Chapter 2

Experimental Techniques and
Setup

2.1 Soft X-ray Absorption Spectroscopy

X-ray absorption is a core-level excitation through a transition from a core
state to an unoccupied state by absotbing photons. Because every element
has characteristic core-level hinding energies; x-ray absorption is element

specific like all other core level spectroscopies.
2.1.1 Electron-Photon Interaction in XAS

The basic principle governing the x-ray absorption is the interaction of
electromagnetic radiation with matter. The interaction can be simplified to
a system with one photon interacting with an n-electron atom. The system’s

Hamiltonian can be expressed as
H = Hatom + Hrad + Hintera (21)

where Huiom, H,qq, and H;,e, are the Hamiltonian of the atom, photon, and

their interaction, respectively.

29
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The radiation field is
Hyua = hw(aTa + 1/2)7 (22)

where a' is the creation operator and a is the destruction operator. In non-

relativistic approximation, the interacting Hamiltonian is
e
Hinter =——Pp- A7 (23)
me

where the vector operator of the radiation field can be written as

2rhe?n

A= Vw

)1/2é€ikr—wt’ (2'4)

and the photon energy is hw. The transition probability between the initial
and final states is

M = <q)f|HinteT’(I)i>7 (25)

and the transition rate is given by Fermi’s golden Rule:
2 9

where M;; = (2p°3d"![;% A - 2V[3d") for a system of n electrons in the 3d
orbitals.

In an x-ray absorption process, the Fermi’s golden rule determines the
absorption cross-section, and the matrix element must be non-zero based on
the selection rules. The matrix element is also related to the initial and final

state of the XAS process.
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2.1.2 Ground State

In order to understand the absorption process, it is necessary to know
the ground state of the material. In an XAS process, there are two models
used to analyze the absorption spectra. One can either use the density func-
tional theory (DFT) or the configuration-interaction scheme to describe the
electronic structure of transition metals.

The single-particle description of XAS process works well for the metal
and oxygen K-edge in transition-metal oxides. However for the metal Ly 3-
edges absorption, this agreement is rather poor because of the strong wave
function overlap of the core and valence states. For example, in NiO, the
final state of L-edge x-ray absorption process is a partially filled core state
with a 2p° configuration and thefinal state also has an incompletely filled 3d
band with a 3d? configuration.”The 2p-holeand 3d-hole have a wave functions
overlaping, which is an atomic effect leading to the so-called multiplet effects.
The multiplet effect describes the interaction between the core holes and the
partially filled valence band. In contrast, in the case of s-core holes, multiplet
effects are reduced [1] to just the exchange interaction between the spin of
the s-core hole and valence electrons, and the exchange interaction is small,
implying that multiplet effects will not be visible.

In short, the s — p absorption can be approximately described with
density functional theory. In the p — d transition, the single-particle picture

breaks down and the multiplet effect dominates.
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Density Functional Theory

In 1930’s, physicists were aware of the quantum mechanical equations
to solve the many-electron systems, but were incapable of solving the sys-
tems exactly except some simple cases. In 1964, Walter Kohn and Pierre
Hohenberg proved the density functional theory [2] for understanding many-
electron systems. In place of the complicated functions which depend on the
position of each electron in the system, they showed that knowing the average
density of electrons at all points in space was enough to uniquely determine
the total energy and all other physical properties of the system. Furthermore,
this ground-state electron density can be found by solving a self-consistently
one-electron Schrodinger equation.” In 1965, the density functional theory
was greatly enhanced after’W. Kohn“and L. J. Sham described a procedure
for driving the electron density of ground state and total energy of a sys-
tem [3], the so-called local density approximation (LDA). The trick was to
separate the universal function into three parts: kinetic energy, Coulomb
energy, exchange and correlation energy.

The DFT theory help us understand the band structure of a system. The
occupied and unoccupied states are equally important for understanding the
physical properties involving low-energy excitations from the states below
Fermi level and to those above. This is not only to determine the total
energy but also to obtain a picture of the electronic structure, which is used

to analyse the XAS spectra. Figure 2.1 shows one example of comparison of
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Figure 2.1: Upper panel: Site=projected-and total density of states of anatase TiOs.
Lower panel: The oxygen 1s XAS (dotted line) and the oxygen p-projected density of
state. (solid line) of TiOy (from.Ref. [4]).

the oxygen K-edge XAS spectra with the oxygen projected density of states

for anatase TiO [4].

Multiplet Effects

Atomic multiplet describes the L-edge XAS process between the config-
uration of the initial and final states including the Hund’s rule. The allowed
transitions depend on the selection rules, and the transition rate is deter-
mined by Fermi’s golden rule.

The L-edge absorption process in transition metals is a transition process
of 3d™ initial state to 2p®3d™*! final state by means of a dipole transition. The

dominant transitions are 2p;/, — 3d (denoted as Ls-edge) and 2ps/, — 3d
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(denoted as Lg-edge), with an energy separation determined by the spin-
orbital coupling. In 3d transition-metal oxides, one-electron model is not a

good approximation for L-edge XAS.

Ligand-Field Multiplet Theory

In the case of the 3d-metal oxides, one has to include the hybridization
between the oxygen 2p-band and transition-metal 3d-band to describe the
XAS spectra correctly. The transition-metal ions are surrounded with oxygen
ligand; it is necessary to include the symmetry effect of the oxygen neighbors.
The local symmetry can be described in terms of ligand-field multiplet theory
(or so-called crystal field multiplet theory:).

A large range of transition=metal oxides systems consist of a metal ion
surrounded by six neighboring oxygenratoms and form a so-called octahedral
structure, dominantly in cubic?solids...In the octahedral environment, the
field of the neighboring atoms on the central atom has the cubic (O) sym-
metry which divides the 5-fold degenerate 3d-orbitals into two symmetries,
tog and e,. The 2-fold degenerate e, state contains orbitals which is directly
toward the position of ligand, so e, states interact stronger with the ligand.
The three ty, orbitals point toward the corners of the cubic; therefore, their
interaction with the octahedral ligands is smaller. The strength of dominant
symmetry effect is the ligand-field splitting (10D,).

The effect of the cubic ligand field on the energies of the atomic states has

been described in the textbooks [5, 6, 7]. For example, the 3d° configuration
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Figure 2.2: Multiplet spectrum for 3d® — 2p°3d" of Ti*+ with crystal field. The solid line
shows that crystal field 10D, was taken as 1.5eVyj.and the dashed line is the SrTiO3 2p
x-ray absorption spectrum (from Ref. [8]).

of Ti** in cubic symmetry; all final states with T, symmetry are allowed
transition from the A; initialstates Tn'Fig:2.2.[8], solid line shows the effects
of ligand field on multiplet spectrumwith the 10D,= 1.5¢V, and dashed
line displays the SrTiO3 L-edge x-ray absorption spectrum. The calculation
reproduces all peaks which are visible in experiment, especially well observed

in the small pre-peaks.

Change-Transfer Multiplet Theory

Because of the configuration-interaction effect, charge fluctuations allow
more than one electronic configurations in the initial and final states.
In transition-metal oxides, when an electron of oxygen valence 2p-band

fluctuates to the metal 3d-band, the configuration of initial state can be
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Figure 2.3: X-ray absorption process described with charge transfer. All the notations are
explained in the text.

expressed as 3d"™' L (the L-denoting a'ligand hole in oxygen). The charge
transfer model adds a configuration3d™™ L to:the 3d" ground state. The
energy difference between thé 3d” and 3d”* L configuration is the charge
transfer energy, as described in Chapter 1. A higher order configuration
3d"™2L L' can also exist in the initial state. In many cases, charge-fluctuation
configurations are reguired to explain the spectral shapes.

As shown in Figure 2.3, if the 3d"*2L L' including, the energy difference
between the 3d""2L L' and 3d™ is 2\ 4 Uyq. The Uyy is the on-site Coulomb
energy of 3d-electrons, defined as the required energy to transfer a d-electron
from a metal site to another, i.e., 3d™ + 3d™ — 3d"*! + 3d" 1.

In the final state of an XAS process, the configurations are 2p°53d™+!

and 2p°3d"T2L. The energy difference between 2p°3d™*! and 2p°3d"*+2L is
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A +Ugq— U,q, where Uy is the core hole potential (which will be discussed in
next section). Empirically U, is slightly 1 eV larger than Uy, for transition-

metal oxides, i.e. Uy ~ Ugg+ 1 eV [9].
2.1.3 Final State

The final state of x-ray absorption includes an additional electron excited
by the photoelectric process in the valence band and a core hole left behind.
The effect of core-valence interaction is important in the final state of XAS.

In the left of Fig. 2.4, without the core-valence interaction, the energy
difference between 2p°3d™*! and 2p33d"*? for the final states excited from
3d™ and 3d"*! ground states,respectivelysis the on-site Coulomb interaction
energy Uyy. However, if the core-valence interaction is included, when a 2p
electron is excited to the 3d-band and the final'state has (n + 1) d-electrons
with the 2p®3d" ™! configuration; thefinal-state energy is reduced by (n + 1)
times of the core-valence interaction, i.e., (n 4+ 1)Ug. As shown in the right
of Fig. 2.4, the energy difference between 2p°3d™™! and 2p°3d™*2? with core-
valence interaction is Uyy — U.q. The absorption energy of a 3d" configuration
in the ground state shifts to the lower-energy side of the absorption spectra
by Ugq — Uga, as compared with the absorption of a 3d"™! configuration. We

therefore can use this energy separation to identify the absorption resulting

from different valencies of transition-metal ions.
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Figure 2.4: The energy diagrams of L-edge x-ray absorption in a compound without and
with core-valence interaction.

2.1.4 Matrix Element

X-ray absorption is typically interpretedas a one-electron addition process
combined with the core-valence interaction. A core-electron is excited to
the unoccupied state, and the transition matrix element M;; determines the
absorption cross section. In dipole approximation, the matrix element M,;
is non-zero only when the angular quantum number difference between final
state and initial state is £1 (Al = £1, i.e., s — p or p — d, etc.) and the
spin quantum number is conserved (As = 0). The quardrupole transition is
with Al = 42, i.e., s — d or p — f, etc. The quardrupole transition is much
weaker than the dipole transition by several orders of magnitude.

Table 2.1 shows the term symbols of 3d"-systems and the number of

allowed transitions of 3d™ — 2p°3d™™! with the dipole selection rules. For a
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Table 2.1: Electronic configuration involving in the transition of L-edge x-ray absorption
from the atomic ground state to allowed final state symmetries and after applying the
dipole selection rule.

# of symmetry # of # of
transition term symbols of term symbols  allowed
ground state ground state  final state  transitions

3d% — 2p°3d* 1 1Sy 12 3
3dt — 2p°3d? 2 *D3/s 45 29
3d? — 2p°3d® 9 3FYy 110 68
3d® — 2p°3d* 19 tFy) 180 95
3d* — 2p°3d° 34 ° Do 205 32
3d® — 2p°3d° 37 6552 180 110
3d® — 2p°3d” 34 >D, 110 68
3d" — 2p°3d® 19 1Fy o 45 16
3d® — 2p°3d° 9 3y 12 4
3d® — 2p°3d*0 2 *Ds /s 2 1

3d® — 2p°3d* transition, for-example; the term symbol of 3d* ground state in
Hund’s rules is *F3 /o with J = 8/2. The number of term symbols in 2p°3d*
final state is 180. For dipole selections, only the final states with J' = 1/2,
J'=3/2 and J = 5/2 are allowed, and the numbers of transition are 21, 35
and 39. This implies a total of 95 allowed peaks out of the 180 final-state
term symbols.

In x-ray absorption, the spectral shape reflects the partial density of un-
occupied states. However, the absorption spectrum is convoluted with a
Lorentzian broadening to account for the finite lifetime of the core-hole fol-
lowing with the Heisenberg’s uncertainty principle.

The term symbol only describes the symmetry aspects, but does not de-

pict the relative energy of each multiplet in XAS. The relative strengths
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of different terms are determined by the matrix elements with including
electron-electron interaction and spin-orbit coupling. The electron-electron
interaction can be described as:

2

(FSHL =L, = 3 b 4+ 309G, (2.7)
T12 k &
where the F* and G* are the Slater-Condon parameters [10, 11, 12]. F*
and f; are the radial and angular part of the direct Coulomb repulsion,
respectively. G* and g, are the radial and angular part of the Coulomb
exchange interaction, respectively.

The f; and gy are non-zero inséertain values of £ depending on the term
configuration. The direct Coulomb repulsion fi is present until £ equals two
times the lowest value of the orbital quantum number [, and the Coulomb
exchange interaction gy is ptesent'only for electrons in different shell. For
example, it contains non-zero Slater-Condon parameters of fy, fo, and f; in
3d" configuration. For a 2p°3d"*! configuration in the XAS final state, the
Slater-Condon parameters of fo, fo, f1, g1, and g3 are non-zero. The radial
part of Slater-Condon parameters F'* and G* were tabulated in the standard
textbook of quantum mechanics [13]. For the 3d-electron system, the F? is

approximately equal to 10 eV, and F* = 0.62F72.
2.1.5 Linear Dichroism in X-ray Absorption

In x-ray absorption, the matrix element of a dipole transition is propor-

tional to the Gaunt coefficient c¢*(lymy, lymy) with k = 1, where [; and m,



2.1. Soft X-ray Absorption Spectroscopy 41

are, respectively, the orbital and magnetic quantum number of one-electron
valence orbit, and I, and msy are those of the core state.

In the dipole transition, m; —ms must be equal to £1 for the electric field
of the incident x-ray E perpendicular (L) to the z-axis. For the electric field
E is parallel (]|) to the z-axis, then m; = ms. We can select the transition
between m; and msy by changing the direction of E to determine the orbital
polarization directly.

If the occupied 3d-electron cloud has an out-of-plane shape of unoccu-
pied states, the integrated XAS intensity with x-ray E || z is larger than that
with E L z. On the other handsif the eléctron cloud has an in-plane shape
of unoccupied states, the intensity of B L 2 is larger than that of E || z.
The polarization-dependent-soft x-ray-absorption, particularly linear dichro-
ism, provides us with a powetful tool to identify the orbital polarization of

transition-metal oxides.

2.1.6 Examples of XAS
A. Oxygen 1s XAS in Transition-Metal Oxides

The oxygen K-edge XAS is the transition which a core-level electron is
excited to an unoccupied 2p-state, i.e. 1s — 2p transition. The absorption-
threshold energy is about 530 eV.

Figure 2.5 shows the oxygen K-edge XAS spectrum of LaSrMnO, single
crystal. The spectrum can be divided into two regions. The first region,

near the 530 eV photon energy, is attributed to oxygen 2p predominantly hy-
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Figure 2.5: Oxygen K-edge x-ray abserption spec¢trum of LaSrMnO,4. The pre-edge peak
near 530 eV is assigned to oxygen pharacter in the transition metal 3d band. The broader
structure above 540 eV is the oxygen pcharacter hybridized with metal 4s- and 4p-bands.

bridizing with transition-metal 3d-band. The second region, typically 5~10
eV above the absorption thresheld, is attributed to oxygen p character hy-
bridizing with metal 4s- and 4p-states.

At the pre-edge XAS, which is related to 3d bands, the spectrum consists
of two peaks. These two peaks can be identified as the ¢y, and e, symmetry
separated by ligand-field. To check the validity of these peaks as being related
to the ?9, and e, symmetry, we will discuss this question in next chanter.

The oxygen 1s XAS in transition-metal oxides also provide us the spectral
fingerprint of strong electron correlations. Figure 2.6 shows the example
of spectral weight transfer in Las_,Sr,CuQO, [14], the configuration of Cu
is d° in the LayCuQO,4. The hole concentration was increasing with the Sr

doping x. Two distinct peaks are observed at photon energies around 528.8eV
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Figure 2.6: Fluorescence yield™ of loxygén:'1s' x-ray absorption spectrum of the
Las_,Sr;CuOy4 with various doping. (from Refs[14]) =

(labeled A) and 530.3eV (l‘ébele‘d“‘B‘). Tn fhe;O 1s XAS, because O 2p is
strongly hybridized with Cu 3d-band, oXygeﬁ 1s XAS spectra also represent
the electronic structure of Cu. Peak-B represents the absorption of 3d° —
3dY, and peak-A shows that of 3d°L — 3d°. The peak-B is related to
the upper Hubbard band which can be well represented by the one-band
Hubbard model. As the doping concentration increases, peak-B decreases
but peak-A increases. The ratio between the decrease of peak-B and the
increase of the peak-A is 1:2. Omne spin channel in unoccupied states is
involved in the absorption transition of the d’-configuration. However, in
the d°L configuration, both up-spin and down-spin channels contribute to

the absorption; the increases of peak-A with hole concentration is two times
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Figure 2.7: (A) Calculated atoric multipﬁe?c “Sp‘énctrum‘,‘of 3d° — 2p°3d' in Ti**. (B)
Atomic multiplet calculation of Ti** in octahedral symnietry in various 10Dg parameters.
(C) Multiplet spectrum of Ti**in 3d? = 2p°3d' excitation with crystal-field 10Dg =
1.8 eV. (D) The experiment FeTiO3 XAS§pectrum (dotted) is compared with multiplet
calculation of (C) in Oy, symmetry.: (from Ref. [8]) +"

of that of the peak-B. This spectral weight transfer provides us a fingerprint

of strong electron correlations.

B. L-edge Absorption in Transition Metal

To illustrate the L-edge absorption of transition metal, multiplet theory
including with ligand-field and charge-transfer is needed. Figure 2.7(A) [§]
displays the atomic multiplet calculated spectrum for the 3d° — 2p°3d* ex-
citation of Ti*". Figure 2.7(B) shows the ligand-field multiplet calculations
with cubic crystal-field value 10D, from 0.0 eV (bottom) to 4.5 ¢V (top), and

especially the 10D, = 1.8 eV was shown in figure 2.7(C). Figure 2.7(D) is the
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Figure 2.8: Left panel: The experlméntal Co L-edge. XAS spectra of LaCoOg3 compared
with multiplet simulation. At 300 K, the: calculation ia assuming a low-spin state of t
configuration, as shown in lower right paniel: At 630°K, the simulation is assumed 1n
mixed-spin state which is mlxed two contribubions of the low-spin state (described above)
and a high-spin state of ¢3,¢2. (from Ref. [15])

experiment FeTiO3 spectrum (dotted), which is compared with ligand-field
multiplet calculated result. So, the combination of L-edge XAS technique
and multiplet calculation could provide us much information in studying
transition-metal oxides.

L-edge x-ray absorption spectroscopy also could provide the information
about spin state in transition-metal oxides. Figure 2.8 displays the spin state
studies of L-edge XAS in LaCoOj [15]. The dotted lines shows the Co L-edge
XAS spectra of LaCoO3 at 300 K and 630 K. And solid lines are the atomic
multiplet simulations. When the LaCoOj3 at room temperature (300 K), the

simulation shows that the Co®* ion is in low-spin state with 10D, = 2.4 eV.
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The ground state in room temperature is given by tgg configuration, as shown
in the lower-right panel of Fig. 2.8. In addition, the results indicated a tran-
sition to a mixed-spin state at high temperatures (630 K). The ground state
is including two mixed-spin contributions: the low-spin state described above

462

and a high-spin state of t5 €7

configuration with 10D, = 2.1 eV. Compar-
ing the XAS results and simulations, we could determine the spin states in

transition-metal oxides.

2.2 Experimental Setup of XAS

Modern x-ray absorption studies are made with the use of synchrotron
radiation. The most accurate method to measure x-ray absorption spectrum
is the transmission mode with recording the intensities of the transmitted
and the incident beams. However, the transmission mode requires samples
with a thickness smaller than the penetration depth of photons. For many
cases, such as transition-metal oxide, the transmission mode is not suitable.
Alternatively, we collected the sample drain current, i.e., the total electron
yield method, to probe the absorption process of transition-metal oxides.
The probing depth of total electron yield of soft x-ray absorption in oxides

is of the order of 50 A.

Soft X-ray Source

All experiments in this dissertation were performed at Dragon beamline

(BL-11A) in National Synchrotron Radiation Research Center (NSRRC),
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Figure 2.9: Tllustration of the detection methods for soft x-ray absorption. Four different
methods for measure the absorption spectra. An electro-meter is used for the total electron
yield mode.

Taiwan. The 1.5 GeV electron storage ring.in NSRRC is a circumference of
120 meters. Synchrotron radiation is‘produced from a bending magnets.
Figure 2.10 sketches the lay-out of thé Dragon Beamline [16]. The mono-
chromators of the Dragon beamline is a spherical grating monochromators [16].
The soft x-ray range can be covered by using the grating monochromators
in grazing incidence. The ruling density of grating monochromators is 1200
lines per millimeters (1200 I/mm, 2d ~ 6 x 10~ meter) with energy region
in between 400 eV and 1200 eV for XAS of transition-metal oxides. The
entrance slit improves the resolution by making the monochromater less de-
pendent on the light-source size, and exit slit moves during the energy-scan.
The energy resolution is ~100 meV when the opening of entrance and exit
E

slits are 20 pm and 20 pm, respectively. The resolving power (%) of dragon

monochromators is 10000 with slit openings ~10um. The end-station of
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Figure 2.10: Schematic drawing‘ of the D‘ragbn‘“‘beaml‘ine and monochromator. (from
Ref. [16]) - ‘

Dragon beamline is primarﬂy designed for studying electronic structures of

transition-metal oxides.

XAS Measurement System

The XAS chamber design is for investigating the electronic structure
in the transition metal oxide, especially the LD in XAS which determin-
ing the orbital physics. A schematic representation is shown in Figure 2.11.
The main-chamber is equipped with a XYZ manipulator used for the precise
control of the sample position. A three-way-cross chamber is fixed at the
bottom of the chamber which is connected to a vacuum pump system and

pressure gauges. This chamber is equipped with an Alcatel Drytel-31 me-
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Figure 2.11: Schematic drawing of‘the apparatustutilize for the measurement during XAS
experiments.

chanical pump and a Seiko-SekeisSTP-300-turbo pump. The base pressure of
this chamber can reach to near' 310~ tofr without bake-out. After baking
the system at 120 ~ 150° C for 6 ~ 9 hours, the pressure of the chamber can
be lower than 2 x 107! torr. At the opposite side of the entrance port of
synchrotron radiation, a 4.5-inches window with a phosphor screen is used to
aline the chamber position. Generally, we collect the sample drain current to
obtain the XAS spectra. If the sample is an insulator, we either evaporated
copper strips on samples or used a channeltron for the fluorescence yield to
resolve the charging problem. However, this chamber can put a channel-
tron detector for collect the fluorescence yield XAS spectra from insulator

samples.
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Because the transition temperature of metal oxides are extraordinary
wide, we designed a new cryo-stage which can cool down and warm up the
sample temperature from 80 K to 450 K. The sample holder is fixed on the
cold-finger of the cryo-stage. To measure the drain current, the sample holder
is isolated from the cold finger with a Kypton sheet or sapphire plate between
the sample holder and cold finger. As show in Fig. 2.11, an electric wire (in
red) is connected between the sample holder and an electric feedthrough
(BNC-type) to collect the drain current. An analog signal is measured by a

current meter and then converted to a digital signal for data acquisition.

Rotary Sample Holder

Figure 2.12 represents the details of the specially designed sample holder
for linear dichroism measurementss—tour-rotary sample holders and three
fluorescent posts are mounted on one.side of the base holder. One the other
side, there is a groove for inserting a screwdriver with which we can be able
to rotate the sample in vacuum. Figure 2.12(A) displays the picture of this
rotary sample holder.

A pair of thermocouple is mounted on one sample holder to precisely
monitor the sample temperature. A small spring is inserted between the
base holder and rotary disk to improve thermo-conductivity; vacuum grease
is spread between them for smoothly rotation. When this holder is fixed on
the cryo-stage, the temperature of samples can be cooled down to 80 K with

liquid nitrogen.
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Figure 2.12: The rotary sample t views, (A) and (B). (A) The
sample holder photo. Red arrows : [ Ctor of the incident photons. (C)
Orientations of the sample corre onding t6- ' ‘perpendicular to c-axis and with

For linear dichroism experimn . the incident angel was always 60° from
the sample surface normal. We use a screwdriver to rotate the sample about
the direction of incident photons to obtain the polarization dependent spec-
tra. Figure 2.12 (B) and (C) show the schematic diagram of LD experimental
technique. When the c-axis of sample is perpendicular to the E vector of in-
cident photons, we denote the absorption intensity as I, for E L ¢, as shown
in the lower panel of Fig. 2.12(C). The absorption intensity in the upper
panel of Fig. 2.12(C) is marked as I. With the geometry of the absorption

taken into account, one can write the absorption intensity I; for E || ¢ as
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follows,

h=a0-11) (2.5)

All measured polarization-dependent XAS spectra referred to the E vector
parallel to ¢ axis are thus corrected the geometry effect. The difference in

optical path and probing area could be eliminated.
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2.3 Epitaxial Thin Films Growth in Pulsed
Laser Deposition

Since the discovery of high-7T,. superconductors, a great deal of at-
tention has been focused to the development of the epitaxy techniques of
transition-metal oxides. Now, more and more sophisticated methods have
been demonstrated to successfully fabricate smooth and stoichiometric oxide
films for device applications. The complex compositions of oxide thin films
such as high- T, superconductors or colossal magnetoresistance materials are
not easy to fabricate by the conventional technique of molecular beam epi-
taxy (MBE). Pulsed-laser depesition (PLD])ris one important technique for

synthesize complex metal oxides thin films.
2.3.1 Advantage of-Pulsed Liaser Deposition

In contrast to semiconductors and ‘metals, oxide films have to be grown
with a high oxygen pressure. In order to achieve the desired oxygen stoi-
chiometry in these thin films, it’s necessary to use a wide range of oxygen
pressure from ultrahigh vacuum to atmospheric pressure, and the substrate
temperatures ranging from room temperature to well over 1000° C are nec-
essary for thin film growth. Oxide thin film growth and their electrical prop-
erties are sensitive to these two parameters. For fabrication of high-quality
oxide films, a deposition system equipped with a sample holder which deliv-
ers a wide ranges of sample temperature is necessary. In order to study the

growth mechanism of oxide thin film, the deposition system compatible with
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Figure 2.13: Left: Schematic diagram of the PLD chamber. Right: Photograph of the
PLD system combined with the MBE system and the spectroscopy system. The samples,
which grown in PLD system, can be e;i,srlyltxra,hsferred into the spectroscopy chamber for
spectroscopy measurements with synchrotron radr-aﬁlgn

e I|.'m" "

Our PLD chamber is shown in Flgure 2.13. A pulsed KrF excimer laser

beam is introduced into the chamber at an angle of 25° from the surface
normal of targets. The excimer laser beam is focused by a single lens before
entering the chamber through a fused silica quartz viewport. Focusing optics
with a nominal working distance of 500 mm provides a spot size of 3 mm
x 1 mm on the target. A carousel target holder to have a capacity of six
targets and could be rotated during deposition. In this way, most of the
target surface is therefore used for ablation and excessive damage to the
target surface is prevented. High-purity oxygen (99.995 %) gas is supplied

into the chamber. Gas flow is regulated with a manual variable leak valve.
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An in-situ reflection high energy electron diffraction (RHEED) monitoring

employ for fabricating high quality thin films.

A. Laser

Generally, the wavelengths of laser for thin-film growth in PLD are
between 200 nm to 400 nm. In this spectral region, most materials exhibit
strong absorption during the deposition. When one moves to the short-
wavelength end of this range, absorption coefficients tend to increase but the
penetration depths in the target materials are correspondingly reduced. This
is a favorable situation when the wavelength is close to 200 nm, because thin
layers of the target surface are ablated. In addition, the strong absorption
in short wavelength resultsiinra decrease’in ablation fluency thresholds; the
optics are also more difficult.

Within a range between 200 mm.to-400 nm, there are only few com-
mercially available laser sources capable to deliver high-energy densities (>1

J/em?) in large areas (10 mm?

or larger) for laser deposition. Most of the
work accomplished to date have centered around excimer and Nd3*:YAG
lasers as the deposition source.

Nd*T:YAG laser is a solid-state system. The neodymium ions are active
medium and as impurities in the YAG (yttrium aluminum garnet) host. The
output energies are up to 2 J/pulse. However, the fundamental laser emission

of Nd*":YAG is at 1064 nm, which is out of the desired range of wavelength.

Using a nonlinear crystal or mixing with the residual 1064 nm light after
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Table 2.2: Operating Wavelengths of Excimer Laser.

Excimer Wavelength (nm)

Fy 157
ArF 193
KrCl 222
KrF 248
Xe(l 308
XeF 351

one frequency doubler, the resulting outputs at 266 nm and 355 nm are
produced with efficiencies of ~15 % and ~20 % relative to the fundamental
frequency, respectively. This is a complex process to achieve the desired
range of wavelength.

Excimer is a gas laser system. Unlike. Nd** YAG lasers, the wavelength
of excimer lasers are directly in the UV range, and high-power outputs are
commercially available. Table 2.2 shows the active excimer molecule and the
corresponding wavelengths of commercial laser systems. KrF is the most pop-
ular choice among the PLD community, because of the highest gain system
for electrically discharged pumped excimer lasers. Although the wavelength
of KrCl excimer is shorter than KrF, however, it’s a low-gain system and
output pulse energies are not enough for PLD required. Here, we chose the

KrF excimer laser for our PLD system.

B. Optical Elements

In a system of pulsed laser deposition, one of the most important param-

eter is the power density of laser, which determines the film stoichiometry
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Table 2.3: Transmittance Range of Various Materials.

Material Transmittance Range (nm)
Magnesium fluoride 140~7500
Sapphire 150~5000
Calcium fluoride 150~8000
UV-grade fused silica 190~2500
Borosilicate crown glass 315~2350

and the crystallographic quality. The optical elements collect the radiation
from the laser source and focus the laser beam to a corresponding point on
the target to achieve the required power density. Not only for the required
power density but also for preventing the damage to the optical elements,
keeping the optics clean is impeortant.,

Optical elements are placedsbetween.the output port of the laser and the
view point of the deposition chamber-in-erder to steer and to focus the laser
beam. The optical elements in ‘our:PLD system are six mirrors, one aperture,
one focus lens, and one laser windows (view-port). One needs to consider the
materials of lens and the transmittance range for a PLD system. Table 2.3
lists some materials of commercial lenses with corresponding transmittance
ranges. For a pulsed laser deposition system with a KrF excimer laser of 248

nm, we chose UV-grade fuced-silica lenses.
C. Chamber Design
The schematic drawing of the PLD system is shown in the Fig. 2.14 with

top- and side-views. Our UHV chamber is with a diameter of 262 mm and

a height of 380 mm. This chamber is equipped with two turbo pumps. One
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Figure 2.14: The schematic drawing of our PLD system Left and right panel is the top-
and side-view, respectively.

is a 400 [/s pump for pressﬁfe bg“lgw 107 4atorr; “the other is a 100 I/s turbo
pump for sample transfer frém a lead-lock chamber to the PLD chamber.
An oil-free mechanical pump is used for roughing the turbo pump. The base
pressure is lower than 1 x 1078 torr. The pressure of the chamber is monitored
with a conventron gauge, a Baratron gauge, and an ion gauge.

High-purity oxygen gas is supplied into PLD chamber through a nozzle
pointing toward the substrate with a distance of 5 cm to locally increase
the oxygen concentration around the sample. As shown in the right panel
of Fig. 2.14, the flow of gas is regulated with a variable leak valve. The
Baratron gauge monitors the pressure before oxygen molecules pass through

the nozzle.
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The use of RHEED in an oxygen environment is limited by the oxidation
of the tungsten filament in the electron gun. Therefore, the PLD chamber
is equipped with a differentially pumped RHEED gun for in-situ monitoring
surface structure. With this combination of oxygen nozzle inlet and differ-
entially pumped RHEED, the film surface can be monitored by the intensity
oscillation of RHEED specular reflection even in highly oxidizing conditions.

The carousel target holder which can accommodate 6 targets is shown
in lower-left panel of Fig. 2.14. The ablation targets are mounted on target
holders. The carousel is mounted on a translational-stage combined with a
rotary feedthrough driven by a stépping metor for carousel rotation. During
the growth, the carousel rotates back -and.forth with an angle of 20° at a
speed of é r.p.m. Such a mechanism-makes the unmovable laser beam to
sweep a curve on the target and prevents excessive damage to the target.

The sample holder is equipped an button heater, which can be operated
at 1000° C in an atmosphere pressure for a life-time longer than 1000 hours.
The holder is made with inconel, a special material which resists oxidation
under a high-pressure oxygen enviroment at high temperature. A type-K
thermocouple is mounted on the holder to monitor the temperature during
the deposition, and an optical pyrometer calibrated with the thermocouple,
is used for measuring the substrate temperature. The substrate temperature
can reach to 650° C when the holder is equipped with thermo-shielding. A
substrate crystal is attached to the holder with stainless-steel clamps.

In the RHEED experiment, a primary electron beam with a kinetic en-
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Figure 2.15: A schematic drawir'i‘g of the"“ex‘pé‘rni%hental‘ geometry of RHEED experiment.

ergy of 10~30 KeV impinges on a C‘rystal‘ surface at grazing incidence (0.5° ~
3°). After reflection, the diffraction patterns are observed with a fluorescent
screen. The intensity of the RHEED specular beam is monitored with a 8-bit
high-resolution digital CCD video camera and digitized with a computer for
real-time analysis during the deposition. Figure 2.15 shows schematic draw-
ing of the experimental geometry of RHEED experiment. The diffraction
conditions occurs when the reciprocal lattice rods intersect with the Ewald
sphere.

In addition, the RHEED specular spot intensity plotted as a function of

time is used to determine the growth rates and the layer thicknesses, and the
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Figure 2.16: Real space representation of the formation of a single complete monolayer; 6
is the fractional layer coverage; corresponding RHEED. oscillation signal is shown. (from
Ref. [19])

oscillation of intensity is called as RHEED-oscillation. The process involved
in layer-by-layer growth can be described by a model introduced by Cohen
et.al. [18]. Asshown in Fig. 2.16, the breath-death model describes the growth
process in terms of the 0 < # < 1. New step edges appear when new islands
nucleate; the diffuse scattering is at the expense of specular spot intensity
causing the RHEED intensity to drop (# = 0.5). As the deposition continues,
islands coalesce and the specular spot intensity increases again until forming
a complete monolayer (§ = 1). RHEED intensity oscillations reflect the
periodic change in the surface morphology associated with two-dimensional

layer-by-layer growth.
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Figure 2.17: 6-20 powder XRD of L. 5Sr0 5MnOs3 polycrystalhne targets measured with
a Cu K, x-ray source of A = 1.5405 A.

2.3.3 Epitaxial Grewth of Lao,5Sr01,5Mn03 Thin Films
A. Target Preparation :

Polycrystalline samples of La0,5Sro,5Mn03 were prepared by the solid-state
reaction method. The appropriate molar quantities of LasO3, SrCOs, and
Mn,O3 powders were ground and pre-fired in air at 1000° C for 24 hours. The
calcined powder was then ground again, well mixed and pressed into pellets.
These pellets were sintered at 1100° C for 48 hours in air and cooled down to
room temperature with a rate of 5° C/min. These pellets were ground again.
The process was repeated until the confirmation of single phase in perovskite
structure with powder x-ray diffraction (XRD) measurements using Cu K,

x-ray source. A typical -20 XRD pattern is shown in Fig. 2.17.
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Figure 2.18: (A)&(B): RHEED patl'cérns of SrTiQs(001) substrate before and after anneal-
ing in an oxygen atmosphere. (C)&(D): RHEED patterns of Lag 5Srg.sMnOj films grown
on SrTi03(001) before and after post-annealing.
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Figure 2.19: Time dependence of the RHEED specular beam intensity during the growth
of La0.5Sr0_5Mn03 films on SI‘T103 (001)
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B. Growth Process

Thin films of Lag55rg5MnO3 have been fabricated on single crystalline
perovskite substrates, SrTiOs (lattice constant of 3.905 A). The substrates
were cleaned with acetone and dried with nitrogen. Prior to the deposition,
the substrates were in-situ annealed for 30 min at the temperature about
630° C and 1 x 10~* torr of oxygen atmosphere. Thin films were deposited
at 1 x 107 torr of oxygen pressure by impinging KrF excimer laser pulses
of 150 mJ on a target. The pulse rate of the KrF laser was 1 Hz. The
laser power density at the target surface was 4 J/cm?. The distance between
target and substrate was 30 mm. The depeosition of the films were at a rate
of 0.33 A/sec with the substrate temperature maintained at 630° C. After
the deposition, the films were annealed in-the 5 x 1072 torr oxygen at 630°
C for 100 min, and then cooled slowly to.reem temperature at a rate of 7°
C/min.

Polished and acetone cleaned SrTiO3 substrates were used. Figure 2.18(A)
shows the RHEED pattern of SrTiO3 without any treatment. The bright
spot, so called the ”straits through” spot, results from the incident electron
beam which is not blocked by the sample surface. After in-situ annealing
in an oxygen atmosphere (107 torr) at 630° C, Fig. 2.18(B) shows that the
RHEED pattern of stripes with equal spacing. The central three diffraction
rods and the parabolic Kikuchi lines were clearly appear, indicating of good

crystalline order. After deposition, the RHEED pattern of Lag5Srgs;MnOs
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Figure 2.20: X-ray diffraction of epltamal Lag. 5Sr0 5Mn03 films on SrTiO3(001) with a Cu

K, x-ray source of A = 1.5405 A !
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on SrTi04(001) thin film gfbwn on SFH0,4{001) is shown in Fig. 2.18(C).
With further post-annealing, F 1g218(D) shows that the diffraction rods
and parabolic Kikuchi lines of RHEED ‘patfern were much sharper than in
Fig. 2.18(C), revealing good crystalline order.

Figure 2.19 shows the RHEED oscillations observed during the deposi-
tion of Lags5SrosMnO3 on SrTiO3(001). Each oscillation corresponds to the

formation of one atomic monolayer (ML), indicating a 2-dimensional layer-

by-layer growth.

C. X-ray Diffraction

A #-20 x-ray diffraction pattern of the Lag5SrgsMnOj films on various

oxygen pressure conditions are shown in Fig. 2.20. The pronounced interfer-
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ence fringes were observed in every thin film samples as shown in Fig. 2.20,
showing evidence of small roughness at the interface.

The lattice constant of the bulk LagsSrgsMnO;3 is 3.86 A, and that of
SrTiO; is 3.905 A.

In the x-ray diffraction studies, the Bragg peaks of thin films fabricated
in different oxygen pressure, suggest that 1 x 10™* torr of oxygen pressure
is the best condition to grow Lags5Srg5MnOj films on a SrTiO3 substrate in

our PLD system.
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