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ABSTRACT

PROBING THE COMPLEX MAGNETIC, ELECTRONIC AND STRUCTURAL
PROPERTIES IN CORRELATED MANGANESE OXIDES

by
Peng Gao

Rare-earth Manganese Oxides (RMnOs) exhibit two distinct structural phases: the
orthorhombic structure and the hexagonal structure. The doped orthorhombic phase
exhibits a metal to insulator transition, charge ordering and a strong response of electron
transport properties to magnetic fields (colossal magneto-resistance). At low
temperatures, this system may also exhibit a finite polarization which couples to external
magnetic fields. The hexagonal phase is known to have a large spontaneous polarization
at high temperatures which couples to the low temperature magnetic order. These
materials are important from the basic point of view of understanding strong electronic
correlations and spin-lattice coupling. From, a practical perspective, they hold promise to
produce sensors and storage devices with extremely high sensitivity and high density.
However, a detailed understanding of their properties is needed.

In this work, optical, transport and structural measurements, as a function of
pressure and temperature, are conducted to explore the physical properties of these
materials. Synchrotron based x-ray diffraction and infrared measurements, Raman
measurement, laboratory based transport measurements and neutron scattering
measurements were conducted on bulk polycrystalline, thin film and single crystal
samples. The electronic, structural and magnetic properties are studied in detail. The

results will be used to refine theoretical models of these materials.
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The orthorhombic phase can be stabilized in small ion samples at high pressures
[3, 4]. Also, deposition of films on substrates which impart strain can stabilize the
orthorhombic materials of type I in the hexagonal phase [2, 5, 6]. Structures with
different symmetry properties have quite different physical properties. The doped
orthorhombic phase show large magnetoresistance while the un-doped rhombohedral
phase exhibits large bulk polarization. Understanding the intimate coupling of spin,
lattice and charge in these materials as well as their structural stability is the core topic of
this thesis work. This will be carried out conducting Infrared (IR), transport and
structural measurements as a function of pressure and temperature. Synchrotron based x-
ray diffraction and IR measurements, laboratory based transport measurements and
Neutron Scattering measurements are being conducted on bulk polystalline materials,
thin films and single crystals. The results will be used to refine theoretical models of

these materials.

1.2 Magnetoresistance Effect
Magnetoresistance (MR) is the property of a material to change the value of its electrical

resistance when an external magnetic field is applied [7, 8]. It is defined by:

MRT) = LELD = POT) 1500, (1.2)
p0.7)
Where p(H, T) and p(0,7) are the resistivity with and without magnetic field at given
temperature (7). The first MR effect was discovered on iron and nickel in 1895 by
William Thomson [9]. However, it was not possible to be lower the resistance more than

5% and it was named ordinary magnetoresistance (OMR).









In Multilayer GMR, two or more ferromagnetic layers are separated by a very thin
(~1 nm) non-ferromagnetic spacer (e.g. Fe/Cr/Fe) [10]. The two adjacent ferromagnetic
layers are anti-paralle]l RKKY (Ruderman-Kittel-Kasuya-Yosida) coupled [26-29], which
is a coupling mechanism through the interaction with conduction electrons by the nuclear
magnetic moments or localized inner d or f shell electron spins in a metal. This is, the
localized d or f spins interacting via the conduction band electrons. There is an
antiferromagnetic high resistance state with magnetic layers having opposite spins. By a
small magnetic field, the anti-parallel spin layers can be transformed into the parallel
spins with MR change more than 10% (as shown in Figure 1.2). MR ratio is
exponentially depending on the nonmagnetic spacer thickness. The characteristic length
¢ is typically ~1.5-3 A at room temperature and even shorter at low temperature [30, 31].
For different nonmagnetic spacer materials like Al, Ag, Au, Si, Pd, Ru, and Ti, in most
case, the exchange-bias and the coercive field amplitude decreases exponentially with the
spacer thickness and oscillates (changes sign). In some specific cases, a nonmonotonic
variation of the exchange-bias field with the spacer thickness is observed [32]. The
different seed layer materials for the magnetic tunnel transistor (MTT) were studied by
Dijken et al. [33]. For MTT device, the insertion of a Cu or Au seed layer between the
metal spin valve and the silicon is found to significantly enhance the device output
current and magnetic-field sensitivity and a Pt or Pd seed layer slightly improves the
properties of the MTT. In contrast, seed layers of Ta and Ti deteriorate the output current
and tunnel barrier breakdown voltage of the MTTs [33].

The spin-valve [34] GMR is also a layered structure (see Figure 1.4), but the two

ferromagnetic layers are separated by a thin (~3 nm) non-ferromagnetic spacer.









= 1. Relevant ionic radii are list in the Table 1.1. RMnO; (R = La-Dy) corresponds to

the orthorhombic structure where c/ V2 < a <b. Three other types of orthorhombic
structures exist: 1) the small ¢, O-type structure with a < c/ 2 < b, which has the rotation
of MnQg octahedral about a 110 axis. 2) Of-type whena = b <c/ V2.4 O*-type quasi-

cubic structure when a = c/ V2)

Table 1.1 Ionic Radii for ions in Perovskite Structure Oxide (nm) [47] (Is = Low Spin)

Ti**  0.0605 v 0.119 Ca** 0.134 Na"  0.139
Mn**  0.053 La>* 0136 Sr*' 0144 X' 0.164
Mn*t  0.0645 Pt 0129 Cd* 0131 RbY 0172
Mn*"  0.083 Nt 0127 Sn?*  0.130

Fe**  0.0645 Sm**  0.124 Ba®*  0.161

Co®™™  0.061,0.0545(ls) Gd>* 0122 Pb*  0.149

Ni**  0.069 Bi**  0.096

Ga>  0.062

APY  0.0535 o> 0.140

Controlled by the tolerance factor and the Jahn-Teller distortion, the MnOg
octahedron in the typical parent compound LaMnO; is tilted and the bond angle of Mn-
O-Mn is below 180° (see Figure 1.6). Sophisticated studies of this stoichiometric
LaMnQO; have been conducted [48-52]. The Mn-O-Mn bond angles of LaMnO; are
~155°. The MnOg octahedron is J-T distorted in such a way that the long and short Mn-O
bonds lie in the ab plane, giving the pattern of orbital order illustrated (room temperature
bond lengths Mn-O1(m)= 1.9680(3) A, Mn-02(s)=1.907(1) A, Mn-02(1)=2.178(1) A,
average Mn-0=2.0178(4) A) [51] (note: s, , m= short, long, medium). At temperature of
about 1020 K, the orthorhombic distortion disappears and the compound becomes
rhombohedral (quasicubic) with the R-type LaAlQO; structure. There is also an O-O

orthorhombic transition at 940 K. The magnetic moment of LaMnOs; on the Mn site is
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easily modify interactions and the electronic structure and properties can be easily

modified.

1.6 Exchange Interactions
In manganites, the magnetic cations are separated by nonmagnetic (diamagnetic) anion.
The exchange interactions between the magnetic ion spins determine the magnetic
properties of the manganites. Two important exchange interactions are double exchange
(DE) effect and the superexchange (SE) effect.

The double exchange (DE) mechanism was first proposed by Zener [43] and
further developed by Anderson and Hasegawa [44]. It occurs only when one ion has an
extra electron compared to the other [57]. For Mn*"-O*-Mn*, the hopping of the e,
conduction electron of Mn®* to the O 2p orbital and from the O 2p orbital to the empty eg
orbital of Mn** happens simultaneously. DE is a ferromagnetic interaction because the
hopping integral has an optimal value only when the spins of neighboring Mn®" and Mn**
are parallel. The probability #; of the e, electron transfer between the neighboring Mn
sites (7 and j) is expressed in terms of Anderson-Hasegawa relation by:

1, =t,cos(6,/2) (1.3)

Where 1y is the transfer integral determined by the Mn-O bond distances and Mn-
O-Mn bond angles which influence the overlap of Mn 3d orbital and O 2p orbital, 6; is
the angle between the Mn spins (see Figure 1.8). When the core spins are parallel (6;

=(), it maximizes the hopping rate and minimizes the electronic resistance and vice versa
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1.8 Jahn-Teller Distortion

The Jahn-Teller [76] theorem states that any non-linear ion or molecule which is in an
orbitally degenerated state will distort to relieve this degeneracy [77]. Stability and
degeneracy cannot exist simultaneously unless the molecular is linear. All orbital
degenerate electronic states of non-linear molecules are unstable no matter if the
degeneracy is caused by spin or orbital states, except that the two fold spin degeneracy
contains an odd number of electrons. In the nonlinear molecules, the degeneracy of
electronic states can be removed by the distortion lowering the symmetry. Jahn-Teller
distortion is due to electron-lattice coupling due to the displacements of atoms from their
ideal crystallographic positions. The distortion of highly symmetric molecule can reduce
its symmetry and lower the overall energy of the complex. The Jahn-Teller effect is
encountered in octahedral complexes of transition metals, such as Cu, Cr and Mn.

In perovskite manganites, the £, orbitals have lower energy than e, orbitals
because three e, orbital points along the bond axis while #,, orbital point to the interstice
between bond axes (hence enectorns in the bonds of the latter see less of the charge on
the atomic centers). Further, Jahn-Teller distortion destroys the degeneracy of the
subgroups and the electronic structure becomes more complex.

In the manganites, the Jahn-Teller distortions lead to three distinct pairs of Mn-O
bonds: long (1), medium (m), and short (s) bonds in the MnQOg octahedral, which includes
two normal modes: Q2 mode, in which two of in-plane bonds contract while the other
two bonds elongate; Q3 mode, in which the four in-plane Mn-O bonds contract while the
two apical Mn-O bonds elongate. And there is also a Q1 mode with the simultaneous

contraction or elongation of all six Mn-O bonds.
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conductivity spectral weight transfer from high frequency to low frequency was observed
as the sample enters the metallic phase by cooling the sample or increasing magnetic field
in bulk La;.,Sr,MnOj; samples [83, 84] and a Ndg 7Sro3MnO; film[85]. Kaplan et al. [85]
introduced the combined DE and J-T effects [86] to explain the optical data of a
Ndo 7Sr3sMnOs film. Kim et al. [87] connect the scaling behavior of the spectral weight
with the effect of the spin DE and J-T lattice coupling to holes [88]. Quijada et al. [89]
quantitatively compared the experimentally deduced e, kinetic energy with a theory
prediction. A strong Drude peak and a middle infrared (Mid-IR) peak is confirmed in the
metallic phase by single crystal Lagg7Sro17sMnO; [80], Lage7Cag3sMnO; [90] and
Ndo 78193MnOs [79]. Below the T¢, the breathing and stretching modes increase in poly-
crystal Lag 7Cap3MnO; [91]. The mid-IR peak is assigned to the polaronic absorption and
shifts toward the low frequency with the temperature [92, 93].

La;xCa,MnOs (T3 ~200 K at ambient pressure) samples show a tendency to
acquire a metallic character at room temperature under pressure [94]. The phonon mode
is shielded and the insulating gap is reduced with pressure increase. The main effect of
increasing pressure in the low-pressure regime is to reduce the octahedral J-T distortion
at a fixed temperature. By contrast, in the high-pressure regime, a pressure-activated
localizing mechanism would be the dominant, which is different with the natural

delocalizing tendency of pressure [95].

1.10 Multiferrotic Hexagonal Manganites
The series of RMnO3; materials (R: Ho, Er, Tm, Yb, Lu, or Y, Sc, In) have smaller radius

R>" ions. The ionic radius of the Y>" cation is similar to those of the smaller rare earth
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1.11 Hexagonal Structure

Starting in the 1950°s, some hexagonal rare earth manganese oxides (RMnQOj3) were
studied [104-107]. Recently, the structures have been revisited again for ErMnQOs [108],
YbMnOs; [109], YMnO; [110] and LuMnO; [111]). The hexagonal structure is built up
with MnOs trigonal bipyramids where strong distortions persist at room temperature. In
the basal (ab) plane, the pyramids are linked at the base corner to construct a triangular
lattice. The R ion is located between these MnOs sheets linking with oxygen atoms.
Each consecutive layer of MnOs is rotated by 180° along the ¢ axis. It was conjectured
that there is no significant covalent bonding between the Y 4d orbitals and either the
oxygen 2p or the Mn 3d orbitals in Hex-RMnQj; by the tight-binding analysis [101].

At high temperature above these systems have are hexagonal with an inversion
center and not net polarization, below the ferroelectric transition temperature ¢, the hex-
RMnO; structure (Y, Ho, and Lu) belongs to space group P63mc (#185). In each cell,
there are 6 formula units. The atoms positions are: R1 at 2a (0, 0, z) and R2 at 45 (1/3,
2/3, z), Mn at 6¢ (%, 0, 0) and O1 at 6¢ (x, 0, z), O2 and O3 at 2a (0, 0, z) and 2a (0, 0, z),
and O4 at 4b (1/3, 2/3, z). The Mn®* spins and the associated magnetic exchange are
confined to the basal (ab) plane, and Mn®" spins are geometrically frustrated due to the
quasitriangular lattice [112]. The spontaneous ferroelectric polarization P; is along the

six fold ¢ axis [113] due to R-O displacements that occur at 7.
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T ( 73~ 124 K), the strong SE leads to a 120° arrangement of Mn>" spins in the basal
plane. In addition to Mn**, the rare-earth ions Ho>" (4f0), Er** (4f“), Tm>* (4f2), and
Yb*" (4/°) also contribute to the magnetic properties. Below 7¢= 5 — 6 K, long-range
ordering of the two rare-earth sub-lattices [117-121] may be ferromagnetic,

ferrimagnetic, or antiferromagnetic [121].

1.13 Thermal Properties of Hexagonal Manganites

Although the 7 (914 K) is quite different from the 7y (80 K), a strong coupling between
ferroelectricity and antiferromagnetic [122] was found because of anomalies in the
dielectric constant and loss tangent near 7n. By compare the thermal conductivity with
the dielectric and the heat capacity, Sharma [123] finds that the thermal conductivity of
Hex-YMnO3 exhibits an isotropic suppression in the cooperative paramagnetic state,
followed by a sudden increase upon magnetic ordering. They suggest that this behavior,
which without an associated static structural distortion, originates from the strong
dynamic coupling between acoustic phonons and low energy spin fluctuations in
geome.trically frustrated magnets. The replacement of magnetic Ho for Y at the
ferroelectric active site results in an even larger effect, suggestive of a strong influence of
multiferroicity [123]. The dielectric constant exhibits a sharp peak at the Mn spin-
rotation transition temperature (7’sg) for HoMnOs;.

By measuring the low temperature dielectric constant under different magnetic
field, reentrant novel phases [124] are observed in the hexagonal ferroelectric HoMnO?3.
It accompanied by a plateau of the dielectric constant anomaly evolving with field from a

narrow dielectric peak at the Mn spin rotation transition at 32.8 K in zero field. That was
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thought of as the indirect coupling between the ferroelectric and antiferromagnetic orders,
arising from a ferroelectric and antiferromagnetic domain wall effect.

Cruz [125] observed thermal expansion anomalies providing evidence of the
strong spin-lattice coupling in HoMnQOs. They explained the coupling between magnetic
orders and dielectric properties below antiferromagnetic temperature (7x) with the lattice

strain induced by the magnetoelastic effect.

1.14 Optical Properties of Hexagonal Manganites

The optical properties of Hex-RMnO; were studied with its discovery. In 1969, the AF
resonate mode of YMnO; was observed only below 40 K (43 em™ at 4 K) [126, 127).
The YMnO; phonon modes for both ferroelectric and high-temperature paraelectric
phases were reported on experiments and shell model lattice-dynamical calculation
results by Iliev er al. [128, 129]. The coupling between the ferroelectric and magnetic
order has been attributed to changes in the phonon spectrum associated with the AF
transition [122]. Later, polarized Raman and infrared reflectivity measurements were
conducted on the single crystal HoMnO; at both ferroelectric and AF phase status. Both
Raman and infrared-active Mn-O-Mn phonons are affected by the magnetic ordering
[130].

The first observation of two types of second harmonic (SH) spectra in YMnO3
revealed the noncentro-symmetric ferroelectric charge ordering and the Centro-
symmetric antiferromagnetic spin ordering for d-d electronic transitions within the Mn®*
ions [113]. A series of studies were conducted on Hex-RMnOs [115, 119, 131-136). For

Hex-RMnO; (R=Y, Er), the photoemission spectroscopy (PES) and x-ray absorption
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spectroscopy (XAS) shows that the occupied Mn (d,.—d,.) states lie deep below Ep, while
the occupied Mn (dxy—dxz_yz) states overlap very much with the O 2p states. The PES
spectral intensity of Mn 3d states is negligible above the occupied O 2p bands and the Mn
ds”-7? state is mostly unoccupied in the ferroelectric phase of YMnO; [137]. Souchkov
[100] reported the optical conductivity of single-crystal LuMnOs (over the energy range
of 10~45 000 cm™ from 4 to 300 K). They found that a symmetry allowed on-site Mn d—
d transition near 1.7 eV is blue shifted (~0.1 €V) in the antiferromagnetic state due to
Mn-Mn superexchange interactions. Similar anomalies are observed in the temperature
dependence of the TO phonon frequencies which arise from spin—phonon interaction.
They found that the anomaly in the temperature dependence of the quasi-static dielectric
constant gy below 7n ~90 K is overwhelmingly dominated by the phonon contributions
[100]. Van Aken ef al. have studied the influence of antiferromagnetic ordering on the
local dielectric moments of the MnOs and LuQO7 polyhedra by measuring neutron powder
diffraction patterns of LuMnOj; at temperatures near Tn. They have demonstrated that the
magnetoelectric coubling is weak and can be understood on the basis of the fact that
magnetic exchange coupling is predominantly in the ab plane of the MnOs trigonal
bipyramids and the electric dipole moments originating in the LuO; polyhedra are
oriented along the hexagonal ¢ axis. Anomalies in the dielectric properties near Ty are
caused by the geometric constraints between the MnOs and the LuO; polyhedra [138].

A strong magnetodielectric effects is revealed on GdMnO; sample by the
magnetoelectric contribution to the static dielectric permittivity and by the existence of
electrically excited magnons (electromagnons).  Phonons strongly couple with

electromagnons [139]. Inelastic neutron scattering measurements provides evidence for a
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strong coupling between magnons and phonons, evidenced by the opening of a gap below
Tn in the dispersion of the transverse acoustic phonon mode polarized along the
ferroelectric axis [140]. The study of HoMnOj elucidates the spin-charge coupling and
high-energy magnetodielectric effect (dielectric contrast ~8% at 20 T near 1.8 €V). The
Mn d to d excitations are sensitive to the cascade of low-temperature magnetic transitions
involving the Mn®" (S=2) moment (spin-charge coupling) and an applied magnetic field
modifies the on-site excitations [141].

Recently, the interband optical transition (~1.7 e€V) was associated with the
transition from the occupied hybridized O 2p state with the d,, /a’x2_y2 orbitals to the
unoccupied Mn ds.>,* state. The interband optical transition (~2.3 eV) is from the
occupied hybridized O 2p state with the d,, /d., orbitals to the unoccupied Mn d322_,zstate.
The transition (~5 eV) is the sum of two interband transitions: one from the broad O 2p
states at —4 eV to the Mn d322_,2 state, and the other from the O 2p states at —2 eV to the

Mn 3d states with various orbitals at 3 eV [142].

1.15 Pressure Effect on Hexagonal Manganites
Anomalies in the dielectric constant ¢ [122] occur at the magnetic ordering temperature
Tn. To get more insight into the coupling between spin and structural parameters and
their possible relationship with the magnetic and dielectric properties of ferroic materials,
hydrostatic pressure on the magnetic ordering in RMnOs at low temperature was applied.
The sharp dielectric peak of HoMnO; at Ty is shifted by the applied pressure and the
peak temperature of &(7) decreases linearly with applied pressure at rate at a rate of

dTsp/dp =—2.05 K/GPa [125]. Powder neutron diffraction experiments of polycrystalline
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YMnO; show that the spin arrangement of YMnOs3 is not modified but the magnetic
moment at saturation is reduced by application of hydrostatic pressure (up to 0.8 GPa).
At these low pressures, the applied hydrostatic pressure mainly altered the lattice constant
a, whereas ¢ remained almost unchanged [143].

Pressure effects at much higher pressures (6 GPa) were conducted on YMnO; and
LuMnOs; in neutron diffraction measurements in the temperature range 10-295 K. Both
samples have a significant decrease in the ordered magnetic moment of Mn ions (at 7 =
10 K) from 3.27 (0 GPa) to 1.52 ug (5 GPa) for YMnOj3 and from 2.48 (0 GPa) to 1.98 up
(6 GPa) for LuMnQj3;. This decrease for LuMnOs is due to an enhancement of the
geometrical frustration effects on the triangular lattice. At the same time, the magnetic
symmetry of the triangular AF state (the irreducible representation I';) remains
unchanged.

However, spin reorientation of Mn magnetic moments and a change in the
symmetry of the AF structure occur in YMnO;. A spin-liquid state due to magnetic
frustration on the triangular lattice forms by Mn ions at normal pressure and 7>Ty = 70
K, and an ordered triangular AF state with the symmetry of the irreducible representation
I'y arises at 7'< Tn. The high-pressure effect leads to a spin reorientation of Mn magnetic
moments and a change in the symmetry of the AF structure, which can be described by a
combination of the irreducible representations I'y and I'; [144-146]. This high pressure
induces a spin-liquid phase in YMnOQs;, coexisting with the suppressed long-range AF
order. The spin liquid phase exhibits temperature dependence distinctively different from

short-range spin correlations seen at ambient pressure. Its formation occurs through an
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in-plane Mn-O bond symmetrization and results in reduced magnetoelastic coupling at
high pressures [147].

Except for the low temperature magnetic structural change, the pressure could
also lead to a phase change from hexagonal-type into an orthorhombic-type at ambient
temperature.  This transition for HoggDyo,MnO; happens at 9.8 GPa at room
temperature, which was detected by a change in vibration modes [148]. Here it should be

noted that the end member DyMnOs is orthorhombic.

1.16 Research Interests for Hex-RMnO;
Raman and infrared spectroscopy of YMnOs; at the high-temperature paraelectric and
low-temperature ferroelectric phases show only weak bands in the ferroelectric phase
because of the noncentrosymmetricity. The structural differences between these two
phases of YMnO; are very small [101]. By x-ray diffraction measurements [149], it is
found that the ferroelectric polarization originates from the tilting of MnOs polyhedra and
the buckling of R layers, which persists up to 1000 K. However, no evidence shows a
structural phase transition up to 1000 K for either RMnO3. And it is still questioned by
Jeong et al. [150] whether the geometric effect is the origin of the electric polarization or
whether the off-centering of Mn ions also contribﬁtes to the polarization [114, 151, 152].
YMnO; forms in both the hexagonal and orthorhombic phases on solution synthesis at
ambient pressure [106]. The stability of these structures at high pressures (up to 20 GPa)
at ambient temperatures and the change in the electronic structure with pressure will be

explored in this thesis.





















CHAPTER 2

METHODS: SAMPLE PREPARATION AND EXPERIMENTAL METHODS

2.1 Crystal Growth

The manganite research was conducted on polycrystalline, single crystal and thin film
samples. Polycrystalline samples can be made by the solid-state reaction method and the
citrate. method. The solid-state reaction is the most common approach. First
stoichiometic component powders were weighted and mixed. The mixed powders were
ground, pressed into a pellet and sintered several times until a single phase material was
acquired. The final firing is at higher temperature with slow cooling down to make the
sample dense and compact.

Single crystal sample can be grown in many ways [165]. The flux method can
provide thermal strain free crystals. The crystal growth takes place in a crucible
(platinum, quartz) where the components of the desired substance are dissolved into a
solvent (flux like tin and lead) and the growth takes place at relatively low temperatures.
The constituents of the desired crystal and the flux are kept at a temperature slightly
above the saturation temperature long enough to form a complete solution. Then the
crucible is cooled slowly in order that the desired crystal precipitates from this saturated
solution. Nucleation happens in the cooler part of the crucible. The grown crystals
display natural facets so that they can be used for optical experiments without further
polishing. A disadvantage is that the crystals are relatively small (size in mm) and
sometime the crystals are hard to separate with the condensed flux [166].

Large single crystal sample of many materials can be grown by floating zone

technique with polycrystalline rod. The rod is placed inside a quartz tube of an infrared
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The common single crystal substrate materials are listed in Table 2.1. The unit
cell volume of the film is not conserved and it changed with the substrate and the film
thickness. The film is not completely relaxed until it reaches a thickness of the order of
500 nm. In a film thinner than 60 nm, there is no relaxation and it is fully strained [175].
In the film thicker than 60 / 80 nm, the film can be a single crystal phase without
dislocation or intermediate layer up to 120 nm [175, 176]. It also can be in two regimes
such as in Ndy 5819 sMnOj; films (thickness 100 nm ~ 200nm) deposited on (001) oriented
LaAlQOs;: one is strained (close to the substrate) and another is quasi-relaxed component in
the upper part of the film, the latter increasing with film thickness [177]. At 103 K, the
STO substrate has a ‘tetragonal-cubic’ transition and the film will follow this structural
change [175].

The CMR maganites are sensitive to lattice distortions and structural changes, so
the strained CMR films would exhibit different magnetic and electric properties from
bulk samples. Checking the morphology of the film, a very smooth single crystal film
displays columns under atomic force microscope (AFM). The polycrystalline film will
show different size grains inside depending on the film deposition parameters and the

grain boundary effect will modify the transport properties [178].

Table 2.1 Common Single Crystal Substrates for CMR Materials

Name SITiO, LaAlO; MgO NdGaO, (LaAlO3), 5(Sr,AlTa05), ,
Symbol STO LAO - NGO LSAT
Lattice . Rhombohedral ] ] ] '
structure Cubic @5° 0 Cubic Orthorhombic Cubic (domain I)
Lattice _ a=0.5426
parameter | a=0.3905 “ ;013371818 a=04205 | b=05502 a=03868
{nm) ) c=0.771
Nb:SrTiO; . o f.c.c. (domain II)
(STON) | Cubic(>435°C) a=0.7737

Source: MTI Corporation Inc. http://www.mtixtl.com/
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2.4 Sample Preparation

Polycrystalline Pry7Cag3sMnO3; (PCMO) was made by solid-state reaction method. The
mixed PrgO;;, CaCO; and MnO, powders were heated at 1100 °C for 10 hours. A
pressed pellet was sintered at 1200 °C for 40 hours with intermediate grindings. The
dense pellet was kept at 1300 °C for 10 h for the final firing and cooled slowly by a rate
of 1 °C/ min. X-ray diffraction (XRD) is the most common method to determine the
crystal structure. Laboratory XRD equipment was used to check the sample structure and
crystallization. The XRD pattern (see Figure 2.5) was check by a laboratory x-ray
diffractometer (Rigaku RINT-2100).

CMR and multiferroic manganites exhibit magnetic phase transitions which can
be examined by measuring dynamic susceptibility, such as ferromagnetic transitions.
Typically, y diverges at the critical temperature of a ferromagnetic phase transition.
Critical exponents characterize the nature of the divergence as a function of temperature
and dc applied field. Determination of these critical exponents allows one to distinguish
between various models of magnetic interactions. Characterizing samples by SQUID
(Superconducting Quantum Interference Device) magnetometer, the saturated magnetic
moment of bulk PCMO is ~1.65 up/Mn at 5K and 1 T magnetic field measured by
SQUID comparable with 1.8 ug/Mn [179]. The elements of the PCMO bulk target were
determined by Energy Dispersive X-ray analysis (EDX) and the atomic ratio of Pr vs. Ca
is 3: 7.07 (x 0.61) in 20 sampling points. Transport property was measured by the four-

point method without an external field.
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in arm 1 (created by moving the mirror) causes the phase change 2zvx and the sample

dispersive properties introduces phase shift -@(v) in the arm 2. The wavenumber (v) is in

the unit of cm™ (8.066 cm™ correspond to 1 meV energy). Ignoring the influence of the

beam splitter, the amplitude of the total EM field on the detector is:

E

total

= E,(v)e™™ + E,(v)e
The intensity of the fields is:

E, [ = E + E} + 2E,E, cos[2mvx + ¢()]

total

In the whole frequency range, the total power on the detector is:

P(x)= f|E,o,a, 12 dv = f{Ef + E] +2E,E, cos[2mvx + ¢(v)] Jdv

The interferogram function is:

I(x) = P(x) — P(0) = P(x) - f (E? + EX)dv =2 f E,E, cos[27vx + ¢(v)}dv
Extend the interferogram function to negative frequency range then:

I()C) = [:ElEzeiZﬂvxei(ﬁ(V)dv = [:(EIEZ COS¢ + iElEZ sin ¢)ei27rvxdv

(2.6)

Q2.7)

2.8)

2.9)

(2.10)

Define p,(v) = E,E,cos¢ , p,(v)=EE,sing , and the complex spectral power

p(v) = p, +ip, , so interferogram function is:

I(x) = [: P)e ™ dv

The spectral power is:

)= [ 1(x)e >

with back transformation. Since I(x) is a real quantity, p(v) must fulfill

2.11)

(2.12)
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2.5.3 High Pressure Basics

Applying a large force on a small area will create a huge pressure [184]. The piston-
cylinder device, the belt apparatus, and the multiple-anvil devices are powerful tools to
create a high pressure environment to study the material phase transition and synthesis at
high temperature. A diamond anvil cell (DAC) can be selected for different studies under
ultra high pressure (Table 2.2).

Table 2.2 High Pressure Experiment with Diamonds [185]

Diamond type Experimental techniques
Type I (Yellow) Diffraction, Optical

Type I (Raman (ultra) low fluorescence) Raman, Diffraction, Optical
Type 1TA Infrared, Diffraction, Optical

As the hardest material, diamond, has a wide range of radiation transmission that
extends from the near-UV right down to microwave frequencies, except for a region of
total infrared absorption that effectively precludes such spectroscopy from about 1850 to
2300 cm™ [186]. With low Raman fluorescence, it can be used to conduct the high
pressure Raman studies. It is also largely transparent to x-rays at the wavelengths used in
most structural studies (typically above 10 KeV). A diamond anvil cell is used to create
the pressure (hundreds of GPa) existing beneath the crust of earth. The three main
components of DAC are: (1) two diamond anvils, each mounted on a high-strength
support material through which a radiation path has been drilled. (2) a metal gasket with
a central hole, which separates the diamonds; (3) the force generating parts, driving the
two anvils together along a common axis. The pressure can be measured by the Ruby

Fluorescence method [187] or the Sr-YAG method [188].
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constant [93]. For the high frequency region, the reflectivity can be extrapolated by
combining the @ > law or the o™ dependence [93], or using the reflectivity data from
relative materials [90]. More general expressions and useful formulas can be found in
Appendix A.

Using classical Drude-Lortez (D-L) model:

w’ Ne? ;
go)=1-——2—t— g { , (2.19)
o +iyo  gm, T o; -0 —iy,;0
or factored (TO-LO) [192] model:
Q- o’ +1Y 0@
(o) = ng (2.20)

2 2 .
Qo =@ +1Y o @
In these models, the complex diclectric constant &(w) is assumed. By Least-

Squares fitting method [192, 194], the reflectivity and transmittance can be simulated to

yield physically meaningful optical constants.



CHAPTER 3

INFRARED SPECTRA OF LA sMNO;.s/LAO

3.1 Onset of the Increase in Carrier Numbers
R1.:4;Mn0O; (R: trivalent rare-earth ions, A: divalent alkaline-earth ions) has been widely
studied due to the large magnetoresistance observed [7, 17, 40, 71, 174, 195]. Divalent

cation doping induces a change from Mn** to Mn**

at some manganese sites. The
induced holes in the e, level create a mixed valence system. These materials have also
attracted much theoretical and fundamental physics interest since they exhibit intimate
coupling of spin, lattice, orbital, and charge degrees of freedom. This coupling results in
a ground state energy landscape with multiple minima corresponding to different charge,
spin and structural configurations. Small external perturbations (such as temperature,
pressure, substrate strain, magnetic fields, and electric fields) can shift the system from
one state to another. In addition to chemical doping, a mixed valence on Mn sites can
also be induced by defects on the La site in systems such as La-deficient La; ,MnQO;.5 (x >
0, 8 > 0). Both ferromagnetic order and metallic conductivity can be obtained [196-198]
and the transition temperatures can be adjusted by both the oxygen content and the La
deficiency [171, 199]. One of the open questions about these colossal magnetoresistive
oxides concerns the transition of the system from the high temperature paramagnetic
insulating phase (with Jahn-Teller distortion of the MnQOg polyhedra which trap the
conduction band electrons) to the low temperature conductive ferromagnetic phase [200,

201]. It is thought that just above the metal to insulator transition, regions of metallic

phase (Jahn-Teller free) begin to grow within the insulating host and then

53



54

dominate at low temperatures based on structural and optical mode measurements [202,
203]. The nature of this mixed phase behavior is still under discussion.

Optical experiments are a good way to study the phonon modes and electron-
phonon coupling in oxides [192]. In addition, information on the free-carrier
concentration can be derived. In previous work, it was found that the onset of the
increase in the carrier numbers occurs concomitantly with the peak in resistivity and the
onset of the ordered magnetic state [79, 83-85, 87, 90, 204-209]. Tonset ~ ¢ or Ty from
the above literature in manganites are summarized in the Table 3.1 below. Here it is
shown that this is not always true and a physical model for the difference is suggested.
The proposed model possibly works for other manganites, which is that outside of the
fluctuation region and below T¢/Tyy, regions with local lattice distortions trap the
conduction band electrons. As the temperature is lower, these regions release the carriers
and hence produce an increase in the number of free carries. The main point is that at
temperatures significantly below 7 and the peak resistivity temperature there are

insulation regions in the sample.
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Table 3.1 Summary of T (Nep) and 7/ Tayy for Manganites

sample form TAK) Tp Thg (K) T,se(Nog)  cut off energy

Adopted at a
minimum as a

LaLSrMnOs S 283[83] ~283 283 boundy between

r=u intra and inter band
excitions

Nd, 7S19:MnO; F - Tp 180 [85] 180 1.5eV

Lag 7,Pr,Ca sMnO; S Series[87] series TITc=1 0.5eV

Lag7CagsMnO; P 250 ~250 240 [204] 0.5eV
the total
spectral weight of

La0_66Ca0,33MnO3 S 307 [90] - ~307 the Drude and mid-
IR contributions

La,,Sr,MnO; N N The same as above

0<x <03 S 369 [84] 369 369 [83]

La;,Sr; sMn,O5 S 121[205] 121 ~120 0.8eV

Ndy 1870 sMnO, S 1979  ~200 [”7290]0 0.8 eV

Pro7Cag3.S1,MnO ~100

0.7C 80,3051 3 -
¥=0,0.05 & 0.2 P [206] 100 100 0.1,0.05,1.1eV
— 0.05
A 221,
La0_75Ca0,25MnO3 P B208 - ~Tc 1303 eV
[207]

T1,Mn,0, P 120 [208] - ~120 <0.2eV

La;,CaMnO;

x=0.1, 0.265. S Tc [209] - - 0.5eV

Note: P = Polycrystalline, S = Single crystalline, F = Film

3.2 Ambient Pressure Infrared Reflectivity
In this section, a synchrotron infrared spectroscopic study on self-doped La,MnO;;
(x~0.8) films is presented. While the metal-insulator transition temperature (734) and the
magnetic ordering temperature (7¢) approximately coincide (as derived from bulk
transport and magnetization measurements), the change in free carrier density onset is at

a significantly lower temperature (~45 K below). This indicates the presence of an
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insulating phase significantly below the magnetic ordering temperature. LagsMnOss
films were epitaxially grown on (001) LaAlO; (LAO) substrates by liquid injection metal
organic chemical vapor deposition [171]. The x-ray 26 scan [210] showed no any
impurity phase and the ¢ axis is perpendicular to the substrate surface because of only
(00/) diffraction peaks visible. Here the results are for a ~120 nm thick film, which were
also found in a ~410 nm film. The in situ post-deposition annealing leads to the strain
relaxation which are revealed by x-ray diffraction measurements [172]. By the reciprocal
space map (RSM) method, it was found that the out-of-plane lattice parameter was
relaxed [210] for this ~120 nm thick La,MnQOs.5 (x~0.8) film. The lattice parameter is
summarized in Table 3.1 and the relaxed c-axis parameter is ~1.94 A on the (0 0 4)

reflections. Both the x-ray diffraction (26 scan and RSM) and TEM results [198, 211]

revealed that the Lag sMnOs.s film is epitaxial.

Table 3.2 XRD Summary Data of 120 nm Lay sMnQOs.5 film [210]

20(°) (hkl) d £ (%)
47.067 004 1.9407 0.0258
68.65 044 1.3742 -0.015
68.94 404 1.3692 -0.058

The film resistivity is 4.6x10™* Qcm (10 K) as acquired by a four-point probe
measurement, which is comparable with 2x10* Qcm (5 K) for La;,Ca,MnO; (x=0.33)
films on a LAO substrate [212]. The metal-insulator phase transition temperature (7, ~
298 K) and the Curie temperature (7¢~ 295 K) are quite close (see Figure 3.6) and a high

magnetization saturation of 3.66 up/Mn (5 K) is achieved under a 0.2 T magnetic field.
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become narrow and the reflectivity drops. In the La;.,Ca,MnOj; and La;_,Sr,MnOj3 films
substrate systems and bulk samples, this phenomenon is not so obvious [84, 90, 93]. This
phenomenon suggests incomplete conversion to the metallic phase over this temperature
range. On the other hand, between 150 and 10 K, the reflectivity increases gradually in
the whole frequency range except around the peaks at ~200 and ~450 cm™, as expected.
A saturation level is approached below 200 K. The small variations of the reflectivity in
the very metallic phase (< 50 K) and the low conductivity region (~280 K) are exhibited

in Figure 3.3.

3.3 Drude-Lorentz Fits
As the penetration depth [216] is of the order of the film thickness, the reflection from the
substrate cannot be ignored especially at low-frequency range. The reflectivity depends
on the film and the substrate dielectric constants and the film thickness, after treating a
one-side polished LAO substrate (0.5 mm thick) as a half-infinite plate. The dielectric

functions can be described by the Drude-Lorentz (D-L) model [216]:

2 2

D o S — it 3.1)

o(w+il) 5 (a)ojz—a)z)—ia)Fj

Using the available LAO dielectric functions [217] as the initial condition, the
bare substrate dielectric constant were obtained by least squares fitting [193]. Then
fixing the substrate parameters, the reflectivity spectra were fit at each temperature. An
example fit at 10 K is shown in Figure 3.6 (a), and fitting parameters at representative
temperatures are listed in Table 3.3. The first component corresponds to the Drude

contribution and yields results similar to those found previously [87] while the second to
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the amplitudes of the Ngy and the Drude weight vary with in e, (Figure 3.5), the onset

temperature is insensitive.

Table 3.3 D-L Model Fitting Parameters at 304, 282, 275, 265, 150, 125 and 10K

304K 282K 275K 265K 150K 125K 10K

'pl

D2

Wy7!

'p7|
7

Wyg)

P8
Ty

5.2

167
1039
34

356
1500
107

523
in
60

584
853
53

636
615
71

908
710
328

4881
8541
2215

5564

56 55 55 55 55 55

0 0 0 0 0 0
1016 1184 1508 6413 6782 8142
17 98 314 531 442 366

162 167 168 173 175 185
925 826 718 760 950 769
33 18 18 23 13 21

350 350 350 378 381 382
1515 1455 1319 2489 2941 3271
112 100 90 134 128 169

524 524 523 535 - -
316 383 601 726 @ - -
57 72 123 69 - -

585 585 586 585 577 575
897 885 888 1010 1509 1742
54 52 52 52 8 97

642 641 638 0659 656 657
533 534 448 877 842 893
46 48 39 39 30 29

958 940 984 - - 974
826 861 1029 - - 4226
400 413 540 - - 702

4177 4304 4129 2123 1732 1899
15085 15952 17064 17908 14955 19233
3526 3822 4181 3682 3037 1988

8988 9178 7795 2654 2318 -

19684 17922 17315 6794 13366 15866 -

7416

9101 8447 2729 1763 1474 -

Note: @,, wp, I in unit cm™,
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In addition, the zero frequency conductivity, plasma frequency (w,) and resistivity

2 2

T 47me 1 T

ne , a)f, = , P = >—. The dc resistivity and calculated
m m 4rw,T

are related by: o(0) =

resistivity [from ¢(0)] are plotted in Figure 3.7 (a) with the magnetization. The
resistivity data sets have a consistent trend and show a good agreement for temperatures
where the sample is more metallic, indicating that the D-L model is appropriate. Figure
3.7 (a) inset shows that the deficient LagsMnOs.5 is a normal CMR material in terms of
the widths of the transition regions (for magnetization and resistivity) compared with a
LaysCasMnO; film [213]. Note the similarity in widths in the magnetization and

resistivity transition regions.
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the magnetization and resistivity for the sample LaysMnO3/LAO compared with that of
the classic Lay;3Ca;sMOs film [213] as a function of 7/T¢. The curves follow each other
only with minor broadening.

Those results suggest a more complex mechanism for the transition to the low-
temperature phase in manganites. It is consistent with the existence of regions with
significant local distortions below 7j; and Tc which trap the e, conduction electrons.
These regions with local distortions constitute an insulating phase which persists for
temperatures significantly below T34 and T¢. Low spin scattering will lead to the
observed initial large resistivity drop [220] as a result of magnetic ordering of the 75,
spins enabling Mn—Mn site hopping [221, 222] when reducing temperature below T¢.
Further reductions in resistivity are then due to reductions in the volume of the minority
insulating phase which then increases the number of free-carrier. The origin of the
flattening of the reflectivity spectra at low temperature is due to the increased number of

free-carrier, which limits the penetration depth of the light into the sample.

3.4 Small Polaron
In strongly correlated compounds electron-phonon coupling in the form of polaronic
effects has to be considered an important ingredient to understand the complex physical
properties. In the manganites, polarons are usually associated with the temperature
dependence of high temperature dc resistivity [223] and a mid-IR (MIR) excitation in the
optical conductivity [92]. Ziess [224] reported that the high-temperature resistivity of the
high quality epitaxial Lag;Cag3MnO; films (100 nm) on LaAlOs; and SrTiO; has a

thermally activated form (see Figure 3.9) and he found that the values of the activation
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p=ATexp(E, /kyT) 3.4)

In this expression, kpz is Boltzmann constant. In the high limited temperature

range, the value of E, for LagsMnOs.5 is 592 cm'l, which is close to the values of E, =

532 cm” (66 meV) for annealed LCMO/LAO [224] and E, = 672 cm ' for
LCMO/NdGaO; [92].

Small polaron optical conductivity is given by [225] :

sinh(4E, i/ A*)
4E,ho/ A

A=22E,E,,

Eyp is the SP binding energy or formation energy, o(0, 7) is the dc conductivity, A

o(®,T) =0o(0,T) exp[-(hw)* / A*]

(3.5)

is a broadening factor indicating by how much the localized levels between which the
transition occurs, are broadened by the atomic vibration with the characteristic vibrational
energy Eyp, where E,; is kpT at a temperature high enough and E,;; is 7 a,u/2 (the zero
vibrational-energy)-atlowtemperatures (kzl" << #-ap/2)-—The-strong-SP-absorption pea —_—
is located at ~ 2F}, the maximum.

At 300 K, the value of the high temperature E,;is ~208.5 cm™ (2.585 x 107 &V).
Fits to the optical conductivity spectrum with equations (3.5) to extract the binding
energy were conducted. Figure 3.12 displays the small polaron optical conductivity fit at
304 K. The dc conductivity is ~28.05 Qlem™. Treating parameters E; and E,; as free,
the binding energy and vibrational energy are ~5698 cm™ and ~197.4 cm™ (284 K),
respectively. Using the theoretical value of 208.5 cm™, Ej is ~6009 cm™. MIR oscillators
are at ~5564 cm™ (strong one) and 4881cm™. The fit results are in a reasonable range.

These indicate that the oscillator peaks in MIR region connect with the SP binding energy
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will decrease with increasing temperature in the FM region and above T34 the mobility
iﬁcreases slightly [226]. As a consequence, that also will lead to the spectral weight of
the polaronic excitation being reduced on increasing temperature.

With increasing temperature, the J-T distortion effect is enhanced, the polaron
formation energy increases and more carriers are localized. For LaggsMnOs-3, the binding
energy 2E; rises from 2210 cm™ (6 K) to 6040 cm™' (250 K) like it does happens in
LCMO [93]. Above Ty, the binding energy remains stable.

The binding energy 2FE; increases towards the metal-insulator transition at Ty,
and remains constant above T reflecting the significant role of magnetic interactions in
a polaronic system as well as the importance of electron-phonon interactions in the
formation of the insulating phase. The observation of SP at low temperature provides
further evidences that support the existence of regions with local distortions trapping the
e, conduction electrons, which constitutes an insulating phase and persists for
temperatures significantly below 7y and T¢.

In conclusion, this research has explored the temperature dependent infrared
reflectivity spectra of La,MnQO;.5/LAO (x~0.8) system over the range 100-8000 em™.
While the metal-insulator transition temperature (734) and the magnetic ordering
temperature (7¢) approximately coincide, the free-carrier density onset occurs at a
significantly lowered temperature (~45 K below). The conductivity was found to be
systematically enhanced at lower temperatures. These results are consistent with the
existence of insulating regions at temperatures significantly below the metal-insulator and

magnetic ordering temperatures.
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Studying the structure of LaggsMnOs.s (see Figure 4.1, [199]) by Neutron
diffraction methods could acquire more accurate crystal structure information since the
oxygen atoms scatter strongly (as compared with x-ray scattering) and more importantly
could determine the magnetic structure. It is essential to know if there is a second
insulating AF-phase at high pressures. In the following sections, the crystalline and

magnetic structures will be discussed under high pressure.

4.2 Neutron Diffraction under High Pressures

Neutron diffraction measurements were conducted at beam line S9 (Pearl), in ISIS Pulsed
neutron & Muon Source, in UK. The PEARL High Pressure Station (HiPr) has a
medium resolution high-flux diffractometer which has been optimized for data collection
from the Paris-Edinburgh (PE) cell (see Figure 4.2). When the standard (though-anvil)
scattering geometry of the PE-cell is selected, the main ‘transverse’ bank covers 83° < 26
< 97°, d-spacing range ~0.5 - 4.1 A, with Ad/d ~ 0.8%, which is constituted by nine
detector modules (each module is made of 120 "Li-doped Zn$ scintillators type detector
elements). The sample temperature can be easily controlled in the range of ~ 90 - 350 K
with 2 K variations and the pressure is less than 7 GPa with the normal PE-cell. The
pressure medium is the methanol: ethanol (4:1) mixture and the hydrostatic pressure can
be deduced from fitting Lead lattice parameters. The detailed experiment conditions are
listed in Table 4.1.

Lag $sMnOj3 is a monoclinic phase with the space group I 1 2/a 1 (No. 15). Figure
4.3 shows the diffraction patterns at different pressures when the Lag gsMnO; powder is at

298 K. It shows no abrupt structural change in the whole pressure range up to 6.7 GPa.
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In the neutron measurements, a lineal behavior in the average Mn-O bond length
(in Figure 4.12) is observed with no cross over behavior. The band width W continuously
increases, which is not in agree with the trend of T, High resolution neutron diffraction

measurements (high ¢) with high statistics under pressures should be conducted.

4.4 Magnetic Structure Refinement
The external high pressure can induce AF phase into the initial FM manganites such as
Lag75Cag 2sMnQOs;, and Lag 67Cag33Mn03 [232, 233]. A linear increase of T was observed
in Lag75Cag2sMnQO; (dTc/dP ~12 K/GPa) [234] and in Lag7Sr3MnO; (dT¢ /dP ~5.3
K/GPa) [232]. The long-range antiferromagnetic order can be suppressed by the high
pressure in the Hex-RMnQO; manganites [146, 147] and the ordered magnetic moment

values decrease under pressure with rate dM/dP = — 0.35 ug GPa!in YMnO; and -0.08

Lp/Mn GPa™! in LuMnO;.

Table 4.2 The Refined Magnetic Moment in g Units

130K 180K 230K
m, -0.851+0.798  -0.464+0.647  -0.468 + 0.354
m 3.020+0.066  2.716+0.068  1.592 +0.093
0.5 GPa m, 0.666 +0.345  0.932 +0.381 0.191 (fixed)
M 3207+0.174  2.909+0.094  1.670+0.141
R, 0.0666 0.0633 0.057
Chi? 1.984 1.772 1.833
my (m) 2.757+0.112 2.456+0.109  1.803 £0.126
~6.8 GPa R, 0.0649 0.0712 0.0758
Chi? 2.658 2.098 1.921
dM/dP up GPa™! -0.07 -0.07 0.02
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The magnetic order is suppressed in a rate of -0.07 zz GPa™' at 130 K and 180 K.
Although the magnetic ordering is suppressed, there does not seem to be pressure
dependent of 7¢ (the magnetic moments are identical at two pressures at 230K which is
close to the ambient 7¢ ~244 K). The monoclinic crystal structure and the FM state
remain stable in the range of pressures up to ~6.8 GPa. The FM peaks persist at high

pressures and no AF peaks appear in the temperature range down to 130 K.

4.5 Group Analysis of Magnetic Structure
For FM materials, the magnetic and crystallographic unit cells are of the same size, the
magnetic reflections occur at the nodes of the nuclear reciprocal lattice and their
intensities therefore add to those of the nuclear reflections. The periodic repetition of a
magnetic unit cell can be described by the nuclear unit cell and a ‘propagation vector’, &,
which describes the relation between moment orientations of equivalent magnetic atoms
in different nuclear unit cells [235]. In the first Brillouin zone, the moment distribution

m; associated with the atom ;j of a magnetic structure is:

— =k 2 mk*T
m; = Z Fje (4.2)
k

where the vector £ is a lattice translation operation and ¥, the axial vector which is

describing the atomic magnetic momentum component along the crystallographic axes.



Table 4.3 Symmetry Operators of the Space Group 11 2/a 1
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Element Rotation matrix  IT notation

&n

£1

2

g3

g4

S O =l o o -

OO =k OO

R

O mlOo O RO O =, O O = O

g=1{R|7 }
0
0 {E|000}
1
0
0 {C5 10.500}
1
0
0 {1000}
1
0
0 {0,10.500}
1

Kovalev notation
g = {hn|7}

{h11000}

{h4]0.500}

{has5 |00 0}

{hy5 0.5 0 0}

Jones symbol

X, Y, 2

X +1/2,-y, z

X, -y, -2

x+1/2,-y,z

Note: The notations used are of the International Tables, where the elements are separated into rotation and
translation components, and the Jones faithful representations.

For FM Lay 3sMnQ; with the space group I 1 2/a 1, the Mn atom occupies the 4a

site, which has two equivalents positions 1: (0, 0, 0), 2: (0.5, 0, 0), and the propagation

vector is k= (0, 0, 0), which is unchanged under the crystallographic space group. Table

4.3 contains both crystallographic and the magnetic symmetry operators. Using the

program Sarah [236], the magnetic representation I'mag = 11“1]+2I‘21+2F31+11“41 and the

possible basis vectors are deduced and summarized in Table 4.4.
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Table 4.4 Basis Vectors for the Space Group I 1 2/a 1 with k¢ = (0, 0, 0)

BV components

IR Basis Vector Atom . % mie imla im/b im/c

I Y1 1 2 0 0 0 0 0
2 -2 0 0 0 0 0

P2 1 0 2 0 0 0 0

2 0 2 0 0 0 0

Y3 1 0 0 2 0 0 0

2 0 0 -2 0 0 0

I Y1 1 2 0 0 0 0 0
2 2 0 0 0 0 0

P2 1 0 2 0 0 0 0

2 0 -2 0 0 0 0

Y3 1 0 0 2 0 0 0

2 0 0 2 0 0 0

I's Y1 1 0 0 0 0 0 0
2 0 0 0 0 0 0

P2 1 0 0 0 0 0 0

2 0 0 0 0 0 0

Y3 1 0 0 0 0 0 0

2 0 0 0 0 0 0

Iy Y1 1 0 0 0 0 0 0
2 0 0 0 0 0 0

Y2 1 0 0 0 0 0 0

2 0 0 0 0 0 0

Y3 1 0 0 0 0 0 0

2 0 0 0 0 0 0

Note: The decomposition of the magnetic representation for the Mn site (0, 0, 0) is Typpg = 1T, 21,
4215417, . The atoms of the nonprimitive basis are defined according to 1: (0, 0, 0), 2: (0.5, 0, 0).

In conclusion, this work explored the pressure dependence of the crystal and
magnetic structure on Lag3sMnOs3 by neutron diffraction method. In the pressure range
up to ~6.8 GPa, the monoclinic phase structure remains stable. LaggsMnO; has a high
bulk modulus value of 133GPa and the anisotropic compressibility. With the pressure
increasing, the lattice parameters (a, b, c) and cell volume decrease linearly while the
angle and the electronic carrier bandwidth W increase. The FM order of LaggsMnOQs is
suppressed in a rate of -0.07 ug GPa™'. In the temperature range down to 130 K, no AF

structure was induced by the pressure.



CHAPTER 5

HEX-RMNO; INFRARED AND RAMAN SPECTRA

5.1 Hex-RMnOj; Infrared Absorption Spectra
The RMnOs (R: rare-earth) is an important group of manganese oxides [70, 71, 237, 238].
They exhibit CMR effect in orthorhombic structure (Puma, Z= 4) materials and
ferroelectric properties in both the orthorhombic (perovskite structure) and the hexagonal

structure (P63mc, Z= 6).

Table 5.1 Volume per Formula Unit

Hex-RMnO; Orth-RMnO3
A% (A%
YMnO; 623922 61.511° 56.441°
HoMnO; 62.061% 62.019° 56.536°
LuMnO; 59.846% 59.823° 54.873°
LaMnO; - 61.028°

a [4], b [230], c this experiment

The small R ion radius hexagonal RMnO; is the stable ferroelectric phase at
ambient conditions, but the hexagonal structure can be converted to the dense
orthorhombic phase (see Table 5.1) by the simultaneous high pressure and high
temperature treatments (for example 4 GPa and 1000 °C) [4, 239-241]. High temperature
and high pressure synthesis is the most common method (see Table 5.2) to acquire the
small ion radius orthorhombic RMnOs (R = Y, Ho, Er, Tm, Yb, Lu). If only the high
temperature condition exists (above 7¢), the hexagonasl structure can be transform to a

paraelectric (high symmetry hexagonal) phase (P6s/mmc, Z= 2). By a solution based
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procedure, the orthorhombic YMnOs; and HoMnO; can be crystallized by heating the

citrate gels up to 900 °C for several hours [242] without any high pressure treatments.

Table 5.2 Example of High Pressure Orthorhombic Phase Transition Conditions

Sample Tem(]%ecr?ture P(rgjge Reference

650 34 Waintal [239]

YMnO; 900 45 Waintal [239]
1000 35 Wood [243]
<2100 15 Aken [239]
950 45 Waintal [239]

HoMnO; 1000 35 Wood [243]

LuMnO; 750 42 Waintal [239]
800 (30min) 50 Okamoto [244]

ErMnO; 675 42 Waintal [239]

TmMnO; 780 42 Waintal [239]
700 42 Waintal [239]

YbMnO; 1000 40 Wood [243]

RMnO; (Y,

Ho, Er, Tm, 1000 40 Zhou[4]

Yb, Lu)

Y(Ho)MnO; 1020 (5h) 35 Lorenz [240]

%ﬁiﬁﬁc’ 800 (30min) 50 Uusi-Esko [241]

Beside the bulk materials, the RMnOs3 films also show the structure diversity. An

appropriate perovskite substrate will force the small ion hexagonal RMnQj; to grow as an

orthorhombic film [245] instead of the hexagonal phase, and the ZrO, (Y,03) (YSZ)

substrates can epitaxially stabilize hexagonal DyMnO; and TbMnOs films, which are

normally of orthorhombic structure [6]. When the normal hexagonal RMnO; films are

deposited on a YSZ substrate, thickness dependence is observed in the c-axis oriented

hexagonal films [6].
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Under high pressure conditions, the important parent compound, orthorhombic
LaMnOs undergoes complex changes on both structure and electronic properties. Below
15 GPa, LaMnQOj 1s the orthorhombic Pnma structure with the large Mn-O bond
distortions [246]. The Jahn-Teller (J-T) distortion will be reduced with the pressure
increase. At ~15 GPa, a phase transition happens [246] with the new phase is still an
insulating phase; however, the precise atomic structure of this new phase is not clear.
Above 18 GPa, the J-T distortion is completely suppressed and the e, electron is
delocalized. LaMnQOj; shows an insulator-metal (IM) transition for pressures beyond 30
GPa [230].

By contrasts, the J-T distortion does not exist in hexagonal RMnQO; materials
because of the different local symmetry. The lattice energy of the hexagonal structure is
lower than the corresponding orthorhombic phase and the hexagonal RMnOs does not
show an IM transition. Previous works have studied the Hex-RMnO; structure and
antiferromagnetic ordering under pressures up to ~6.7 GPa [143, 147]. Under hydrostatic
pressure conditions, Hex-RMnO; has both lattice parameters and internal atomic
structural change; the ordered Mn magnetic moment is suppressed by pressure. A Raman
scattering experiment [148] reveals a new possibility of the phase transition from a
hexagonal structure to an orthorhombic structure (Hog 3Dy 2MnOs) at high pressure ~10

GPa at room temperature.
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5.2 High Pressure Hex-RMnO; X-ray Diffraction
In this work, a series experiments are conducted to discover the hydrostatic pressure
effects on the structural, vibrational and optical properties of RMnO; (R= Y, Ho, Lu).
They were done in a pressure range up to 20 GPa at room temperature (298 K) by
synchrotron x-ray powder diffraction and infrared (IR) spectroscopy methods.

Finely ground RMnO; (R = Y, Ho, Lu) polycrystalline powders (< 500 mesh),
which are made by solid-state reaction method and were sealed into a diamond anvil cell
(DAC). Monochromatic x-ray (A = 0.4066 A) powder diffractions under high pressures
were completed at X17C beamline at the National Synchrotron Light Source (NSLS),
Brookhaven National Laboratory. A charge-coupled device (Mar 165, 2048 x 2048
pixels with 79um resolution pixels) at a distance of ~250 mm from the sample was used
to record the 2-D diffraction rings, which were integrated to yield intensity vs. 26
diagrams by the program Fit2D. Methanol/Ethanol/Water (16:3:1) mixture was used as
the pressure medium in x-ray diffraction experiments. The pressures generated by DAC
were calibrated by the Ruby Fluorescence method. Multiple ruby chips were placed in
the cell in order the check the pressure homogeneity and the variation in pressure is
reported as pressure error bars.

Diffraction patterns of RMnOj are shown in Figure 5.1 (a) in the pressure range
up to ~20 GPa. Three diffraction patterns of the RMnOQOj; are similar at ambient pressure.
The diffraction peak positions will shift toward high 28 value and the peak intensities are
varied with the pressure increasing. In the whole pressure range, no abrupt shape change
or new diffraction peaks are observed. It implies that the P6scm structure persists in the

experimental pressure range. The ambient pressure lattice parameters (a and ¢) extracted
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by Rietveld methods are a = 6.11505 A, ¢ =11.3781 A (YMnOs), a =6.13450 A, ¢
=11.41790 A (HoMnOs) and a =6.03965 A, ¢ =11.36235 A (LuMnOs). These lattice
parameter values are close to the values in publications [4] (YMnOs a = 6.14666 A, ¢
=11.4411 A, HoMnO; a =6.13820 A, ¢ =11.4118 A and LuMnO; a =6.04011 A, ¢
=11.3648 A). Figure 5.1 (b) illustrates normalized lattice parameters and it exhibits non-
lineal decreasing tendency with the pressure increasing. At the same pressure, the
compressibility of a is much larger than that of ¢. The RMnOj; unit cell volume changes
are displayed in the Figure 5.1 (¢). The pressure dependence volumes are fitted by the
Murnaghan equation of state:

V(P)=V,(1+B, Bﬁ)'“’% 5.1)

(4}
where a solid has a certain equilibrium volume ¥}, the zero pressure bulk modulus By and
the bulk modulus pressure derivative By’. Both By and By’ values are bigger than the
corresponding values of orthorhombic LaMnO; (By = 108 + 2 GPa, By = 8.5 £ 0.4)

[230].

5.3 Hex-RMnO; Infrared Absorption Spectra
The elementary unit cell of the hexagonal ferroelectric P6scm structure contains six
formula units. According symmetry arguments there are 60 vibrational modes in the first
Brillouin zone (T’ = 10A1 + 5A2 + 10B1 + 5B2 + 15E1 + 15E2), which are listed in
Table 5.3 [128]. Among them, 23 modes are IR active phonon modes (9A1+ 14El)
[128]. The corresponding phonon frequencies and atomic displacements directions of IR

modes can be found in Table 5.4.






Table 5.4 Summary of Infrared Modes and Raman Frequencies (in cm™) in Hexagonal P63mc RMnO; and Description of the Atomic
Displacements

YMnO; [128] HoMnO; [130] LuMnO;[247]
Mode Calc. Expt Expt. Theory E?Rpt Expet. Di:)efc ttlilczenl:rngissti # IR ?l%)}iJO)
symmetry  TO/LO IR Raman (TO/LO) (TO/LO) (,IPSI/HL%) ' atomic e=4.92
displacements
Al 147/147 148 125/127 +2(RIY1) -Z(R/Y2) wro, (E 1l ) 118.65
Al 204/216 190 195/234 rot. xy(MnO5) wroz (E 1l ©) 223.08
Al 222/269 265 257 245/270 262/262 +Z(R%{,’[§;Y - oros (E 1l ©) 263.41
Al 299/301 297 291/295 295/295 x(Mn), z(03) 04 (E 1l ©) 298.27
Al 388398 398 404/428 411/~ +;E8;; )Z(((;?();)X
Al 4231467 428 433 430/460 427/427  +2(04,03)-z(Mn)
Al 492/496 459 468/474 s63/463 Y§](()I\1/I:I(1))2) B oros(E 1/ ¢) 476.48
Al 588/601 612 598/614 +2(01,02) -z(Mn) oros (E 1l ©) 567.82
Al 662/662 681 673/673 685/685 +2(01) -z(02)
El 117/118 107/110 +>z’§%fr;10}/?(42))-
+ )
El 147/149 143/143  136/146 % 5((%21)) %
El 158/158 149/149  160/164 * 3((5312)) s
El 2127231 211 231/231 +§( Igf(%l,’%{)z')x’

Note: x, y, and z mean the directions of the displacements of the atoms.
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Table 5.4 Summary of Infrared Modes and Raman Frequencies (in cm™) in Hexagonal P63mc RMnOs and Description of the Atomic
Displacements (Continued)

YMnO; [128] HoMnOs [130] LuMnO3[247]
Expt. Expet. Direction and sign Expt.
s Mo{i:cry T%a}lfo Eﬁ{)t }fa)r(rli;n (%e/irg) IR Raman of the largest atomic IR (TO/LO)
> (TO/LO) (TO/LO) displacements £0,=4.92
EI 2330245 238 247/253 230278 ngﬁnéi)’ oroy/ ooy (E LC)  266.16/280.76
+x, y(01,02) -x,
EI 250337 281 262336 289/301 o8 0o or0s (ELC) 2970134557
EI 353367 308 337358 303/326 X, y;?éfl\z,fg” oo ons (ELc) 3674356395
EI  390/403 376 359/307  355/357 354 +x, Y(O1) -x, y(02)
EI  410/415 408 398/410  369/410 369 HYOD YO0 ey (ELc) 4124141073
+x, y(04,03) -x,
EI  459/477 457 471491  418/476 419 Y(02,01.Mn) o105 0o (E L ¢)  425.36/422.48
EI  492/527 491 497/537  479/551 480 *%.y(04,03,01,02)
-X, y(Mn)
EI  550/559 568/571 %, y(04)
EI  586/589 59 585/586  593/601 x, y(03) orog orog (B L ¢)  598.85/607.40
El 635635 632 648/648 636 %, Y(03) -x, y(O4)

Note: x, y, and z mean the directions of the displacements of the atoms.
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At ambient pressure, the pressure medium CsI only has an absorption peak near
100 cm™ (see in Figure 5.2). When the pressure increases, this peak will shift to high
energy frequency, but the medium does not create strong feature peaks. The pressure
dependent IR optical density of diluted RMnQ; is displayed in Figure 5.3 and Figure 5.4.
The ambient RMnOj3 optical density spectra in this experiment agree with the published
YMnO; spectrum [128]. For LuMnO; sample, except phonons at ~211, 238, 265, 281,
306, 398, 428, 457, 491, 596, and 612 cm'l, three new phonon peaks at 154 cm™, 333
cm™ and 416 cm™ are observed.

All phonons of RMnQO; shift to high energy with the pressure increase as
expected. The phonons of LuMnO; and HoMnO; are more sensitive with the pressure
than phonons of YMnOs. For three samples, the phonon at ~306 cm’ (E1) has the largest
rate of change, which is attributed to the displacements of atoms O1, 02, O3 along a
positive direction and atom O4, Mn along a negative direction in the ab plane[128]. The
phonon (~401 cm™) of the LuMnO; sample splits when the pressure reaches ~12 GPa.
The peak at ~333 cm™ shifts quickly with the pressure increasing and merges with the
phonon near ~401 cm™. Phonon peak shift and merger also happen in HoMnOj3 sample,
but it is not observed in YMnQ; sample. From the density function calculations, it was
found that the most pressure sensitive mode belongs to the oxygen atoms only. The
oxygen atoms have significant oscillation amplitudes with O ions moving in ab plane
under high pressure.

The phonon position changes and the intensity redistributions indicate that the
crystal structure is modified by the hydrostatic pressure. However, no common features

were found between the Hex-RMnO; IR optical density spectra and the Orth-DyMnO;



























CHAPTER 6

SUMMARY AND FUTURE WORK

6.1 Summary

On the self doped La,MnOs;;ssystem, the temperature dependent infrared reflectivity
spectra of La,MnQ;.s/LAO (x~0.8) were studied over the range 100-8000 cm’. While
the metal-insulator transition temperature (7);) and the magnetic ordering temperature
(T¢) approximately coincide, the free-carrier density onset occurs at a significantly lower
temperature (~45 K below). The conductivity was found to be systematically enhanced
at lower temperatures. These results are consistent with the existence of insulating
regions at temperatures significantly below the metal-insulator and magnetic ordering
temperatures.

On bulk Lag gsMnQs, in the pressure range up to ~6.8 GPa, the monoclinic (I 1 2/a
1) phase structure remains stable. LaygsMnQ; has a high bulk modulus value of 133 GPa
and the anisotropic compressibility. With the pressure increasing, the lattice parameters
(a, b, ¢) and cell volume decrease linearly while the § angle and the electronic carrier
bandwidth W increase. The FM order of LaggsMnQs is suppressed in a rate of -0.07 up
GPa™'. In the temperature range down to 130 K, no AF structure was induced by the
pressure.

The hexagonal RMnOs is a stable phase under high pressures up to ~20 GPa.
Although the orthorhombic phase has a smaller volume per formula unit, thermal
treatment is necessary to break the chemical bonds and covert the hexagonal phase.

Without thermal treatment, it is hard to create a phase change in the Hex-RMnQ;. The
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structure of hexagonal RMnO; remains stable under hydrostatic pressure, but the atomic

displacements show anisotropy.

6.2 Future Work
Optical, transport and structural measurements, as a function of pressure and temperature,
provide valuable information needed for understanding strong electronic correlations and
spin-lattice coupling. However, there are still open questions to be addressed in future.

The Hall effect is a good way to determine the carrier density and mobility in
CMR materials. The Hall effect measurements are suggested to extract the exact carrier
density and mobility of both self doped La,MnOs;; film and bulk samples. The
LapsMnOs.s (~120 nm) /LAO, the thickness dependence of Nz will be expanded to
understand the thickness/strain dependence of the change with temperatures. LaysMnQOs.5
/LAO films (413 and 36 nm) will be studied. For all three films (thinned substrates
measured in a DAC) the resistance under pressure will be studied for comparison. In
addition, the cell parameters of the films under pressure will be determined by x-ray
diffraction.

In the pressure range up to ~7 GPa, temperature range down to 130 K, the AF
phase was not observed in the LaygsMnQOs. At a lower temperature, will the AF phase
appear under the high pressure condition? It is essential to know if there is a second
insulating AF phase at high pressures in the full temperature range, especially at low
temperature. Higher resolution, lower temperature neutron diffraction measurements

must be conducted.
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Thermal treatment is necessary to break the chemical bonds and covert the
hexagonal phase into orthorhombic phase. What is the relationship between the synthesis
pressure and temperature? High pressure laser heating experiments will be conducted to
explore the structural phase space (hexagonal vs. orthorhombic phases). The structural
differences between these two hexagonal phases of YMnO; are very small [101]. By x-
ray diffraction measurements [149], it is found that the ferroelectric polarization
originates from the tilting of MnOs polyhedra and the buckling of R layers, which persists
up to 1000 K. However, no evidence shows a structural phase transition up to 1000 K for
RMnOs. 1t is still questioned by Jeong et al. [150] whether the geometric effect is the
origin of the electric polarization or whether the off-centering of Mn ions also contributes
to the polarization. The IR absorption measurements may tell if the MnOs polyhedra are
tilting or if Mn ions are shifting. Although the second-order scattering [130] was
reported on the HoMnO; single crystal, this effect on the single crystal LuMnO; points to

the need for measurements at different laser wavelengths.



APPENDIX A

PHONON MODEL

A.1 Dipole Lorentz Oscillator Model
The general reference of the phonon model is the book “Optical Properties of Solids”
published by Oxford University Press [249]. The displacement x of an oscillating
electron in an electric field of light wave of frequency @y is described by a equation of

motion:
——+myy — + myw.x = —eE (A.1)

y is the damping rate, e is the electric charge of electron and E is the electric filed of the
light wave. The motion of the nucleus is ignored with the assumption of mass of nucleus
much larger than mass of electron (my>> my). The three items on the right hand side are
acceleration, the damping and the restoring force of an atomic dipole oscillator. The
damping is the effect of the friction force which is proportional to the velocity and

impedes of the motion. The time dependence of electric field is
E=Ege ™ ®=E¢™™ (A2)
The solution of the displacement x has the same form:
x(t)=X,e " = X e | (A.3)
Putting this form into the equation, then one can get

=t A4
W} -0 —iyw (A4)
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The displacement of an electron will create a dipole moment. That is the classical

macroscopic polarization. The resonant polarization in a unit volume that contains N

atoms is given by:

Ne’ 1
Presonant = Np =—Nex = 2 7 .
my (@ -0 —iyo)
D=gE+P
D = 80E +Pbackground +})resonant = gOE + gOZE +

In an isotropic medium, D= goal? , So

Ne? 1
gm, (0; — 0 —iyw)

e(co)=1+;(+

Né? (02 —0*)

Reg(w)=1+y+

2
Ime(w) = e /o

gty (@5 —0°)" = (yo)’
When the frequency is zero or infinite,

Ne?

e0)y=¢,=1+y+ 5
&y,

e(oo)=gw=1+;(

Substitute (A.7) into (A.6), one can get

g(a)) =g, +(g,—-¢,)

(@ — @ —iyw)

£y (@5 —@*) = (yw)’

(A.5)

(A.6)

(A7)

(A.8)

(A.9)
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If the working frequencies is close to the resonant frequency, where w = wo>> 7y,
A, then

2m,Aw

ReclAw)=¢ —(¢, - )——————
( ) 0 (St 00)4(Aa))2+7/2

(A.10)
Ime(Ao)= (¢, —¢.) "%

4Aw)* +y?
A real material has many characteristic resonant frequencies and each oscillator

contributes to the polarization. The total polarization P and the complex dielectric

constant ¢ will be:

- Neé’ 1 =
P=( T F
gy, T 0] —0" —iy,0

2
s(a))=1+Ne Z 5 L

2 .
gy T 0 —@” ~iy0

(A.11)

where w; and y; are the frequency and the damping term of a resonance line. In this
classical model, each dipole oscillator has the same term and it will lead the oscillator
strength to be the same.

In the experiment, the absorption strengths are different for different absorption
lines. It can be only explained and shown by the quantum mechanical transition

possibility. Assigning the oscillator strength f; to each transition, the ¢ can be written by:

g(@)=1+ Ne’ 3 /s (A.12)

2 2 .
80m0 j a)j_'a) _l]/ja)

where Z f; =1. This means that a particular electron is involved in several transitions at
j

the same time, the absorption strength is dividend into these transitions.
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A.2 Free Electron Drude Model and D-L. Model
Metal and doped semiconductors contain significant numbers of free electrons. A free
electron is not bounded to any atoms and the restoring force is zero, therefore the nature
resonant frequency wy = 0.

In an ac field, the motion of a free electron satisfies:

d*x dx ~ i
m0?+moyz=—eE =—eEe” (A.13)

The free electron displacement is

S e E
x(t)=Xe™ X, =— S0 A4
O= XX, = s (A.14)
Then dielectric constant
Ne* 1
elw)=1+ — (A.15)
gy (0" —iyw)
satisfies the electric displacement
2
D=ge, B =g,F+P=s,f+ ¢ L % (A.16)

m, (-0 —iyw)

2 1
)? the plasma

where N is the number of free electrons in a unit volume, o, =(
m
0'"*0

frequency.

Combine the Drude model and Lorentz model together, the D-L model is

2 2

0 Ne

— P
g(w)y=1- T+

o +iyo gm,

fi @y
: =1+ .
2 iy,0 ga)j—a)z—i (A17)

2 2
T -0~ 70
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A.3 Phonons
* The Lorentz model can be used to describe the lattice vibration- the phonon. The motion

equations of a pair of ions with effective charge + g are:

2 2

m, d x2_+ =-K(x, —x_)+qE(t),m_ dx )2' =-K(x_—x,)-qE@),=> (A.18)

dt dt

. 1 1 1 . .

Using the reduce mass — = — +—, it turns into
M om, m_
2
A -y =K, )+ LEQ) (A.19)
dt )7 Jz

Let the relative displacement be x = x, — x_. Putting the TO mode nature irrational
. K e . .
frequency Q;, = —, which is at§ = 0, into (A.19) yields
H

d’ q
—x+Qf,x = E(t) (A.20)
dt y7,

and add the phenomenological damping rate v,
Loy x=LE@) (A21)
a g, '

It is the same equation as the dipole motion equation (A.1), thence,

Ng’ 1 Q?
glw)=1+ y + ——=¢, +(g,~€,) o (A.22
got (Qpp — @ ~iyw) L@, - 0" —iyw) )
N is the number of cell per unit volume. Setting y = 0 for a undamped system, let
) 2
glw)=0=¢,+(s,—6,)—2—, A.
( (a—t) g oy (A23)

then, a solution is acquired
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o =(EL)2Q,, (A.24)

&
gw

This is the LO phonon frequency Q0. TO phonon modes will generate a
transverse electric field wave, and the LO phonon modes will generated the longitudinal

electric wave (the electric field generated by LO modes is along the propagation

direction). The light (EM wave) only couples to a TO phonon mode.

A4 Polarons
The free carriers (electron) will be attracted by the positive ion and repelled by the
negative one in a polar solid. This will produce a local displacement of the lattice. This
lattice distortion will travel with the free electrons through the crystal. This electron with
the local lattice distortion is called a polaron [249]. The strength of electron —phonon

interaction can be described by a dimensionless constant:

1 me 51 1
a, =— [ A.25
¥ 137 (2hvuw) [800 SST] (A.25)
: . : . .2,d°E_ .
where m* is the effective mass derived form the band structure. m* =# (dk2 )™, which

assumes a rigid lattice theoretically. In fact, we can only measure the polaron mass m**,

Aok

If o, is small, it will be i = ! . The polaron can modify the band gap by

m 1-a,/6

AE, = a0, (A.26)
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h

1
——)%. When a,, is small, but
2m Q,,

If 0 1s small, the polaron radius () is7, = (

the polaron radius is much bigger than the unit cell size, it is called large polaron. If a,,
is not small and the polaron radius is about the cell size, it is called small polaron. For a
small polaron, the charge will be completely trapped and it can moves only by hopping to

a new site.

A.5 Double Damping Drude Model

The factorized (TO-LO) model [192] is:

QO -0’ +iy., 0
flo)= e [ o ™ (a27)
j o @O 1Y i@

Let Q1o = Qp, 7120 = ¥p, Q10 =0, y10 = 79, OnE Can get the Double-damp Drude model

o(0)= e, 02~ 7)o

o(w-iy,) (A.28)

¥pis the line width of plasma response at @ = Qp, yy is the line width of the absorption

center at w = 0. The completed format is

tlo)=¢]] Qo =0 +iy,400 O} +i(y, —yo)0
i Qi‘TO -0’ 1Y 0@ o(w—iy,)

(A.29)

j
The first term on right side describes the excitations with the restoring force. The second

term can describe one without the restoring forcing.
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A.6 Optical Conductivity and Sum Rules

For electrons in an ac field, the velocity of the electron is

Vv _—iot
v(£) = %(t) = &X:z%)
oF,

With ¥, =— B
my(@” +iyw)

(A.30)

T —iwt
W=7 0
m, (1-itw)

7 1s the scattering time 7 = —. By the current density j = —Nev = oF , the conductivity is

Oy

derived as o(@w) = —

withe(w) =1+ Ry By Maxwell’s equation, the conductivity
T £,0

ioc

oisg, + = g(w). Comparing these two formats, give the optical conductivity as

£,0

(@) = -i—ig(m) (A31)

The sum rules reflect rigorous limitation of the optical properties (& = g, +i€,).

The inertial sum rule for n(w):

fin(@) -1 =0 (A.32)
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The dc-conductivity sum rule:

o]'[g(a)) ~1dw = -27"0(0)

jRe o(w)o = EM (A.33)
m @
N, (0)=—— |0's, (0" Mo’
7 27te’ (J
In the limit@ — o, the value of Ny is the number of electrons in the system N
Kramers- Kronig relations:
e 0'(0) _2 Pfgl(a)) 1 »'
(A.30)

—1_—Pf“"9(“’)d !

P means the principal value of the integral and ¢(0) is the dc conductivity.



APPENDIX B

NEUTRON DIFFRACTION REFINEMENT PARAMETER SUMMARY

In this section, the neutron diffraction refinement results are summarized in the tables:
Table B.1 Lattice parameters and cell volumes, Table B.2 MnQOg polyhedral volumes,
bond lengths and bond angles at fixed temperatures and Table B.3 MnOg polyhedral
volumes, bond lengths and bond angles at fixed pressures.

Note: P = Pressure, 7= Temperature, T= ton, °C= Celsius and B= release pressure

in the tables.
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Table B. 1 Lattice Parameters and Cell Volumes

P&T ( G];)a) TEK)| a(A) | error | b(A) error | c¢(A) | error | B(rad) | error | volume (A% | error
7°C1TT 0.0 280 | 7.7931 | 0.0034 | 5.5324 | 0.0017 |5.4701 | 0.0023 | -0.0119 | 0.0004 235.82 0.041
7°C 15T 0.09 | 280 | 7.7856 | 0.0039 | 5.5215 | 0.0025 | 5.4829 | 0.0037 | -0.01435 | 0.0007 235.64 0.039
7°C 20T 0.20 | 280 |7.7967 | 0.0017 | 5.5203 | 0.0020 | 5.4698 | 0.0018 | -0.01383 | 0.0005 2354 0.027
7°C 27T 0.77 | 280 [7.7949 | 0.0012 | 5.5198 | 0.0015 | 5.4522 | 0.0014 | -0.01313 | 0.0004 234.57 0.021

25°C27T | 0.85 | 298 |7.7923|0.0023 | 5.5153 | 0.0027 |5.4554 | 0.0027 | -0.0137 | 0.0007 234.45 0.046
25°C 42T | 2.55 | 298 | 7.7974 | 0.0014 | 5.4890 | 0.0013 |5.4315|0.0015 | -0.0179 | 0.0003 232.43 0.037
25°C 49T 3.47 | 298 | 7.7904 | 0.0016 | 5.4886 | 0.0018 | 5.4066 | 0.0018 | -0.01597 | 0.0005 231.14 0.039
25°C 56T | 4.75 | 298 | 7.7746 | 0.0017 | 5.4631 | 0.0017 | 5.4024 | 0.0019 | -0.01905 | 0.0004 229.42 0.044
25°C 63T 5.77 | 298 |7.7625 | 0.0018 | 5.4517 | 0.0019 | 5.3848 | 0.0021 | -0.01848 | 0.0005 227.84 0.046
25°C 70T 6.69 | 298 |7.7479 | 0.0019 | 5.4390 | 0.0021 |5.3787 | 0.0023 | -0.0203 | 0.0006 226.62 0.049
7°CBI14T | 3.62 | 280 | 7.7806 | 0.0014 | 5.47637 | 0.00153 | 5.4150 | 0.0016 | -0.01733 | 0.0004 230.69 0.035

-I;STC 6.96 130 | 7.737 | 0.0018 | 5.43598 | 0.00186 | 5.3698 | 0.0020 | -0.02024 | 0.0005 225.8 0.045
_éi?z),l? 6.47 130 | 7.7396 | 0.0024 | 5.44154 | 0.00264 | 5.3751 | 0.0027 | -0.01998 | 0.0007 226.33 0.061
-]134i:;7.1(,: 4.75 130 | 7.7587 | 0.0292 | 5.4596 | 0.00284 | 5.3985 | 0.0030 | -0.01913 | 0.0009 228.64 0.069
-]1341':2,1? 4.27 130 | 7.7651 | 0.0016 | 5.46514 | 0.00162 | 5.4026 | 0.0017 | -0.0187 | 0.0005 229.23 0.038

1 X4



Table B. 1 Lattice Parameters and Cell Volumes (Continued)

P

P&T (GPa) TK) | a(A) | emor | b(A) error | c (A) error | f(rad) | error | volume(A®) | error
-1%173]‘:C 0.51 130 | 7.7853 | 0.0012 | 5.5123 | 0.0013 | 5.4482 | 0.0012 | -0.014 | 0.0003 233.785 0.021
-92:;7;FC 0.61 180 | 7.7856 | 0.0012 | 5.5142 | 0.0013 | 5.4491 | 0.0012 | -0.0135 | 0.0003 233.923 0.02
-E;’TC 0.68 230 | 7.7912 | 0.001 5.5154 | 0.0001 5.454 | 0.0009 | -0.0139 | 0.0003 234.326 0.018
7°C 27T 0.77 280 | 7.793 | 0.0022 | 5.5149 | 0.0025 | 5.4558 | 0.0025 | -0.0138 | 0.0007 234.448 0.046
57°C 27T 0.77 330 | 7.7986 | 0.0008 | 5.5143 | 0.0011 | 5.4596 | 0.001 | -0.0142 | 0.0003 234,758 0.017
107°C 27T | 0.90 380 | 7.7978 | 0.0011 | 5.5136 | 0.0009 | 5.4637 | 0.0011 | -0.0144 | 0.0002 234.879 0.022
157°C 27T 0.96 430 | 7.7998 | 0.001 | 5.5155 | 0.0009 | 5.4658 | 0.001 | -~0.0137 | 0.0002 235.118 0.02
-143°C 70T | 6.96 130 | 7.737 [ 0.0018 | 5.436 0.0019 | 5.3698 | 0.002 | -0.0202 | 0.0005 225.804 0.045
-93°C 70T 6.80 180 | 7.7392 | 0.0018 | 5.4366 | 0.0019 | 5.3725 | 0.002 | ~0.0199 | 0.0005 226.003 0.045
-43°C 70T | 6.87 | 230 | 7.7413 | 0.0019 | 5.4401 | 0.0021 | 5.3729 | 0.0022 | -0.0195 | 0.0006 226.226 0.048
25°C 70T 6.69 298 | 7.7479 | 0.0019 | 5.439 0.0021 | 5.3787 | 0.0023 | -0.0203 | 0.0006 226.634 0.052

144}



Table B. 2 MnOg Polyhedral Volumes, Bond Lengths and Bond Angles at Fixed Temperatures

P&T ( G];a) I\I\/;Il?ll :b?lrllé 11\\/1/1:1l 11 i)?llzlgl P%Zi;d;al M&())l erTor 1(\/11;1_(?5 error 12/21;1-((2)3 error Al\\//[enr-aoe error
angle (°) | angle (°) (A% &
75| oo 1(6263')2 1(6122')3 1013 | 1962 | 0.005 | 198 | 0029 | 1957 |0.031 | 1.9663 | 0.0217
T | 0.09 1(61%)6 1?91)’9 10131 | 1962 | 0.004 | 1.92 |0.023 | 202 |0.021 | 1.9673 | 0.016
;ﬁ 0.20 1(62%)')1 1(61‘})6 10.15 1976 | 0.006 | 1.94 | 0.04 | 198 | 0.04 | 1.9653 | 0.0287
1< | 0 1?95)‘8 1?52)'5 10077 | 1.9638 | 0.002 | 1.938 | 0.016 | 1.987 | 0.016 | 1.9629 | 0.0113
20| oss on |Gy | 10048 | 1969 | 0.005 | 2031 | 0026 | 1886 | 0027 | 1962 | 0.0193
2y | 255 &y | lsT | oe76 | 19641 [00025 | 1923 | 0014 | 1983 | 0014 | 19567 | 00102
x| 347 1(6161')9 1?52)'3 9.923 | 1.9604 |0.0004 | 1928 |0.016 | 197 |0016 | 1.9528 | 0.0108
2556TC 4.75 1(?63')5 1?72)'9 9.838 | 1.9572 | 0.0027 | 1917 | 0.016 | 1.968 | 0.017 | 1.9474 | 0.0119
x| 5T Go | s | o775 | 19494 [00017| 1933 | 0016 | 1947 | 0016 | 19431 | 0.0112
27505 6.69 1(61%')7 12)‘6 9.721 | 1.9448 | 0.0016 | 1.94 | 0.016 | 1.934 | 0.017 | 1.9396 | 0.0115
e | 362 1?99)'1 I?i)'g 9.804 | 1.9539 | 0.0015 | 1.933 | 0.015 | 1.966 | 0.015 | 1.951 | 0.0105

STl



Table B. 2 MnOg Polyhedral Volumes, Bond Lengths and Bond Angles at Fixed Temperatures (Continued)

Mn1-O1- { Mnl-O2- | Polyhedral
P&T ( G}I)’a) Mnl band | Mnl band | volume M(n[i())l error 12/1131_(%;' error 1(\/2[;1_(?33 error Al\\/zlenr:;e error
angle (°) | angle (%) A%
-I;STC 6.96 0.004 0.003 9.69 1.9405 | 0.0004 | 1.9452 | 0.0005 | 1.9281 | 0.0005 | 1.9379 | 0.0005
-]1;2),[(‘: 6.47 0.11 0.5 9.704 1.9403 | 0.0016 | 1.944 | 0.019 | 1.932 0.02 1.9388 | 0.0135
-511.37,1(,: 4.75 0.14 0.7 9.807 1.9445 | 0.0018 | 1.958 | 0.025 | 1.936 | 0.026 | 1.9462 | 0.0176
—]1;;3;; 4.27 0.8 0.4 9.836 1.9491 | 0.0004 | 1.969 | 0.014 | 1.925 | 0.015 | 1.9477 | 0.0098

9zl



Table B. 3 MnOs Polyhedral Volume, Bond Lengths and Bond Angles at Fixed Pressures

Mnl-Ol- | Mnl-O2- | Polyhedr Mn-O

p&r | F a Mnl Mnl al MOl o | MpO2 )\ | M-O2 error | Average | error
(GPa) | (K) band band volume (A) M A) ) (A)

angle (°) | angle (°) (A% @
el ost | 130 12;).5 1?3653 10.022 | 1.9811 | 0.0019 | 1.962 |0.0019 | 1.94 | 0.002 | 1.961 |0.0019
g | 061 | 180 1?5).4 1?36630 10.026 | 1.9817 | 0.018 | 1.943 | 0.018 | 1.96 | 0.018 | 1.9616 | 0.018
T | 068 | 230 1€79)'8 I?j)'g 10.051 | 1.9786 | 0.002 | 1.957 | 0.017 | 1.951 | 0.017 | 1.9622 | 0.012
2 | 085 | 280 16(51'22)77 1?62)'8 10.077 | 1.965 |0.0027 | 1.988 | 0.017 | 1.935 | 0.017 | 1.9627 | 0.0122
STC | 07 | 330 1(612359 1?;‘)'4 10.068 | 1.9716 | 0.0033 | 1.975 | 0.017 | 1.941 | 0.019 | 1.9625 | 0.0131
175 | 0.90 | 380 1(61%)4 1?52)'5 10.084 | 1.9633 | 0.002 | 1.935 | 0.013 | 1.992 | 0.013 | 1.9634 | 0.0093
175 | 096 | 430 1(6123')3 1?;‘)'8 10.081 | 1.9734 [0.0035 | 1.941 | 0.022 | 1.976 | 0.023 | 1.9635 | 0.0161
1 C 1696 | 130 e 16@‘;60 9.69 | 1.9405 | 0.0004 | 1.9452 | 0.0005 | 1.9281 | 5x10% | 1.9379 | 0.0005
o | 680 | 180 128).5 18)'6 9.686 | 1.9415 | 0.0014 | 1955 | 0.016 | 1.916 | 0.017 | 1.9375 | 0.0115
BT | 687 | 230 1(71%')3 1?51)'7 9.699 | 1.9423 | 0.0016 | 1939 | 0.017 | 1934 | 0.018 | 1.9384 | 0.0122
2T | 669 | 208 1(61%)7 12)'6 9721 | 19448 |0.0016| 1.94 | 0016 | 1.934 | 0.017 | 1.9396 | 0.0115
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