
indicates the potential detrimental role that strain relaxation plays in

controlling the magnetic properties of the samples.
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The overall magnetization change after the 900° C air annealing
treatment was larger in the n1 sample than in n2 grown sample, while n3
sample showed the smallest change. These results emphasize the
advant ages of non -equilibrium, pulsed laser deposition technique. The three
samples were grown epitaxially at different oxygen concentration by
changing the partial pressure during the deposition. Following thermal
annealing, the n1 sample, which is closest to t he stoichiometric state,
experienced the largest change in its stoichiometry and hence magnetic
properties, while n3 which contained the lowest oxygen concentration,
expectedly, experiences lower oxygen loss, which in turn, leads to the

smallest change in  magnetization.

Following the second annealing treatment (700° C, pure oxygen), the
magnetization values recovered and peaked around ~80 -84 emu/ccm. The
consistent behavior among all three samples confirms that the samples
approached chemical equilibrium. Furthermore, it is believed that the
dislocation formation and oxygen reduction are responsible for lower
magnetization versus the pristine, as  -deposited LSMO films. Further
repetition of annealing treatments was performed and consistent magnetic
behavior was observed, indicating no further change in point defect
concentration, interface mixing or additional dislocation formation. The
resulting saturation magnetization results as a function of thermal
processing history are shown in Table 7.1, indicatingt he % change with each

thermal treatment.
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The consistency in magnetic results allows for the following
conclusions: i) the initial magnetization saturation is dictated by the oxygen
partial pressure present during the growth of the films. This in turn,
cont rols the bridging oxygen content necessary for enabling ferromagnetic
ordering via direct -exchange mechanism. ii) With high  -temperature (900° C)
air annealing (above deposition temperature), irreversible strain relaxation
occurs simultaneously with oxygen reduction causing the degradation of
magnetic properties. The similar magnetization values in all three samples
following low -temperature (700° C), pure oxygen thermal treatments indicate
equilibrium processing. An indication of the extent of irreversible strain
relaxation was recorded by measuring the interplanar spacing in the in -situ
XRD. This indicated a transition temperature where the substrate expansion
forced additional dislocation formation to alleviate the strain. iii) Final
oxygen annealing tre atment allowed for an increase of oxygen content in the
oxygen deficient LSMO films, leading to partial recovery of the magnetic
properties. However, due to the irreversible deformation (irreversible shift in
Bragg peaks) in the films experienced during th e air annealing treatment, the
magnetic properties were not fully recovered. Finally, the reversibility of
magnetic properties observed during subsequent thermal treatments
indicate that it is only changes in the bridging oxygen concentration that is

now r esponsible for magnetic behavior.
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Vacuum and pure oxygen annealing experiments

To eliminate the possibility of nitrogen impurities affecting the
properties of the film during high -temperature air anneal and to further
reinforce the conclusion that oxygen reduction and not oxidation is
occurring during the high  -temperature (900° C) air -anneal experiment,
additional vacuum and pure oxygen annealing experiments were performed.
In Figure 7.10, the as -deposited (AD) n2 sample was annealed at 500°C in
pure oxyge n. The temperature was picked to be below the temperature
where dislocation formation was observed in Figure 3 (~520°C). The results
in Figure 7.11 show no change in Bragg scattering angle for either the LSMO
or MgO out -of -plane peaks, indicating no strain relaxation via dislocation
formation. The observed increase in relative intensity and decrease in FWHM
(full -width at half -maximum) suggests a decrease in scattering defect centers
via recombination and annihilation. These results suggest that additional
dislocation formation only occurs when the samples are heated above the
original deposition temperature where thermal misfit -induced strain is once
again introduced into the films.

High -temperature annealing was performed on the as -deposited (AD)
n2 sample in vacuum instead of air to further explain the diffusion process
of oxygen in the LSMO films. The XRD results of vacuum annealed samples
are shown in Figure 7.7.The results indicate the complete collapse of the
perovskite crystal structure due to oxygen loss. The collapse of structure

confirms the LSMO sensitivity to oxygen concentration. The MgO film shows
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similar behavior seen in the air annealed experiment, indicating that higher
temperatures are required to overcome the diffusion activation energy of

oxygen in the MgO buffer layer.

Similar behavior was reported by Li et al. [40] when the epit axial (001)
LSMO films were grown on BaTiO ,/LaAlO , platform and annealed in oxygen
and vacuum. The magnetic measurements showed higher magnetization
saturation in the oxygen annealed films and complete loss of ferroelectric

behavior in the BaTiO ; film afte r vacuum annealing.

In summary, the additional vacuum annealing and pure oxygen
annealing experiments provide supporting evidence that a complicated
interplay between strain relaxation and changes in oxygen stoichiometry
affect the m agnetic behavior of LS MO films.

Discussion

Substantial research has been reported on various annealing treatments
of LSMO thin films. However, correlation between the observed physical
properties and structural changes has been elusive. Using the findings
reported in this pape r, possible new insight can be provided on previously
reported work by other groups. It is proposed here that the effect of
annealing treatments on LSMO films can be grouped into three distinct
categories: i) non -epitaxial samples (e.g. polycrystalline and nano -crystalline
thin films, bulk samples), ii) epitaxial films grown by lattice matching

epitaxy (LME) with a small lattice misfit (e.g. STO/LSMO structure) and iii)
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epitaxial films grown by domain matching epitaxy (DME) with a large lattice

misfit betwe en the substrate and the film.

(i)

(ii)

In the case of non -epitaxial samples (i), the high -temperature

anneal increases the grain size that consequently improves
magnetization and lowers coercivity. The strain relaxation via

dislocation formation is not present as the film is not strained by

the substrate and grain growth is the dominant effect observed

during heat treatments. Because no strain relaxation occurs, the

oxygen annealing expectedly improves the properties. [15,16]

For epitaxial LSMO films grown by (LME) suc  h as SrTiO ;, LaAlO; and
BaTiO,,the small lattice misfit creates unrelaxed residual lattice

misfit strain that grows with increasing thickness of the films until

it reaches critical value (aka. critical thickness) where dislocation
nucleation and formation  occurs to relax the film.  [28] For example,
in the STO/LSMO system, the critical thickness value is ~55nm [41].
In this case the thickness of the film becomes an additional

consideration.

(iia) Small lattice misfit films grown below critical thickness

experience unrelaxed lattice misfit strain that adds to the residual

thermal strain in the heterostructure.
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(iib) Small | attice misfit films grown above critical thickness behave
similarly to DME samples (iii) as the residual lattice misfit strain is

negligible and the only variable controlling the amount of stress

that the films experience is dictated by residual thermal ex pansion

mismatch.

In both (iia) and (iib) cases, the subsequent thermal processing below the
deposition temperature does not lead to significant strain relaxation.

Therefore, LSMO films annealed in pure oxygen [17] or ambient [18]
conditions showed small improvements in mag netic properties. In the
mentioned cases, the expansion coefficients of the STO substrate (~ 1.11

10° K")[42] and LSMO (~ 1.16 x 10 ® K*)[43] are similar, suggesting that only
minor changes in residual thermal strain occurs with temperature. This

means that below the critical thickness (iia), the behavior of the small lattice
misfit fil ms (ii) with thermal processing will be the same as with non -
epitaxial samples (i) and large lattice misfit systems annealed below the

deposition temperature (iiia). Above the critical thickness (iib), the film will

relax via dislocation formation similarl y to epitaxial films grown on large
lattice misfit systems annealed above deposition temperature (iiib). [19]
Subsequent improvement of the physical properti es with annealing

therefore, is due to grain growth and decrease of oxygen vacancies.
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(i)  When the substrate/film plane misfit increases to >7%, the film
moves away from the traditional small misfit (LME) growth and
instead is explained by domain matching ep itaxy (DME), which
predicts that the dislocation formation at the interface occurs to
alleviate the strain. This means that at the deposition temperature,
an equilibrium number of dislocations and point defects is created
to minimize the strain. In other w ords, the residual lattice strain
plays no role in the relaxation mechanism after the initial
deposition. Instead, the stress that films are subjected to is mainly
dictated by the thermal strain. Consequently, the behavior of the
film subjected to annealin g treatment is dictated by the
temperature at which it is performed. Therefore, two separate

behaviors are observed.

(ila) When samples are annealed at temperatures below the
deposition temperature, the improvement in crystallinity is

observed (Figure S4 ) indicating defect annihilation and segregation.
Non -epitaxial samples (i) and epitaxial films grown under small (ii)
or large misfit (iii) conditions will show similar behavior because no
additional strain is being introduced when heated below the initia
deposition temperature. In other words, upon cooldown, the

sample strain state remains unchanged.
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(iiib) When annealing occurs above the deposition temperature for

(DME) systems, the increasing in  -plane compressive thermal strain

with high -temperatures promotes additional formation of
dislocations and enhanced diffusion in the films. Formation of line
defects and oxygen vacancies are mutually inclusive at high -

temperature thermal processing.

For example, strongly -textured low Sr doped La ,4Sr,0.MNO;films have been

annealed at ~600°C in different oxygen pressures on the STO (001) and MgO
(001) substrates and compared. Significant improvement in magnetic
properties are observed on the STO substrates, but only slight improvement
was observed on the MgO s ubstrates. [20] This is attributed to fact that th
small lattice misfit of the STO/LSMO films does not allow relaxation during
initial deposition while the MgO/LSMO structure completely relaxed due to
large lattice misfit as explained by domain matching epitaxy [23]. The
annealing process therefore does not influence MgO/LSMO films

significantly as the oxygen content is not dramatically changed at low -

temperature annealing (below deposition temperature).

Final consideration needs to be given to the atmosphere in which the
annealing is performed. As shown in this work, vacuum annealing forced
loss of crystal structure in LSMO films while air anneal annealing drove the
systems toward chemical equilibrium. Similar behavior is found in the
literature. For example, 90 unit cell thick (001) LSMO films were grown on

SrTiO, substrates and annealed in vac  uum at 600°C. An observed shift in
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lattice parameter and metal -insulator transition was reported with longer
annealing time indicating that the oxygen deficiency is responsible for
magnetic and transport degradation of properties and elongation of the out -

of -plane lattice. [35]

In summary, the Al ,0,/MgO/LSMO heterostructure provided a good
scientific platform for investigating the role of oxygen and strain on the
magnetic behavior of LSMO thin  films by thermal annealing treatments. The
3-variant in -plane domain growth of LSMO eliminates magnetic anisotropy
that allowed for a systematic study. Most importantly, this work investigates
the annealing behavior of LSMO films with and without the strai n relaxation
components and therein explains the behavior reported by numerous groups
that was summarized above. From an application perspective, the control of
the oxygen vacancy concentration by Joule heating with an electrical current
in LSMO/STO thin f ilm micro -bridges has been previously demonstrated. [44]
Compar atively, in the present work, the samples with the highest
magnetization saturation are deposited at the highest oxygen partial
pressures and annealed below deposition temperature. Furthermore,
magnetic control via thermal annealing is demonstrated for pot ential use in

thermally assisted switching devices (TAS).
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7.5. Conclusions

A set of three epitaxial (110) films of LSMO grown with different
oxygen partial pressure conditions were systematically subjected to
annealing treatments. The results indicate tha t annealing treatments above
deposition temperature (~900°C) create irreversible strain relaxation in the
films which degrades magnetic properties of LSMO films. This hypothesis
was supported by an in  -situ XRD experiment that showed a linear increase in
interplanar spacing until ~520°C for LSMO and ~690°C for MgO. Further
increase in the temperature showed decrease in unit cell size of the films
indicating that samples experienced both reduction of oxygen and
irreversible defect nucleation and recombination . Partial recovery of
magnetic properties was observed once the samples were subsequently
annealed in pure oxygen at 700°C for six hours due to improved
stoichiometry, grain growth and defect annihilation. However, XRD showed
that out -of -plane Bragg peaks of the LSMO film did not reach the original
position indicating irreversible unit cell size change during the high -
temperature (900°C) air -annealing. Parallel annealing experiments in high
vacuum instead of atmosphere were performed and showed a complete
collapse of the perovskite structure in the LSMO films due to significant loss
of oxygen. Finally, lower temperature (~500° C) oxidation annealing was
performed on an as -deposited sample resulting in no significant change in
the interplanar spacing observe d, indicating no change in the strain state of

the film. Combining the results in this work and literature, three distinct
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categories were proposed to explain the properties of the LSMO film due to
thermal annealing: i) non -epitaxial samples, ii) epitaxial  films grown on small
misfit substrates (LME) and iii) epitaxial films grown on large misfit

substrates (DME). The reversibility of magnetic properties while the crystal
structure of the films is preserved indicates the importance of bridging

oxygen in con trolling the magnetic behavior of mixed valence perovskites

and also creates possible applications in thermally assisted switching

devices (TAS). Finally, the samples with the best magnetic properties are
deposited at the highest oxygen partial pressures a nd subsequently

annealed below deposition temperature
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7.7. Figures
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Figure 7.2: An overlap of the X -ray diffraction scans from 31  -38° range from the fu |l
scan shown in Figure 1. The shift of both the MgO buffer layer and the LSMO film

after air annealing is observed due to the strain relaxation and oxygen reduction in

the film. The drop in the intensity and increase in FWHM is also observed,

indicating t he increasing number of scattering centers such as point defects. The

increase in intensity is observed after oxygen anneal, confirming oxidation and

partial defect recombination and anhilation. Irreversable strain relaxation is

suggested due to the Bragg peaks not recovering to the initial as -deposited position
following pure oxygen anneal.

*please note that the location, intensity and FWHM of the reference substrate is
normalized, and roughly the same.
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Figure 7.3: Anin -situ X -ray diffraction scan during the air annealing treatment of
the n2 sample showing the change in the interplanar spacing (d) of the (110) LSMO,
(111) MgO and (0006) Al ,0, Bragg peaks with respect to temperature. At ~520°C
(LSMO) and ~690°C (MgO) the drop in d spacing is observed, indicating the strain
relaxation and oxygen reduction.
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sample.
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paper showing the influence of the oxygen concentration on magnetic properties of
the LSMO thin films.
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Figure 7.6: Magnetization vs magnetic field curves of n1 sample at 10K before a ny
thermal treatment (AD  -as deposited), after air annealing (AAA) and after oxygen
annealing (AOA).
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Annealing . After 900°C Air After 700°C O,

results table As Deposited Change Annealing Anneal
nl ~380 emu/ccm l 87% l ~48 emu/ccm I 75% I ~84 emu/ccm
n2 ~220 emu/ccm l 80% l ~44 emu/ccm I 82% I ~80 emu/ccm
n3 ~100 emu/ccm l 63% l ~37 emu/fccm I 124% l ~83 emu/ccm

Table 7.1: The annealing results table showing the change in magnetization

saturation in all three

samples with air annealing and subsequent oxygen annealing.
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Figure 7.7: Overlap of the XRD scans of n2 sample before the thermal treatments
(AD), after 900°C vacuum anneal and finally, a  fter annealing in pure oxygen. Each
Bragg peak of the LSMO film and MgO buffer layer are magnified in the color coded
insets for easier viewing. A complete loss of LSMO Bragg peaks is observed after high
temperature vacuum anneal indicating the collapse of the perovskite structure due
to significant oxygen reduction. MgO buffer layer shows higher resiliance due to
higher diffusion activation energy.
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7.8. Supporting Information

Figure 7.8: Magnetizatio n vs magnetic field curves of n2 sample before any thermal
treatment (AD -as deposited), after air annealing (AAA) and after oxygen annealing

(AOA).
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Figure 7.9: Magnetization vs magnetic field cur ~ ves of n3 sample before any thermal
treatment (AD -as deposited), after air annealing (AAA) and after oxygen annealing
(AOA).
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Figure 7.10: XRD scan of as deposited n2 sample(top) and after oxygen annealing

treatment(bottom) performed below the deposition temperature. The LSMO peak
relative intensity increased indicating the reducting of scattering centers via defect
anhilation and recombination narrowing the FWHM and improving the X -ray
scattering .
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Figure 7.11: Magnified image of the XRD scan from Figure 8, emphasizing the
increase in relative intensity of the film due to defect anhilation and recombination.

No significant shift in scatterin g angle is observed indicating no significant change
in strain (lattice constant) state of the film.
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Chapter 8 Control of Physical Properties of Epitaxial LSMO Films via
Strain -Engineering
8.1. Abstract
Epitaxial (001) lanthanum strontium manganese oxide (La 0750sMNO ;)
thin films were grown on magnesium oxide (MgO) buffered sapphire (Al,05)
substrate s to investigate strain induced magnetic anisotropy. Successful
epitaxial growth of MgO in both (110) and (001) out -of -plane orientation
allowed for different strain relaxation and dislocation formation to occur in
the LSMO films. In the ¢ ase of the r-cut sapphire substrate, the epitaxial
relationship was established to be nnp f¥nnp F¥mnpcg out-of-
planeand p T ¥ pnm IF ppm in the plane of the film. In
the case of the m -cut sapphire substrate , the epitaxial relationship was
confrmedtobe mnmnp X¥npp Ffomnmn forout -of-plane and
TP ¥ nmnp TF mpmn in the plane of the film. In-plane
structural asymmetry was suggested by the atomic model and subsequently
confirmed by X -ray diffracti on. Magnetic measurements showed a ~2  fold
change in the magnetization saturation in the LSMO film grown on (110)
MgO compared to an isotropic behavior in the LSMO grown on (001) MgO
buffer indicating the importance of lattice misfit and strain relaxation.
Transport measurements showed a ~10 centigrade shift in the metal -
insulator tra nsition temperature suggesting an in-plane strain dependence
for the (110) MgO grown sample but not in the (001) MgO sample,

suggesting the strain importance on the transport p roperties. Furthermore,
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both samples showed semiconducting behavior with the larger anisotropy
measured in the (110) MgO grown sample. Magnetotransport measurements
showed comparable magnetoresistance with the magnetic field applied
perpendicular to the cu  rrent flow in both samples. The results indicate that
the presence of strain plays a detrimental role in the transport and magnetic
properties of LSMO films and that the MgO can be used as a buffer layer to

great effect in tuning the strai  n state of epitax ial perovskite films

8.2. Introduction

Lanthanum manganese oxide (LaMnO ;or LMO) is an insulating anti -
ferromagnet with a perovskite structure. In LMO, the lanthanum and
manganese atoms both have a +3 oxidation state leading to inert physical
properties. * With dop ing of divalent strontium atoms and creation of +4
state of manganese atoms, the induced charge inequality gives rise to
interesting electronic and magnetic properties in the lanthanum strontium

manganese oxide (LSMO). ??

The magnetic anisotropy originates from either magnetocrystalline
anisotropy or due to the stress anisotropy. Epitaxial LSMO films were grown
on (001), (110) and ( 111) oriented STO substrates and expectedly, magnetic
anisotropy was observed due to both magnetocryst  alline effects and
magnetoelectric effects was observed. “ (001) epitaxial LSMO films grown on
STO showed biaxial tensile in  -plane strain leading to the biaxial easy plane

anisotropy while the LSMO films grow  n on LAO substrates showed uniaxial
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tensile strain creating an easy axis in a perpendicular direction. ® Anisotropic
magnetoresistance (AMR) in the epitaxi  al La, ¢ Sr,::MnO; films grown on (001)
STO and MgO substrates showed a two -fold and four -fold symmetries

respectively, attributing the anisotropy to the lattice distortion in the LSMO. ®

In this work, similar behavior is observed: the R sample creates a biaxial
strain on the LSMO film causing a symmetrical magnetic response in two
principal directions. Contrastingly, M sample has a uniaxial tensile strain in
the <100> direction causing  a <010> easy axis.
Background

The magnetic behavior of the materials dictates technological
application. To be able to understand and successfully manipulate it is
cruc ial for commercial realization.  ® For example , the higher magnetic
anisotropy shown in m  -sapphire samples allows for bette  r thermal stability
and concurrently has the potential to reduce the size of memory bits in data
storage devices. On the other hand, the low angular magnetic dependence in
r-sapphire samples is desirable  for of magnetic inductors and transformers
that requ ire high magnetic susceptibility.  * Several factors influence magnetic
anisotropy of materials: intrinsic crystal structure (magnetocrystaline
anisotropy), extrin  sic crystal anisot ropy (shape, stress anisotropy). ° Magnetic
anisotropy in crystals creates two distinct magnetic axes: the hard axis
where crystal energy is maximized and an easy axis where the energy 5
minimized .* In the case of LSMO, the easy axis is along <100> direction and

the magnetization saturation can be achieved at relatively low applied
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magnetic field s. In contrast , the <110> direction is defined as a hard

magneti ¢ axis in the LSMO. **

8.3. Experimental Procedure

The M and R samples were both  prepared at the same time in the
vacuum chamber using the pulsed laser deposition technique. First, both
substrates were cleaned by the mechanical sonicator in acetone and then
methanol baths for 5 minutes respectively at 50°C. The MgO and LSMO
targets were ablated with 500 pulses prior to deposition to eliminate surface
impurities. Samples were loaded in the vacuum chamber and the pressure of
5x 10 7 Torr was achieved using th e turbo -molecular pump. Substrates were
heated to 650°C for MgO and 800°C for LSMO deposition. Oxygen flow was
maintained throughout the deposition at 1.3 x 10 *(MgO)and 1.3 x 10 ?
(LSMO) Torr respectively. Finally, samples were cooled at 10°C/min with 1
Torr of oxygen pressure. Laser energy during deposition was 3.1 J/cm Z for
MgO and 1.5 J/cm 2 for LSMO while the sample -target distance was
maintained at 4.5 cm.  X-ray diffraction was  performed at the Advanced
Photon Source with an incident X  -ray energy of 16 keV . The superconducting
guantum interference device (SQUID) from Quantum Design was used for
Magnetization vs magnetic field measurements at 10K, 100K, 200K and

375K with magnetic field applied in the plane of the samples.
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8.4. Results and Discussion
Structural
XRD
Structural characterization was performed by X -Ray diffraction

technique. Firstly, the out  -of -plane epitaxial relationship between the
substrate and the films was established using the d-2d configuration. The
synchrotron X -ray diffractometer scans are shown in Figure 8.1 showing

nnp f¥npp F¥onm forMsampleandin Figure 8.2 showing the

nnp fXnmnp TX1p( out -of -plane matching for R sample. No other

peaks are observed in the scans indicating high ly epitaxial films. In Figure 2
the inset shows a slight misalignment o f the film with the substrate. This is
not uncommon for the R -plane sapphire substrates as it is not the principal
cleaving plane and the miscut values are between 1 -5° depending on the
supplier. This misalignment explains the lower intensity of sapphire peaks
compared to other film shown inthe Figure 8.2, since slight misalignment
of the substrate | owers the intensity substantially.
XRD Phi Scan

To derive the complete, three -dimensional structure of the samples,
an in -plane epitaxial relationships need s to be established between the film
and the substrate. A large area pole figure is shown in Figure 8.3 for M
sample where t he two (200) poles (Orange circles) at ¢ D 450 that
correspond to the Bragg peaks of the (020) and (002) of the MgO buffer ,
confirm the growth of epitaxia | (110) -oriented MgO. Four diffraction spots of
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the LSMO film are shown as the light blue rectangles that are aligned with

the MgO buffer, ¢ onfirming the ep itaxial relationship. Finally, the four white

triangles correspond to m  -plane sapphire peaks of ( 60 h Cp P ) p EG

Al /p Q_G , respectively . For the R sample, a traditional XRD Phi scan was

performed and results shown in Figure 8.4 indicate a cubic, four -fold
symmetry of growth that is expected for (001) out -of -plane LSMO.
Domain Matching Epitaxy

From the X -ray data, an atomic matching model was created using the
domain matching epitaxy (DME) paradigm. 14 The atomic arrangement
predicted by the DME and confirmed by the X -ray analys is is shown in
Figure 8.5 for M sample and Figure 8.6 for R sample. Inthe models, itis
clear that the lattice misfit between the M and R samples are different due to
different growth orientations between the buffer and the film. More
specifically, the L SMO grown on M sample has about an 8 fold higher lattice
misfit between the buffer in the <010> direction than in the <001> direction,
therefore causing a different dislocation periodicity and residual strain. The
lattice misfit in <010> LSMO direction wit h <1p0> MgO is ~64%. A full list of
lattice misfits between the layers in the two samples is tabulated in Table
8.1. This large lattice misfit growth cannot be explained by traditional lattice
matching epitaxy. However, in domain matching epitaxy, the la ttice misfit is
not considered, instead, lattice planes are added to minimize the strain. This

large planar mismatch causes dislocation formation during the first few
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monolayers of growth as a part of film nucleation step. *In the past, the
domain matching growth was always considered in a large misfit system and

the dislocation formation would create a strain -free film. H owever, in the M
sample case, both principal direction s of growth have a largerthan 7 % lattice
misfit, causing two separate dislocation formation directions and

subsequent relaxation. Therefore, despite the M sample relaxing early in the

film growth process, due to the different dislocation relaxation mechanism

in the two principal directions , the residual strain will be different. In the

case of the R sample, the same lattice misfit is present, and thus will relax at
the same rate and same dislocation periodicity. This hypothesis is confirmed

in the magnetic measurements.

Physical Properties

Superconducting Quantum Interference Device Measurements (SQUID)

The magnetic properties were measured by the superconducting
guantum interference device (SQUID) from Quantum Design. The
magnetization change with respect to the magnetic field measurement s were
done at -263°C (10K) with an applied in  -plane magnetic field varied from
+10kOe to -10kOe. The results of the M and R samples are shown in Figures
8.7 and 8.8, respectively. In the case of the R sample, the similar
magnetization saturation is achiev  ed in both principal direction (<001> and
<010> for the LSMO film). This result is expected due to the same lattice
misfit in both principal direction s with the buffer MgO layer. The overall

magnetization saturation is similar in both directions (~200 emu/ ccm) to
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25nm LSMO films grown on LAO reported by Tsui but expectedly smaller

than the thicker films (~380 emu/ccm). 2 This is attributed to the tensile

strain imposed on the LSMO film which increases the hopping amplitude

between charge carriers and subsequently reduces the double -exchange that
enables the ferromagnetic ordering.  *® In the M sample cas e, the lattice misfit
anisotropy leads to different strain relaxation via insertion of dislocation s.
This inequality gives rise to strain anisotropy between the <010> and <001>
LSMO directions. The magnetic anisotropy originates from either

magnetocrystall ine anisotropy or stress anisotropy. In this work, the growth
direction is the same, but the strain imposed to the LSMO is different due to
differences in the lattice misfit in the two samples. Similar to the previous

work, the (001) grown LSMO films onth e (001) STO showed similar
magnetization loops with small coercive field in both <010> and <100>

directions, while the films grown on (110) STO showed higher coercive field
anisotropy and overall magnetization change. * The insets in  Figures 8.7 and
8.8 show coercivities for the M and R sample respectively. Higher  change in
directional coercivity is observed in  the M sample than in the R sample. In
the past, it was shown that the microstructure has a significant influence on
coercive field but negligible effect on the magnetic anisotropy indicating

that despite slight change in coercivity between the M and R samples, the
magnetic anisotropy arises predominately from the strain anisotropy. H
Results indicate that the <001> LSMO direction is the hard magnetic axis

while the <010> is the easily magnetized axis. With sufficient applied
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magnetic field, it is assumed that the same magnetization satur ation will be
achieved in both directions.  Insets in the Figures 8.7 and 8.8 both show very
low magnetic coercivities in <001> directions. This is expected for LSMO
films, as in the (110) grown films, the in -plane coercive field was enhanced
due to increas ed thickness variation in both MgO  ** and STO* grown samples.
Physical Properties Measurement System ( PPMS)

Resistance vs Temperature

Transport properties  of the samples were performed using the
physical property system by Quantum Design. The resistivity of the samples
were performed in the temperature range from -263°C to 73°C with and
without magnetic field applied and a subsequent isothermal
magnetoresistance measurements was performed. The results of the
resistance measurements with respect to temperature are shown in Figures
8.9 and 8.10 for M and R samples respec tively. In the R sample, the
semiconducting behavior of the LSMO film is observed that is similar to
previously reported work on C  -plane sapphire grown LSMO films.  ** Similar
metal -insulator tran sition occurs in both the <001> and <010> directions
indicating strain isotropy. In the M sample however, a shift in the metal -
insulator transition temperature occurs between the <001> and <010>
directions. A ~10 centigrade shift is measured indicating tha t the dislocation
ordering between the two principal directions caused an uneven residual
strain that alters the charge carrier transport. Y The subsequent cut -off in the

measurement with lower temperature is identified to be due to the
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aluminum contacts losing connection with the sample holder. Ranno et al.
previously reported that the metal -insulator transition follows the strain
anisotropy in the epitaxial films supporting our results. 18

Magnetore sistance

Isothermal m agnetoresistance measurements were performed from -
10kOe to 10kOe. The results for M and R samples are shown in Figures 8.11
and 8.12. Similar behavior is observed in both samples with a very similar
reduction in resistivity measured i n both principal directions. Lower
temperatures show expected increase in magnetoresistance values.
Magnetoresistance anisotropy was previously reported in the La 0830017 MNO;
films grown on the (001) NdGaO ; substrate with varying thickness. The
results i ndicated strong thickness dependence due to the strain relaxation
while both the in  -plane and out -of -plane angular magnetoresistance showed
similarly small changes. * The results presented here are therefore, not
surprising as the out -of -plane magnetic field has a similar effect on the

carrier transport in both principal directions.

8.5. Conclusion

Two samples of epitaxial (001) LSMO films were grown by pulsed laser
deposition with different in -plane lattice misfits. The R sample was grown
on r -plane sapphir e substrate and (001) MgO buffer layer while the M sample
was made on m -plane sapphire substrate and (11  0) MgO buffer. The
symmetrical cube -on-cube growth in R sample caused a uniform relaxation

via dislocation formation as explained by the domain matching epitaxy. In
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the M sample case, the two pr incipal directions were relaxed to different
extents , causing the magnetic and transport anisotropy in the films. X -ray
diffraction confirmed that the epitaxial relationship in the M sample is

nnp f¥npp F¥onm forout -of-planeand TmTp ir
nnp I mpTm in the plane of the film. In the case of the R sample,
the growth was confirmed to be nmnp fXnmnp T¥mnp( out -of -plane
and pTmTt ¥ pnm IF ppm in the plane of the film. Magnetic

measurements revealed that the easy axis is in the <010> direction while the
hard axis is in the <001> direction. Both principal axe s of R sample were
similar to the <001> axis of the M sample, indicating that the strain

relaxation is the main mechanism that dictated the properties in the films.

The transport measurements showed a ~10 centigrade shift in the metal -
insulator transition  between the hard and easy axis in the M sample while no
shift was observed in the R sample. Magnetoresistance measurements

showed no significant anisotropy between the principal directions in both
samples. Finally, the M and R planes of sapphire buffered w ith MgO provide
an interesting way of controlling the in -plane strain in the LSMO films.
Tuning the strain in these heterostructures has interesting applications in

sensors, actuators and inductors.
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8.6. Figures
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Figure 8.1. A synchrotron X -ray diffraction of the M sample showing out

plane plane alignment.
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Figure 8.2. A synchrotron X -ray diffraction of the R sample showing out -of -

plane plane alignment with inset showing the misalignment between the
substrate and the film.
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Figure 8.3: A pole figure of the M sample. The two (200) poles (Orange

circles) at ¢ D 45U (020) MgO and (002) MgO, confirm the growth of epitaxial
(110) -oriented MgO. Four poles of the LSMO film (Light blue rectangles) are
aligned with the MgO buffer, confirming the epitaxial relationship. Finally, 4

white triangles correspond tom  -plane sapphire peaks (21 -33).(2-1-1-3), (11-
2-3) and (11 -2-3) respectively.
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