THESIS

A spectroscopic study of the metal-insulator transition
in perovskite-type manganites

~Nu T AHuA M T FAEH D
&R RS O 53 RORIFE

Yoichi Okimoto
A

Department of Physics, University of Tokyo

1998




THESIS

A spectroscopic study of the metal-insulator transition
in perovskite-type manganites

R 3=07 & G N UG v 14 10)
& JB-HERRAREES O 2 RO

Yoichi Okimoto
A —
Department of Physics, University of Tokyo

1998




Contents

1 Introduction
1.1 Physical properties of the double-exchange conducting ferromagnet and his-
torical background
1.2 Charge-ordering/disordering phase transition
1.3  Outline of this thesis

Experimental
2.1 Sample preparation and characterization
2.2 Optical measurements

2.2.1 Kramers-Kronig transformation
2.3 Photo-induced insulator-metal transition

Variation of electronic structure in La,_ Sr;MnOj; (0< z < 0.3) studied
by optical conductivity spectra
3.1 Introduction
3.2 Overall features of optical spectra
3.3 Spectral weight transfer with spin polarization

3.3.1 Temperature- and doping (z)-dependence of optical conductivity spec-

28

332 Coherent versus incoherent part in low energy part of optical spectra 37

34

Charge ordering and disordering transitions in Pr;_,Ca,MnOj; (z = 0.4)
as investigated by optical spectroscopy a7
4.1 Introduction

4.2 Temperature dependence of optical spectra

4.3 Magnetic field dependence of optical spectra

4.4




-

Chapter 1. Introduction
Photo-induced insulator metal transition in Pry;Cag;MnOjy 61
G4 Introduction s & et i il el S i b s T e e 61
5.2 Photo induced insulator metal transition - - =« + oo oo 63
5.3 SUMMALY + « ¢ #v v ¢ v om s nsi s s s noooumnsenieesanss 67
Conclusions 73
Acknowledgement 75

Chapter 1

Introduction

1.1 Physical properties of the double-exchange con-
ducting ferromagnet and historical background

The hole-doped manganese oxides with perovskite-type structure have long been known as
one of prototypical conducting ferromagnets [1, 2, 3]. The ferromagnetic metallic state in
these compounds is stabilized by the double-exchange mechanism [4, 5, 6] originating from
the strong coupling between the charge-carriers and local spins which are both dominantly
of the 3d orbital character. In the course of the recent renaissance of study on the 3d transi-
tion metal oxides, these double-exchange systems have been revisited and their new aspects
are being unraveled. Those are versatile intriguing phenomena induced by a magnetic field,
such as ‘colossal’ magnetoresistance (CMR) observed commonly near the ferromagnetic
transition temperature (7}) in the most of the doped manganites (7, 8, 9, 10, 11, 12, 13, 14],
the field-melting of the charge/orbital-ordered state accompanying a huge change of the
resistivity (15, 16, 17, 18], and field-induced structural transitions even near room temper-
ature [19, 20, field-control of intergrain or interplane tunneling of highly spin-polarized
carriers [21, 22], and so on. All these phenomena are considered as relevant to unique
electronic structures of the perovskite-type manganites in which mutual coupling among
the charge, spin, orbital and lattice degrees of freedom is particularly important.

The parent material LaMnOj is a charge-transfer type (CT-type) insulator [23, 24] in

the Zaanen-Sawatzky-Allen scheme [25], and has four d-electrons per Mn3* site with a
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4 Chapter 1. Introduction

configuration of tgge;. As the nominal hole concentration (z) is increased, La;_SrzMnO3
shows a magnetic- and structural-phase transition form antiferromagnetic to ferromagnetic
state around z = 0.1 and subsequently the low-temperature ferromagnetic phase undergoes
an insulator-to-metal transition around z = 0.17. The crystal structure is also transformed
from an orthorhombic to rhombohedral form with hole-doping (z = 0.17), as shown in Fig.
1.1 [19]. Figure 1.2 shows the magnetic- and strucural-phase diagram in La;_-Sr;MnQOs;
[36] derived by neutron diffraction measurements. According to the phase diagram, this
system has two orthorhombic phases; one is the conventional distorted perovskite-type
orthorhombic phase (O*) and the other largely distorted one (O') due to the static Jahn-
Teller (JT) effect.

A conducting ferromagnetic state realized with the hole doping is explained by the
double-exchange mechanism [4, 5, 6]. In the metallic phase, the conduction band con-
sists of 3d e, state hybridized strongly with the O 2p state while the ¢4 electrons are still
localized forming local spins (S = 3/2). The strong interaction (Hund’s-rule coupling) be-
tween an e, electron and a ¢y, local spin plays an important role in the electronic properties
of this system. Recently, such a strongly spin-charge coupled state has been extensively
studied in the light of the observation of a colossal magnetoresistance (MR) effect. Figure
1.3 shows one of the examples for such MR effects in La;_,SrzMnOj3 crystals [14]. As a
model in the doped manganites, Kubo and Ohata [26] proposed the following Kondo lattice

model with ferromagnetic exchange coupling (Jy > 0):

H==3t ((:},ch,” +He )= Ju Y & S; (1.1)

ijo

Here, §; represents the spin of the itinerant e, electron and S, the localized toy Spin
(S = 3/2). The Hund’s-rule coupling energy SJu (= 2 eV [23]) exceeds the one-electron
bandwidth (W) [27]. A consequence of this strong electron-spin coupling is the exchange-
splitting of the spin-polarized conduction bands by =~ S.Jy and the spin-polarization of
the conduction electrons varies from 0 to 100 % with lowering temperature. Recently,

Furukawa (28, 29] has derived the optical conductivity from this Kondo lattice model

o

Orthorhombic Rhombohedral

Figure 1.1: Schematic crystal structures of La;_SrzMnOjz in the orthorhombic phase
(Pbnm) and rhombohedral phase (R3¢).
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Figure 1.2: Magnetic- (left panel) and structural- (right panel) phase diagram of
La;_zSr:MnO; (from Ref. [36]).

by the dynamical mean-field approximation, and showed that the spectra are critically
dependent on the spin-polarization accompanying the spectral weight transfer from the
interband transitions between the exchange-split bands to the Drude part, as shown in
Fig. 1.4. Therefore, the optical spectroscopy in the photon energy region up to above
~ SJy is indispensable to clarify the spin-polarization dependent electronic features in
La;_.Sr;MnQOs. We spectroscopically investigate the variation of electronic structure in

La;_SrzMnO; with temperature and the hole doping () in chapter 3.

1.2 Charge-ordering/disordering phase transition

As mentioned in the previous section, Laj_,Sr.MnOz system, which has a relatively wide
one-electron bandwidth (W), shows a ferromagnetic metallic state mediated by the double-
exchange mechanism and a large magnetoresistance (MR) effect was observed near the
Curie temperature (7;) [10]. In a more distorted perovskite with a smaller W, Pr;_,Ca,MnOg

(03<z<0

5) system, however, the metallic (and ferromagnetic) state is no more present

and real space ordering of charge carriers (charge ordering) takes place below the charge
ordering transition temperature Tw,. Below Ti, the nominal Mn** and Mn** species are
regularly arranged as shown in Fig. 1.5. Upon the charge ordering, ds;2_,2 and dye_,2
orbitals at Mn®* site are alternately ordered in the ab-plane [30]. As the temperature is
decreased, antiferromagnetic spin ordering subsequently occurs below the Neel temperature
(Tx). The pattern of spin ordering below T is so called C'E-type, but a direction of an
easy axis of sublattice magnetization is different with hole doping concentration z. As seen
in Fig. 1.5, the angle between the easy axis of magnetization and b-axis is increased from

0” with the dec

se of 2 from 1/2, and spins are finally ordered ferromagnetically along
c-axis at 2=0.3. Such ferromagnetic spin ordering occurs probably because extra electrons
(1/2 — z) arising from the incommensurate doping (z # 1/2) occupy dsp_2 in Mn#* site
and mediate the double-exchange type interaction among the t, spins along the c-axis.
The fact that Ty is lower than T, is characteristic of Prj_;Ca;MnOj system and contrary

to the case of Nd, 5Sr; ,MnQOj system where the similar C E-type but concomitant spin and
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Figure 1.3: Temperature dependence of resistivity of La;_-SroMnQOj crystals under various
magnetic fields: (a) 2 = 0.15, (b) 2 = 0.175, and (c) 2 = 0.20 (from Ref. [10]).
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Figure 1.4: Optical conductivity spectra as a function of the spin-polarization (M) calcu-
lated by the dynamical mean-field approximation (from Ref. [28]).
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charge ordering takes place [18]. With the decrease of temperature below Tx, the canted
antiferromagnetic ordering takes place at a critical temperature Tca for z < 1/2 crystal
[31]. (This order is perhaps a consequence of incommensurate hole-doping level (z < 1/2)
and in the 2 = 1/2 crystal such a canted magnetic order has not been observed.) The
hole concentration dependence of the spin and charge ordering temperature is summerized
in Fig. 1.6. Under an external magnetic field, the CO state is transformed into a ferro-
magnetic metallic state as mentioned before. Figure 1.7 (lower panel) shows temperature
dependence of the resistivity (p) under magnetic fields in the z=0.5, 0.4, and 0.3 crystal
[13]. The zero-field resistivity is insulating for all the z-values with an anomaly at T,,, and
an application of magnetic field largely transforms a shape of p — T curve. In the z=0.3
and 0.4 compounds, the high p-value in the CO state at the low temperature is drastically
decreased by more than several orders of magnitude with an application of external mag-
netic field. By contrast, the CO state in the = = 1/2 crystal at the low temperature is still
preserved under even 12 T of magnetic field, which means the robustness of the CO state
is very sensitive to the commensurability of the hole concentration with a periodicity of
the lattice and hence most enhanced at the nominal hole concentration 2=1/2. The MR
effect in Pr;_,Ca;MnOj system is clearly exemplified in a phase diagram in the magnetic
field vs. temperature plane [Fig. 1.7 (upper panel)]. (The hatched region expresses a hys-
teresis.) As seen in the figure, the deviation of z from 1/2 (discommensuration) makes
the hysteresis grow and the phase boundary shift toward low magnetic field. These results
indicate the discommnsurate CO state under 0 T is metastable where difference between
the CO and ferromagnetic state is very small. Under these circumstances, other external
perturbation than the magnetic field can trigger the transition of the metastable CO state
especially in the 2=0.3 crystal, such as irradiation with X-ray [32], photo-excitation [33],
and current-injection [20], which are all relevant to the melting of the CO state. We in-
vestigate in chapter 4 the variation of the anisotropic electronic structure of the CO state

with temperature and magnetic field in terms of optical conductivity spectra.
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Figure 1.5: The configuration of the charge, spin, and orbital in the charge ordered state
(From Ref. [30]). Open and closed circles denote Mn3* and Mn?+, respectively. The lobes
show the orientation of d,2 or dyz orbitals.
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Figure 1.8: (a): X-ray induced insulator-metal transition in Pr;_,Ca,MnO; (z = 0.3)
(From Ref. [32]). The resistance is changed with the X-ray illumination. (b): Change of
resistance at 20 K as a function of applied voltage (From Ref. [20]).

1.3 Outline of this thesis

The format of this thesis is as follows: We explain in chapter 2 the experimental processes
for the sample preparation and optical measurements. Chapter 3 describes optical con-
ductivity spectra and their variation with temperature and doping level z for the most
prototypical double-exchange system, La;_-Sr:MnQOj. The optical conductivity spectrum
above T, is characterized by interband transitions between the exchange-split conduction
bands, and it gradually changes into that of intraband excitations below T.. We discuss the
large energy-scale (up to = 2 eV) transfer of the spectral weight with spin-polarization in
the light of the double-exchange model, and point out some experimental results for which
the simple double-exchange theory can hardly give account. In chapter 4, we spectro-
scopeally investigate Pry_;Ca;MnQOjg system, which shows charge-ordering and disordering
transition with magnetic field. The temperature- and magnetic field depecdence of optical
spectra and their anisotropy are elucidated taking the spin-, charge-, and orbital-ordering
structure in the CO state into account. Chapter 5 describes the photo-induced insulator-
metal transition under magnetic field of 1.2 T as one of the versatile properties of the CO
state. The electrical conductivity and magnetization increase abruptly with irradiation of
visible/IR laser, indicating the photo-melting of the CO state and the photo-generation of
ferromagnetic metallic domains. We discuss the nature of such a notable phase transition in
comparison with late results by other groups. Chapter 6 is devoted to concluding remarks.

In these studies, the samples of La;_SrzMnOj3 (=0, 0.1, 0.175, and 0.3) were supplied

by Mr. A. Urushibara and Pr;_CazMnO3(2=0.3 and 0.4) Dr. Y. Tomioka (JRCAT).




Chapter 2

Experimental

2.1 Sample preparation and characterization

La; ,Sr,MnOj

Crystals of La;_»Sr,MnOj investigated were melt-grown by a floating zone method. The
starting materials were La; O3, SrCOj, and MnCOj. LayOg was fired in air at 120007 for 12
hours before use. MnCOj3 was also calcined in air at 1200C° for 12 hours to form MnzOy,
which is the most stoichiometric compound in the Mn-O systems. Then, the raw materials
were weighted to a prescribed ratio, mixed and stirred with acetone for 1 hours in a ball mill.
The mixture was heated at 1200C” for 24 hours in air. The prereacted materials ware then
pulverized and mixed again. After this process, the feed rods was formed to a cylindrical
shape of about 5 mm in diameter and 80 mm in length with pressure of 2 ton/cm? and
heated at 1200C” in air for 12 hours. The apparatus used for the crystal growth was a
floating zone (FZ) furnace equipped with two halogen incandescent lamps and hemielliptic
focusing mirrors. The feed and seed rods were rotated in opposite directions at a relative
rate of 50 rpm and the melted zone was vertically scanned at a speed of 8-10 mm/h. The
atmosphere during the crystal growth was changed with the crystal composition; in flow
of argon gas for =0, air for 2=0.1,0.175, and mixture of an oxygen and an argon gas for
2=0.3.

Measurements of powder X-ray diffraction patterns showed that all the obtained samples

17




18 Chapter 2. Experimental

were of single phase and that the crystal structure at room temperature were orthorhom-
bic (z = 0,0.1, and 0.175) and rhombohedral (z = 0.3). Analyses of chemical composition
were performed for each sample using an electron probe microanalyzer (EPMA) and redox
titration, and showed the almost identical composition with the prescribed ratio [14]. To
characterize the compounds, we have measured temperature dependence of resistivity and
magnetic susceptibility. For the resistivity measurements, the samples were cut to a rect-
angular shape and a standard four-probe technique was used. Magnetic susceptibility was

measured with a superconducting quantum interference device (SQUID) magnetometer.

Pr,_,Ca,MnO;

A crystal of Pry_;Ca;MnOy (z = 0.3, 0.4) was also grown by the floating zone method.
Mixed powder of Pr,03, CaCOj, and Mn3Oy with a prescribed ratio was first calcined at
1050°C in air for 24-48 hour and pressed into a rod (about 150 mm in length and 7mm in
diameter). Inductively coupled plasma atomic emission (ICP) spectroscopy and chemical

titration have confirmed that the obtained crystal has precisely prescribed stoichiometry.

2.2 Optical measurements

Optical measurements: Temperature dependence

We measured Reflectivity spectra (R(w)) over a wide photon energy region (0.01-36 eV)
stals of La;_,SrzMnOj (2 = 0, 0.1, 0.175, and

0.3) and Pr;_,Ca;MnOjs (z = 0.4) are ~6x6x1 mm® and ~4x5%0.5mm?, respectively.

at room temperature. Typical sizes of ¢

The orthorombic or rhombohedral distortion of perovskite-type manganites is not so large
that we neglected polarization dependence of R(w) in La;_,SrzMnOs. In Pr_,Ca,MnOy
system, however, it is impossible to neglect the anisotropy of R(w) mainly due to the charge,
spin, and orbital ordering as mentioned before, so that we measured R(w) on the [1 0 0]
face of the 2:=0.4 crystal (Pbnm orthorhombic structure) and investigated the difference of
b- and c-axis polarized R(w). We show in Table. 2.1 the optical system for certain photon

energy ranges.

Energy (eV) Monochromator Detector Light source Polarizer
0.01-0.08 [ Fourier-transfer Si bolometer Glober lamp Wire grid
0.06-0.8 Fourier-transfer type HgCdTe Glober lamp Wire grid

0.6-1.5 grating type InAs halogen lamp Calcite
1.2-3 grating type Si halogen lamp Calcite

2.4 grating type Si Xe lamp Calcite

Seya-Nainioka type | photomultiplier | synchrotron radiation | synchrotron radiation

4-?

Table 2.1: The way of measuring reflectivity at specific photon-energy ranges in the present

experiments.

In order to investigate the temperature dependence of the optical spectra, we measured
reflectivity spectra at selected temperatures up to 3.0 eV. As a reference mirror, we used
evaporated Au film (far-near-infrared region), and Ag film (visible range). We fixed the
reference mirror near the sample within a cryostat and interchanged with the sample.
Namely, all the spectra were measured at each temperature from 0.01 eV to 3 eV and
extrapolated by the data above 3 eV at room temperature. Such a procedure is possible
and reasonable because the variation of the reflectivity in the high-energy region with the

change of the temperature is negligibly small (less than 1 % at 3.0 eV).

Optical spectrum: Magnetic field dependence

For Pr;_;Ca,MnOg (2=0.4) crystal, we measured the magnetic field dependence of R(w)
at 30 K besides the temperature dependence. (Under 0 T, the temperature dependence
of R(w) was investigated between 0.01 eV and 3 eV like La;_,Sr,MnOj system.) High
magnetic field measurements of R(w) between 0.05 eV and 3 eV at 30 K were made with a 7
T split-type superconducting magnet (Oxford) equipped with optical windows for infrared
and visible spectroscopy. The magnetic field was applied along the b-axis of the Pbnm
orthorhombic lattice. We measured R(w) under Voigt-geometry (kLH) for 0.05 eV—-0.8
eV and Faraday-geometry (k_LH) 0.6 eV—3 eV.

It is worth noting here that external magnetic field gives birth to various magneto-optical
effects e.g., Kerr or Faraday effect, which are due to anisotrop)l' caused by external magnetic

field. Under these circumstances, an off-diagonal component of dielectric tensor (eg,(w))
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Energy (eV) Light source | Windows of the magnet | Geometry
0.06 eV-0.8 eV | Nichrome wire KRS-5 and ZnSe Voigt
0.6 eV-3 eV halogen lamp Quartz Faraday

Table 2.2: The way of measuring reflectivity at specific photon-energy ranges under mag-
netic field. Monochromators and light sources are the same as the case for the temperature
dependence-measurements. (see Table 2.1.)

plays an essentially important role. As for the manganese oxide, however, the magnitude
of such €, (w) in the low-energy (< 4 eV) region is much smaller than that of diagonal
part due partly to no orbital moment for the eg-electron and hence to minimal spin-orbit
coupling [34], so that we may neglect the contribution of €, (w) in executing K-K analysis
(vide infra).

The details of the optical system between certain energy ranges are summerized in Table
2.2,

2.2.1 Kramers-Kronig transformation

In this section, we explain a procedure to obtain the complex dielectric function (e(;u))
from R(w). To calculate the e(:u), it is essential to acquire information of phase shift
(0(w)) besides the R(w) which is obtained experimentally. These two quantities (0(w) and

R(w)) are not independent but correlated with each other by a Kramers-Kronig relation

as following:
w = In R(s)
0w) = —5oP [~ G gds. @1

When we executed a numerical calculation of Eq. (2.1) in practice, we assumed the
constant reflectivity (R o ) below 0.01 eV and Drude-type (R o w™*) extrapolation
above 36 eV. The R(w) and the 0(w) are connected with the €(w) as follows;

i/ i ——\/6(7)_1
R(w)exp(b")—‘/g(THr (2.2)

21

Thus, we can obtain both the real and imaginary part of the éw) from the R(w) and the
f(w). We also obtained the optical conductivity o (w), which is defined as following;

it wlmé(w)

4m (23

o(w)

The zero-frequency limit of o(w) should coincides with the dc conductivity.

2.3 Photo-induced insulator-metal transition

We investigated the photo-induced insulator-metal transition for Prg;CagsMnOgerystal
and explain the experimental procedure in this section. For the resistivity measurements,
the 2=0.3 crystal was set within the split-type sperconducting magnet (Oxford), and a
probe used in this experiment is shown in Fig. 2.1. Temperature and magnetic field were
maintained at 30 K and 1.2 T all through the measurements. Electrodes were formed
by evaporation of gold onto the surface of the crystal and the distance of the electrodes
was = 75um. For the photo-excitation, we used a pulsed Nd-YAG laser (wavelength 532
nm) with 5 ns in duration, and ~ 30u J/mm? A pulsed laser was introduced into the
magnet through a malti-channel optical fiber and irradiated to between the electrodes on
the sample. (see Fig. 2.1.) For the measurements of the magnetization, we utilized a
superconducting quantum interference device (SQUID) magnetometer. A pulsed laser also
introduced into the SQUID through an optical fiber was illuminated to the x=0.3 compound
at 30 K and 1.2 T. The sample was fixed just below the optical fiber using plastic resin.
The magnitude of the diamagnetization of the optical fiber or the resin is negligibly small

compared with that of the magnetization of the sample (canted ferromagnetism).
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Figure 2.1: Probe with optical fiber for the measurement of photo-induced insulator-metal
transition under magnetic field.

Chapter 3

Variation of electronic structure in
La;_,Sr;MnOj3 (0<z < 0.3) studied
by optical conductivity spectra

3.1 Introduction

In this chapter, we investigate the optical spectra of Laj_zSr-MnQO; which is the most
prototypical double-exchange system and discuss the variation of the electronic structures
with temperature and hole-doping level (z). To overview the electronic properties of the
manganites of which we measured optical spectra, we show in Fig. 3.1 the temperature

r = 0,0.1,0.175, and 0.3) together with

dependence of resistivity (p) in La; zSrzMnOs
the electronic phase diagram. LaMnOj (z = 0) is a correlated insulator with layer-type
(A-type) antiferromagnetic spin structure [35, 36]. As the nominal hole concentration a:
increases, the ferromagnetic phase shows up and the Curie temperature T¢ increases as
indicated in the resistivity curve (the lower panel of Fig. 3.1) by arrows. In the region of
z > 0.1, cusp structures appear in the p — 7" curve around 7. At 2 = 0.1, the p— T curve
shows an insulating behavior (dp/dT" < 0) apart from the temperature region immediately
below 7., and most of the ferromagnetic phase [37] remains insulating. By contrast, the
resistivity for 2 > 0.17 shows a metallic behavior (dp/dT > 0) below T,. The resistivity of
the metallic state at the lowest temperature is two orders of magnitude smaller than that

around T}.. There is a difference between 2 = 0.175 and 2 = 0.3 in the resistivity above T,.

23




24 Chapter 3. Variation of electronic structure in La;_;Sr;MnO; (0< z < 0.3)

The z = 0.175 crystal shows a semiconducting (dp/dT < 0) behavior above T, which is
perhaps due to the combination effect of the spin scattering in the paramagnetic state and
some random potential scattering [46] or dynamic Jahn-Teller coupling [47]. For z = 0.3,

however, the p — T" curve shows a metallic behavior over the whole temperature region.

3.2 Overall features of optical spectra

First, let us overview the optical spectra of La;_,Sr;MnOjy in a wide photon energy region.
Arima and Tokura [38] have recently investigated the optical spectra of a series of LaM Oy
(M being 3d transition metal elements) and revealed the character of optical transitions in
the respective spectra. In the following, we refer to their assignments for the interpretation
of the higher-lying transitions in La;_;SrMnOs.

We show in Fig. 3.2 the € spectra deduced by Kramers-Kronig analysis. As for the
structures above 6 eV, there are three major peaks around 25 eV, 17 eV, and 8 eV in the
€3 spectra for all the z-values.

The

eV structure marked with open triangles can be assigned to the intraatomic
transition between La 5p and 5d. This transition was observed to show a systematic
variation with the rare earth element R, as observed in other perovskite series, RNiOjy [38]
and RCoO3[40]. The structures around 17 eV (open squares) and 8 eV (closed triangles)
correspond to interband transitions from O 2s to Mn 3d and from O 2p to La 5d, respectively
[38]. These assignments are consistent with those based on the photoemission and X-ray
(O 1s) absorption spectra of La;_»Sr;MnOjs by Saitoh et al. [24]. In contrast to these
2-independent features of higher-lying (> 8 eV) transitions, the lower energy part of e
shows a large variation with the hole concentration z.

To scrutinize the changes in the lower-lying transitions, we show in Fig. 3.3 the optical
conductivity spectra (o(w)) at 9 K in La;_zSrzMnOs (2 = 0 — 0.3) in the photon energy
region of 0-6 eV. The 9 K spectra are viewed as representing the ground state feature for
the respective doping (z)-levels.

The o(w) spectrum of the end insulator LaMnOy (a solid line) has two notable optical
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Figure 3.1: Upper panel: Electronic phase diagram of La;_»SrzMnOj after Urushibara
et al™; P.I (paramagnetic insulator), CN.I. (spin-canted insulator), F.I. (ferromagnetic
insulator), P.M. (paramagnetic metal), and F.M. (ferromagnetic metal). Lower panel:
Temperature dependence of resistivity in crystals of La;_;SrzMnOjz (z = 0, 0.1, 0.175, and
0.3), for which the optical spectra were measured. Arrows indicate the respective Curie
temperature T¢.
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Figure 3.2: ¢ (imaginary part of dielectric constant) spectra in La,_,Sr;MnOg (2 =
0.1,0.175, and 0.3) at 9 K. (The spectra above 3.0 eV were measured at room temper-
ature, and connected to these at 9 K.)
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Figure 3.3: Optical conductivity spectra in La;_zSr;MnOjg (2 = 0.1, 0.175, and 0.3) at 9 K.
(The original reflectivity spectra above 3.0 eV, being nearly independent of temperature,
were measured at room temperature, and connected to those at 9 K. See text.)
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excitations around ~ 1.7 eV and ~ 3.0 eV. The shape of the spectrum nearly agrees
with that measured by Arima et al. at room temperature [23, 38]. They assigned these
structures to charge-transfer (CT) gap excitations, #3,e} — 3,2 L (the lower-energy band)
and téﬁe,'l — tgyc;L (the higher-energy one), and estimated the Hund’s-rule coupling energy
Ju between an e, electron and a tyy spin (SJy = 2 eV) [38]. The onset of the second CT
excitation shifts to a lower energy as 1 increases. This is because the occupied O 2p states
shift upward in energy due to the change of the Madelung-type electrostatic potential in the

Sr-substituted lattice [39]. Similar effects are also observed in other transition metal oxides,

e.g., Y1-»Ca,TiOy [42] and Lay_,Sr,VOs [43]. The lower-energy part in o(w) forms a gap
structure for 2 = 0 with the onset of o(w) (the first CT excitation) around 1.2 eV. With
hole-doping (2 # 0) the gap appears to be filled-in in accord with the phase change into the
metallic state. However, the spectral shape of o(w) in the metallic phase (z > 0.17) seems
to be unconventional, being far from a simple Drude type even as compared with other
carrier-doped 3d transition metal oxides [42, 41, 45]. We will come back to this problem in

the latter section.

3.3 Spectral weight transfer with spin polarization

3.3.1 Temperature- and doping (2)-dependence of optical con-
ductivity spectra

We show in Fig. 3.4 reflectivity spectra for 2 = 0.1,0.175, and 0.3 with varying temperature
from above 7. down to 9 K. The reflectivity spectra for 2 = 0.1 (Fig. 3.4(a)) show an
insulating behavior: There are more than three spiky structures in the infrared region due
to the optical phonon modes. With decrease of temperature the reflectivity around 0.3
eV gradually increases, but little change occurs in the far-infrared region below 0.06 eV.
On the contrary, the spectra for z = 0.175 (Fig. 3.4(b)) and 0.3 (Fig. 3.4(c)) show a large
variation with temperature. For the both compositions, the respective spectra above 7,
seem to be rather characteristic of insulators with distinct optical phonon structures, but

with decrease of temperature the low-energy part of reflectivity spectra evolves and finally

turns into a metallic high-reflectivity band.
To investigate the electronic structure quantitatively, we derived optical conductivity
spectra o(w) by the Kramars-Kronig analysis. We show in Fig. 3.5 the temperature de-

a)), there is

pendence of o(w) for 2 = 0.1,0.175, and 0.3. In the z = 0.1 spectra (Fig
little spectral weight below 0.2 eV apart from that of the three major phonon modes. As
temperature decreases, the spectral weight is gradually accumulated in the mid-infrared
region around 0.3 eV, but never transferred down to the low energy region below 0.1 eV.
This is in accord with the carrier localization behavior as seen in the p—T' curve for 2=0.1
(Fig. 3.1). In the o(w) spectra for the 2 = 0.175 (Fig. 3.5(b)) and 0.3 (Fig. 3.5(c)), on the
other hand, the spectral weight shows a large temperature-dependent variation up to above
2 eV, indicating that the quantity that governs the spin-polarization dependent electronic
structure has a large energy scale. In Fig. 3.5(b) and (c), each spectrum above 7; (with no
spin-polarization) forms a broad peak (at & 1.5 eV for 2z = 0.175 and =~ 1.3 eV for z = 0.3).
These broad peaks are mainly composed of the interband transitions between the O 2p and
Mn 3d (e,) states, but their spectral weight gradually decreases and is transferred into
the lower-energy part, 0-1.0 eV for z = 0.175 and 0-0.5 eV for = 0.3, with decrease of
temperature. It is noteworthy that there is a clear difference in the energy scale of the
spectral weight transfer between 2 = 0.175 and 0.3. Such a temperature dependence of
o(w) over a wide photon energy region is quite unconventional and reminiscent of the Mott
transition in the correlated electron system.

To analyze the spectral weight transfer with change of temperature (or spin polarization
of the conduction electrons), we extract the temperature-independent part from the optical
conductivity spectra. In Fig. 3.5(a)-(c), the respective curves of g(w) spectra at various
temperatures form an envelope as depicted by a hatched curve in the figure which is com-
posed of the lowest-lying points of all the conductivity spectra at each photon energy. It
is reasonable to consider that such a temperature-independent part stands for the ‘back-
ground’ interband transitions between the O 2p and Mn 3d band which are not affected
by change of spin-polarization. Here, we define a reduced optical conductivity spectrum

(6(w)) by subtracting the temperature-independent part (drawn by hatching) from each
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o(w) spectrum. In Fig. 3.6(a), (b), and (c), we show &(w) spectra for z = 0.1,0.175, and

0:3;

, respectively.

We omitted the infrared phonon parts to avoid complexity. In Fig. 3.6(a) (z = 0.1), the
spectral weight in the mid-infrared region increases with decrease of the temperature. On
the other hand, Fig.3.6(b) and (c) (z = 0.175 and 0.3) show that the gap-like transition
on the higher energy side above T is gradually reduced in intensity and changes into the
w = 0 centered band as temperature decreases.

The formation of a mid-infrared peak as observed in the low-temperature &(w) spectra
for 2 = 0.1 is often seen in the spectra of low-doped Mott-insulators which still remain
insulating or semiconducting due to some localization effect [43, 41, 44, 45]. In general, such
a mid-infrared peak eventually shifts to lower energy forming an w = 0 centered peak (a
quasi-Drude band) upon the insulator-metal transition with further doping. The observed
change of the ground state &(w) spectra in going from z = 0.1 to z = 0.175 (see and
compare the 9 K ¢(w) spectra shown in Fig. 3.6) is consistent with this general tendency.
The localization of doped carriers in the 2 = 0.1 manganite is likely to come from the Jahn-
Teller (JT) type electron-lattice coupling (formation of JT polarons) [48, 49] in addition
to the conventional random potential effect due to the alloying of the (La,Sr)-site. In this
case, the spin-polarized e, conduction bands are subject to the splitting (Ajr) due to the

JT distortion, as schematically shown in Fig. 3.7(b), as well as in the paramagnetic case

(Fig. 3.7(a)). Then the lower-lying 6(w) band has a character of the interband transitions
between the JT-split up-spin bands. The growth of the spin-polarization with decrease of
temperature should tend to increase the spectral intensity because of the effective increase
in the e, electron transfer interaction. The feature is in accord with the observed result
and also clearly demonstrated by the dynamical mean-field calculation for the strong JT-
coupling case by Millis et al. [48] who have taken into account the both double-exchange
and JT interactions as shown in Fig. 3.8. The band peak energy (= 0.5 eV) observed in
the 22 = 0.1 spectra thus gives a measure of the binding energy (A,r) of the JT polaron.
The spin-polarization dependent change in G(w) for the ferromagnetic metallic phase

(2 = 0.175 and z = 0.3) may be interpreted more straightforwardly in terms of the simple
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La;_,Sr,MnO5
e

Figure 3.6: Reduced optical conductivity spectra which are derived by subtracting the
temperature independent part (the hatched curves in Fig. 5) at various temperatures in
La;_zSr;Mn0;g; (a) z = 0.1, (b) = 0.175, and (c) =z = 0.3. The far-infrared region
dominated by the optical phonons is omitted to avoid complexity.
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double-exchange model, [28] since the JT coupling effect is less important for higher-z
metallic phase. As shown in the lower panel of Fig. 3.7, the Hund’s-rule coupling energy
SJu (S being the magnitude of the t,, local spin) between the e, conduction carriers and
ta, local spins (S = 3/2) perhaps exceeds the one-electron bandwidth (W) of ¢, electrons
[27]. Under this circumstance (S.JJy > W), the e, band should split into two bands by S.Jy
as shown in Fig. 3.7(c) and (d) [28, 29]. Above T, such exchange-split bands are equally
composed of two subbands, i.e., up-spin band and down-spin band. Optical transitions
are allowed only between the lower and upper up- (or down-) spin bands. A gap-like
feature in ¢(w) spectra above 7}, is thus assigned to the interband transition between the
exchange-split bands.

As temperature is decreased below T¢, the density of states (DOS) for the respective
subbands is modified in a spin dependent manner: The DOS for the lower (upper) up-spin
band increases (decreases), whereas that for the lower (upper) down-spin band decreases
(increases) with increase of the net magnetization. At 7' = 0, the exchange-split bands turn
into two completely spin-polarized bands, between which the optical transitions are forbid-
den. Therefore, the spectral weight of the interband transitions between the exchange-split
bands is decreased, while that of the intraband excitation within the lower up-spin band
gradually grows up. The spectral weight transfer with decrease of temperature as seen in
IFig. 3.6(b) and (c) can be interpreted as from the interband transitions to the intraband
ones. Such an unconventional variation of the optical spectra with spin polarization (or
with temperature) thus arises from the strong spin (t,)-electron (e,) coupling (SJy > W)
characteristic of the doped manganite system.

Keeping the above in mind, let us see in more detail the 7- and 2-dependent changes in
G(w) spectra for the metallic 2 = 0.175 and 2: = 0.3 crystals. As clearly seen in Fig. 3.6, the
energy scale of the spectral weight transfer is decreasing with hole doping. The peak energy
of the upper exchange-split band in &(w) should approximately correspond to SJy (in the
definition of Jy by eq. (1)) [29]. For z = 0.175, SJy =~ 2 eV, which is consistent with the
estimate based on the optical spectrum of LaMnOyj [38]. But the effective value of S.Jy is

estimated as =~ 0.9 eV for 2 = 0.3 by taking the peak position of the interband transitions
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in the ¢(w) spectrum, and is considerably smaller than that for 2 = 0.175. This means that
spin-charge coupling strength as measured by S.Jy/W is decreased as the hole concentration
z is increased. The present spectroscopic results directly indicate the crossover from the
strong coupling to the medium or weak coupling regime with hole-doping. The origin of
the variation of the effective Jy-value with = may be explained as follows: We have so far
assumed that the spin-polarized conduction bands are of 3d ¢, orbital character. However,
this picture is too simple for a quantitative argument of the electronic structure and the
p-hole character has to be taken into account. In fact, the parent compound LaMnOg
should rather be sorted into the charge-transfer insulator than the Mott-Hubbard insulator
in the Zaanen-Sawatzky-Allen scheme, and the doped hole should be in the strongly d-p
hybridized state as evidenced by photoemission spectroscopy (24]. The larger admixture of
the p-hole character then tends to reduce the effective exchange-splitting, since the effective
antiferromagnetic exchange coupling between the Mn local spin (S = 2) and p-hole spin is
mediated by the second order process and should be much reduced as compared with the
bare Jy-value. As evidenced by a fairly large (by =~ 1 eV) red shift of the 4 eV charge-
transfer band shown in Fig. 3.3, the Sr-doping up-shifts the O 2p state in general and
increases the O 2p hole character for the conduction band. Thus, the effective exchange
splitting of the spin-polarized conduction band is nominally screened and reduced with

hole-doping 2, even though the bare .Jy-value is least changed by hole-doping.

3.3.2 Coherent versus incoherent part in low energy part of
optical spectra

We show in Fig. 3.9 a magnification of o(w) for 2 = 0.175 in the low-energy region. With
decrease of temperature, the conductivity at 0.05-0.1 eV is increased nearly independently
of photon energy. By contrast, the 9K spectrum below 0.05 eV steeply increases with
decrease of photon energy indicating presense of a Drude peak characteristic of the metallic
state. The value of de conductivity o(0) at 9 K is 2.6 x 10* Q~'em™" (see Fig. 3.1), and
comparable to that obtained by extrapolating the o(w) spectrum.

s shown

Such a Drude part is observed notably as well in the o(w) spectra of 22 = 0.
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in Fig. 3.10(a) and (b). As temperature is decreased, the conductivity is at first increased
below 0.1 eV from 380 K to 130 K (see Fig. 3.10(a)), but rather decreased when temperature
is further lowered below 130 K (see Fig. 3.10(b)). The observed spectral change reminds us
of the infrared feature of the c-axis spectra of the cuprate superconductors in which o(w)
is supressed with decrease of temperature giving rise to a § -function peak below T; [50].
The value of the dc conductivity from the resistivity measurements (¢(0) ~ 10* Q~'em™!
at 9 K) is much larger than the value of ¢(w) at w = 0.01 eV, the smallest energy in the
present spectra. The major spectral weight of the coherent part is likely to lie in even a
lower-energy region than the one displayed here.

The Drude weight was estimated by the fitting procedure with use of the dielectric
function of Drude form plus Lorentz oscillators [51],
< < ] (3.1)

v
S : s -
< w2+ iwlp ; w? —w? + il

o

As for the Drude form, we adopt the dec conductivity (cf. Fig. 3.1) as o(w — 0) value
and hence the fitting parameter is the scattering rate, I'n. We exemplify in Fig. 3.11 the
result of fitting for the 2 = 0.175 crystal at 9 K. The calculated curve shown by a solid line
reproduces the experimental spectrum (open circles).

Among the decomposed components used in the fitting procedure, the Drude (coherent)
and incoherent parts are displayed by a dotted and dashed line, respectively. (The remain-
ing part is due to the optical phonon modes.) We defined the Drude weight D as area of
the Drude part.

We may deduce the spectral weight of the inner-gap absorption, i.e., summation of the
coherent (Drude) and incoherent parts, which is defined by the following relation:

- 2m

Nerlwd) = 0 [~ o(w)d. (32)

Here, N represents the number of formula units (i.e., the number of Mn atoms) per unit
volume. For the cutoff energy hw., we choose the energy at which the reduced optical con-

ductivity 6(w) shows a well-defined minimum making a distinction between the interband
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Figure 3.11: The parameter-fitted result (a solid line) of optical conductivity spectrum
at 9 K (open circles) in La;_,Sr;MnOs (22 = 0.175) using the Drude-Lorentz model (sce
text). The calculated Drude and incoherent part are shown by a dotted and dashed line,
respectively.
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and intraband excitations (see Fig. 3.6). We show in Fig. 3.12(a) and (b), the temperature
dependence of the two parameters D (closed circle) and Ner (open circle) in 2 = 0.175
(a) and z = 0.3 (b), respectively. [Note that Neg for z = 0.3 excludes the T-independent
contribution because of the aforementioned subtraction procedure. For z = 0.3, the para-
magnetic phase above T is metallic and the total spectral weight of the incoherent part
should be considered as sum of the T-dependent Ny and the background part (perhaps
< 0.03 judging from the original spectrum in Fig. 3.5).] For reference, we also show the
temperature dependence of square of the normalized ferromagnetic magnetization (M/M,)?
in the figure. (The measurements of M were performed under a magnetic field of 0.5 T.)
M, is the saturated magnetization at the lowest temperature (=~ 4.0ug in 2 = 0.175 and

=~ 3.51g in 2 = 0.3). The calculation by the dynamical mean-field approximation [29]

indicates that the weight of intraband excitations within the lower exchange-split band is
proportional to (M/Mj)?.

As clearly seen, the temperature variation of Ny is quite different from that of (M/M;)%:
Even in the lower-temperature region where (M/.’\'Is)2 is almost saturated, J\lu keeps on

changing, in particular for 2 = 0.175. Such a contradiction to the prediction by the simple

double-exchange model implies that some large-energy scale carrier-scattering mechanism
other than the spin fluctuation may survive down to much lower temperatures than 7.
Anomalously small Drude weight as estimated by the aforementioned procedure may

also be relevant to such a carrier:

scattering. The Drude weight D is as small as ~ 0.012
even for the lowest temperature spectra for both 2 = 0.175 and 2 = 0.3. For z = 0.173, the
Drude weight is = 1 5Ner. Ina simple Drude model, D o n/m*, n being carrier number
per Mn site, and m* effective mass in unit of my (bare mass). Then m* is estimated
to be = 80, provided that the effective carrier density n = 1 as given by measurement of

(ordinary) Hall coefficient [52]. However, such an enormously heavy mass as derived by this

simplified interpretation appears to be incompatible with the results of electronic specific
heat measurements by Kumagai et al. [53]: The conventional low-temperature 7-linear
specific heat is observed for the metallic phase (z > 0.17) and the coefficient ~ is 5-

6mJ/mol K2, being nearly independent of 2. The value is typical of the least-renormalized

Lal_XerMnO3

43

: 10 = 1.0
0.06 D T T L I T
(8)x=0.175 & (=03
T.=283K | \=369K |
o ]
o 0.04 =0.02f o \MM)
= 05 2 Hos
Q —
0.02 H
0.0 0.0
0 100 200 300 0 200 400

Figure 3.12: Temperature dependence of the inner-gap absorption Neg (open circles) and
Drude weight D (closed circles) in La;_,SrzMnOj for 2 = 0.175 (a) and 2 = 0.3 (b) (see
text). Broken lines are merely a guide to the eyes. The solid line shows the temperature
dependence of square of the normalized ferromagnetic magnetization (M/M;)?, M being
the saturated magnetization (4.0ug for 2 = 0.175 and 3.5up for 2 = 0.3) at the lowest
temperature.
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band mass (2 — 3myg). The behavior is also contrasted by the critically z-dependent mass
renormalization as observed in the case of doped Mott insulators, such as La, Stz TiOg [54].
It is worth noting here that the apparently very small Drude weight against the dominant
incoherent-part is quite consistent with the valence-electron photoemission spectra of the
relevant manganites in which the unconventionally small spectral weight is barely observed
at the Fermi level [24, 55]. Nevertheless, these spectroscopic observations cannot be simply
related to the other low-energy transport and thermodynamical properties, e.g., in terms
of the simple Brinkman-Rice picture [56].

The peculiar behaviors observed in the low-energy optical spectra which cannot be ex-
plained by the simple double-exchange model or by the conventional Fermi-liquid picture
are summerized as follows;

(1) The low-energy spectra are composed mostly of the incoherent part and lightly (about
20-30% in fraction) of the Drude response.

(2) The low-energy spectral weight composed of both the incoherent and coherent parts
shows the persistent temperature dependence even in the low-temperature region where
the conduction electrons (or holes) are almost fully spin-polarized.

(3) The small Drude weight arises from neither the heavy effective mass nor the small
carrier density.

At present, we have no definite scenario for explanation of all the above observations,
yet may speculate possible origins for the strong carrier scattering. One is to invoke the
dynamical Jahn-Teller effect. The persistent Jahn-Teller distortion may result in the for-
mation of small polarons which are barely mobile even at low temperature. The minimal
Drude weight, the dominant incoherent part, and their persistent temperature-dependence
might be explained by this hypothesis, but the seemingly unrenormalized v might hardly
be reconciled. Another possible mechanism may be related to the orbital degree of freedom
in the e, conduction state. The orbital may show the strong correlation and fluctuation
even in the almost fully spin-polarized state. As an origin of the anomalous metallic state
of La;_;SrzMnOjz as observed here, Ishihara, Yamanaka, and Nagaosa [57] have recently

proposed the concept of the orbital liquid in which the ‘ferromagnetic’ correlation of the
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dya_2 orbitals and the resultant two-dimensional electronic character is enhanced but can

be disordered down to low temperature. The internal co ency and discrepancy among
the results of various measurements should be further investigated to unravel the nature

of this intriguing novel metallic state.

3.4 Summary

To unravel the electronic structure in La;_;SrzMnOj and its variation with band filling
(or hole concentration z) and temperature (or the averaged spin-polarization of the con-
duction holes), we have systematically investigated the optical conductivity spectra for
single crystals with = = 0.1 (insulating even below T¢), 0.175 (barely metallic below 7;
but semiconducting above 7¢), and 0.3 (metallic). For the 22 = 0.1 crystal, the spectral
intensity is accumulated in the mid-infrared region with decrease of temperature below 7,
but never comes close to the zero-energy reflecting the insulating ground state. A typical
energy (0.5 eV) of the mid-infrared band is considered as representing the binding energy
of the polarons which may arise from the Jahn-Teller or relevant electron-orbital coupling.
In the metallic crystals, » = 0.175 and 0.3, on the other hand, the conductivity spectra
show a critically temperature-dependent transfer of the spectral weight from the interband
excitation part to the intraband one relating to the exchange-split conduction bands. The
energy scale of the spectral weight transfer corresponds to the effective splitting of the
spin-polarized conduction band due to the large Hund’s-rule coupling energy exceeding the
bandwidth; approximately 2 eV for 2 = 0.175 and 0.9 eV for 2 = 0.3. The observed 2-
dependent change of the band splitting energy is perhaps ascribed to the increasing p-hole
character with z.

The intraband transitions in the metallic phase, which dominate the spectrum up to = 1
eV, is

herent part. In fact, the real Drude part is discernible below 0.04 eV but with anomalously

far from the conventional Drude spectrum but should mostly be considered as an inco-

small spectral weight (roughly 1/5 of the total intraband spectral weight). The spectral

weight of the incoherent plus coherent parts grows with the spin-polarization as expected




46 Chapter 4. Charge ordering and disordering transitions in PrysCag4MnQOy

from the exchange-split band feature. However, the spectral weight keeps on changing in
a sufficiently low temperature region (say below 50K) in which the spin-polarization (or
ferromagnetic magnetization) nearly saturates. These features may indicate the presence of
the strong carrier scattering process other than the spin-fluctuation being persistent down
to low temperature. Such a strong carrier scattering mechanism may also be responsible for
the squeezed Drude weight. This is inherently not included in the simple double exchange
model and perhaps relevant to the orbital degree of freedom of the e, spin-polarized elec-
trons (or holes) or to the resultant dynamical Jahn-Teller coupling. The anomalously small

Drude weight is simply related neither to heavy carrier mass nor to small carrier density,

since the opposite situation has been observed in measurements of electronic specific heat
and Hall coefficient. The dynamics of the fully spin-polarized electrons (or holes) with
retaining orbital degrees of freedom in the doped perovskite manganites thus gives rise to

unconventional metallic phase, the origin of which deserves for a further study.

Chapter 4

Charge ordering and disordering
transitions in Pry_,Ca;MnOg
(x=04) as investigated by optical
spectroscopy

4.1 Introduction

In this chapter, we discuss temperature and magnetic field dependence of optical spectra
in the colossal magnetoresistive manganite, Pry_,Ca,MnOs 2 = 0.4. First, let us make
a brief introduction again about the phase diagram of the charge ordering/disordering
transitions and clarify routes we had adopted within the electronic phase diagram in the
optical measurements. Figure 4.1(a) shows the phase diagram in the temperature and
magnetic field plane for Pr;_;Ca;MnOg (z = 0.4) [17]. This compound undergoes the
charge/orbital-ordering transition at Ty, = 235K under zero field, and the nominal Mn**
and Mn** species are regularly arranged below T¢, as shown in the Fig. 4.1(b). Upon the
charge ordering, dsz2_,2 and dy,2_,2 orbitals at Mn®" site are alternatively ordered in the ab-
plane [30], as also shown in Fig. 4.1(b). As the temperature is decreased, antiferromagnetic
spin ordering subsequently occurs (Ty =~ 170 K, a closed triangle in Fig. 4.1(a)). The
pattern of spin ordering below Ty is so called CE-type [30, 31]. (To be precise on the

basis of the neutron diffraction measurement [30], the direction of the spin is canted from
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the c-axis by 20 — 30 degree.) With the decrease of temperature below Ty, the canted
antiferromagnetic ordering occurs at Tcy = 40K (an open triangle in Fig. 4.1(b)). This
order is perhaps a consequence of incommensurate hole-doping level (2 < 1/2) and in the
2 = 1/2 crystal such a canted magnetic order has not been observed [31]. Under the external
magnetic field, the CO state is transformed into a ferromagnetic metallic state as mentioned
before. The hatched region in the Fig. 3.1(a) shows a field-hysteresis characteristic of the
first-order phase transition. For example, the insulator-metal transition (IMT) is observed
at 6.4 T and 4.2 T in the field-increasing and decreasing run, respectively. Hereafter,
we show variation of the optical spectra along the two routes in the H — T" plane, which
both cause the charge ordering/disordering transition, as shown in the upper panel of Fig.
4.1; (1) zero-field cooling (ZFC) run and (2) field-increasing and decreasing at a constant

temperature, 30 K.

4.2 Temperature dependence of optical spectra

Figure 4.2 shows optical conductivity spectrum (o(w)) in Pr;_,Ca;MnO; (z = 0.4) for
E||b and El|c at 10 K. (Spiky structures below 0.06 eV are due to optical phonon modes.)
In the CO state at 10 K (viewed as the graound state), the difference between the 6~ and
c-axis polarized o(w) becomes large reflecting the anisotropy of the ordering pattern of the
charge, spin, and orbitals (see Fig. 4.1(b)). The most notable anisotropic feature is that
each o(w) has a different onset energy (A). To be more quantitative, we have estimated
each A (A, and A.) by extrapolating linearly the rising part of the 6- and c-axis polarized
o(w) to the abscissa as shown by dashed lines in Fig. 4.2(b). It is reasonable to consider
that the A, is dominated by the optical transition of dyz2_,2 (or dy,e_,2) electron to the
neighboring Mn** site with a parallel spin (see Fig. 4.1(b)). The dsz2_, (day2_r2) electron
can hardly hop along the c-axis due to a small transfer integral as well as to a large on-site
coulomb energy. The excess electrons which are introduced into the C'E-type CO state by

decreasing from z=1/2 are likely to occupy the dy.2_,2 orbital of the Mn* site [30], so that

the A, originates from the intersite transition of such excess ds.2_,2 electrons. The fact of
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Figure 4.1: (a): The temperature and magnetic phase diagram of Pr;_Ca;MnOj (2 = 0.4)
derived from ref [7]. The hatched area shows a field-hysteresis region. A closed triangle
denotes the Neel temperature Ty, and an open one the canted antiferromagnetic transition
temperature Tca. (b): collinear C E-type spin and charge ordering structure. The hatched
lobes show the orientation of dy,2_,2 and dyy2_,2 orbitals. (see text)




50 Chapter 4. Charge ordering and disordering transitions in ProsCag4MnOs

A. < Ay implies that the effective intersite Coulomb correlation is larger for the in-plane
than that for the c-axis in such a discommensurated CO state. Under these circumstances,
the charge-gap energy (24,4p) should be assigned to A, (~0.18 eV) in the ground state.
This gap-energy is quite comparable to that of CO state of other 3d transtion metal oxides,
Fe3O4 (= 0.14 eV) [55] and Las/3Sry/3NiO4 (= 0.24 eV) [63], and such gap-value in the

mid-infrared region is probably characteristic of the CO state in the 3d strong correlated

electron system.

Next, let us discuss the temperature dependence of the optical spectra. Figure 4.3(a)
and (b) show the temperature dependence of optical conductivity spectra (10 K-293 K)
in Pr;_zCa;MnOj (z = 0.4) for E||b[(a)] and E||c[(b)], respectively. With the increase of
temperature from 10K, the weight of b-polarized o(w) around 0.2 eV is increased and the
shape of the spectrum becomes gapless-like above Ti,. The onset energy of o(w) shifts to
lower energy as the temperature increases, indicating a continuous decrease of the optical
gap in the CO state. Such a temperature dependence of o(w) resembles that of the CO
system, Lag /351y 3NiOy [63]. On the other hand, the onset energy of c-polarized o (w) moves
to higher energy like the 6-polarized spectra with the decrease of temperature from T, to
Ty, but shifts to rather lower energy below Tx. (The e-polarized o(w) at 10K was drawn
with a bold line in Fig. 4.3(b).) This result indicates that the magnetic ordering affects
the evolution of the c-polarized optical spectra.

We have estimated the A-value by linearly extrapolating the rising-part of o(w) to the

abscissa as shown by dashed lines in Fig. 4.2(a). We plot in Fig. 4.4(a) thus obtained A-

values as a function of temperature. For comparison, we show in Fig. 4.4(b) the temperature
dependence of magnetic susceptibility (y) and its anisotropy. Above 1., the magnitude of
x is fairly large due to the double-exchange mechanism. Once the charge-ordering occurs
(T < T.), however, the y-value is abruptly suppressed, because the double-exchange
interaction is essentially quenched. While anisotropy of the magnetic susceptibility was
scarcely observed in the paramagnetic state (' > Tk), there exists a clear anisotropic
feature in the temperature region lower than Ty. The x measured under Hl|c is decreased

with a cusp structure at Ty but under H||b is almost constant below Ty, indicating that
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Figure 4.2: Optical conductivity spectra at the graound state of CO state (10 K).
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an easy axis of sublattice magnetization approximately directs the c-axis. (The increase in
X below 7"~ 100K is due to the canted antiferromagnetic order [31].) These results are
consistent with those of the neutron scattering measurements [30].

Keeping the above in mind, let us discuss the T-dependence of the anisotropic A-value
(the Fig. 4.4(a)). In the whole temperature region below T, the Ac-values are always
smaller than A;. With decreasing temperature, A, is monotonically increased and scarcely

affected by the antiferromagnetic spin-ordering in ab-plane. By contrast, the A, is rather

decreased below Tx, perhaps because the c-axis hopping of the excess dy.2_,2 carriers is
favored by the ferromagnetic spin-ordering along the c-axis below Ty (see Fig. 4.1(b)). This
may be viewed as a consequence of one-dimensional (along the c-axis) double-exchange

interaction in the electron-doped CO state (z < 0.5).

4.3 Magnetic field dependence of optical spectra

The next issue to be discussed is the variation and collapse of the gap structure in the course
of the magnetic field-induced IMT in a Pr;_;Ca;MnO; (z = 0.4) crystal at 30 K (see the
route (2) in Fig. 4.1(a)). We show the magnetic field dependence of & and c-polarized
R(w) at 30 K in Fig. 4.5(a) and (b), respectively. A spiky structure around 0.06 eV is
due to the highest-lying oxygen phonon mode. In both the b- and c-polarized R(w), the
infrared reflectivity is gradually increased with a field up to 6 T, and abruptly transformed
into the metallic one between 6 and 7 T. Such a huge spectral change with an external
magnetic field over a wide photon energy region up to 3 eV (as it were magnetochromism)
has seldom been observed so far. We show the b- and e-polarized ¢(w) spectra deduced
by K-K analysis in Fig. 4.6(a) and (b), respectively. With increasing of magnetic field,
the onset of o(w) gradually shifts to lower energy, and at 7 ‘I the o(w) undergoes a large
change into a metallic band, as expected from the variation of R(w). We estimated A by
means of the same extrapolating procedure as in the analysis of ZFC spectra.

We show in Fig. 4.7(a) a variation of A-value with a magnetic field at 30 K both for the

field-increasing and decreasing runs.
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of Pry_,Ca,MnOj3 (2 = 0.4) at 30 K.
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For comparison, we show in Fig. 4.7(b) the magnetic field dependence of resistivity (p)
along the b-axis at 30 K. The applied magnetic field was parallel to the b-axis as in the
optical measurements. The p steeply drops between 5 and 6.5 T in the field-increasing run.
Above 6.5 T the p-value is metallic (= 5 x 107*Q em) and no longer affected by further
increasing of the field, indicating the occurence of the fully spin-polarized metallic state.

sistent with this magnetoresistive behavior.

The observed variation of optical spectra is ¢
As mentioned above, the A-value (30 K, 0 T) is different between along the b- and ¢
axis by = 0.18 eV. The difference is gradually decreased with a magnetic field and both
the Ay~ and A-values become zero almost continuously at 6.5 T in the field-increasing
run. These results clearly indicate that the order parameter of the CO state, which can
hardly be probed by resistivity measurements, continuously decreases and the anisotropy
of A is suppressed with the magnetic field. In the field-decreasing run, the gap-opening
is observed below the critical field between 4.5 and 4 T, in accord again with the field-
hysteretic behavior of the resistivity. However, the A, and A, are rather comparable and
obviously less than the A, in the field-increasing run. This irreversible behavior is perhaps
due to the strong first-order nature of the present field-induced transiton, but consistent
with a difference in the resistivity values of the CO state between the field-increasing and
decreasing runs.

It is worth noting here that the A-value gradually changes with a magnetic field while
the o(w) (or R(w)) drastically changes from a gap-like to a metallic feature around 6.5
T. Such a large energy-scale change upon the IMT is reminiscent of the Mott transition
in the electron correlated system. As in a barely metallic state near the Mott transition,
the spectral shape of o(w) at 7 T, where the metallic ferromagnetic state is realized, is
only moderately dependent on w, being far from a simple Drude shape. The value of the
de-conductivity (o(0)) at 30 K and 7 T is & 2 x 10°Q~'em ™! (see Fig. 4.7(b)) and merely
about twice the value of o(w) at 0.06 eV. These results imply that the charge dynamics in
the field induced metallic state is highly diffusive or incoherent [64], which is also consistent
with the results of La;_,Sr,MnOj near the metal-insulator phase boundary [60].

This anomaly below Ty is due to the spin-ordering structure of modified CE-type;
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namely, ferromagnetic along the c-axis but antiferromagnetic in the ab-plane. The 2=0.4
compound shows the magnetic field-induced insulator to metal transition and we have in-
vestigated the electronic-structural change at 30 K with an external magnetic field. Both
the b- and c-polarized spectra drastically change from an insulating low-reflectivity to a
metallic high-reflectivity band at 6.5 T. The magnitude of A, and A, obtained from the
respective o(w) gradually decrease with a magnetic field and disappears at 6.5 T. These re-
sults indicate the rather continuous change in the electronic structure from the anisotropic

charge-ordered state to the isotropic ferromagnetic metal.

4.4 Summary

In summary, we have observed the variation of optical spectra and their anisotropy with
magnetic field for a single crystal of Pry_;Ca;MnOg (2 = 0.4). In the ground state of the
charge ordered (CO) state (10 K), A, (the onset energy of ¢-polarized optical conductivity)
is smaller than A, which is anticipated from the proposed spatial pattern of the charge
and orbital ordering in the CO state. The optical gap energy at 10 K is estimated as =~ 0.18
eV, which is comparable to other CO systems. As the temperature is decreased, A, keeps
on increasing while the A, begins to rather decrease below Ty. This anomaly below Ty is
due to the spin-ordering structure of modified C E-type; namely, ferromagnetic along the
c-axis but antiferromagnetic in the ab-plane. We have investigated the electronic-structural
change in the course of the magnetic field-induced insulator-metal transition at 30 K. Both
the b- and c-polarized spectra drastically change from an insulating low-reflectivity to a
metallic high-reflectivity band at 7 T over a wide photon energy region (0.05 eV-3 eV).
The magnitude of A, and A, obtained from the respective o(w) gradually decrease with a
magnetic field and disappears at 6.5 T. These results indicate the rather continuous change
in the electronic structure from the anisotropic CO state to the isotropic ferromagnetic

metal. t
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Figure 4.7: (a): The magnetic field dependence of the A, (closed symbols) and A, (open
ones) in the field-increasing run (circles) and decreasing run (squares) for Pri_zCa;MnOgy
(2 = 0.4). (b): The magnetic field dependence of resistivity (p)-




Chapter 5

Photo-induced insulator metal
transition in Pry;Cay3sMnOsg

5.1 Introduction

Since a discovery of colossal magnetoresistance (MR) phenomena, perovskite-type man-
ganese oxides have been of current interest. Among a large number of manganites, Pr;_,Ca,MnOz
system shows various interesting spin-charge coupled phenomena, such as real space charge-
ordering/disordering transitions controlled by an external magnetic field, as mentioned be-
fore. In the charge-ordered (CO) state, nominal Mn*t and Mn** species are alternately
arranged and the strong carrier localization takes place. Such a CO state is most stabilized
at 2=0.5 and the deviation of the doping level 2 from the commensurate value (2=1/2)
weakens the robustness of the charge-ordering. Recently, Tomioka et. al. revealed that
the CO state can ‘melt’ into a double-exchange ferromagnetic metallic (FM) state [15]
under external magnetic field, and that such a phase transition is of first order with a
large hysteresis [58]. More lately, it has been observed that such a phase transition can
be triggered by other external stimuli than a magnetic field: Keimer and his coworkers
found the insulator-metal (I-M) transition by illumination with X-ray in the 2=0.3 crystal
[32

abrupt increase with increase of electric field [59]. Another example is the I-M transition

and Asamitsu et al. observed that the conductivity in the same compound shows an

triggered by ‘photocarrier injection’ with visible-IR laser [33].

61
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These results, which are interesting also in the light of the technical application, are
summarized by schematic diagrams as shown in Fig. 5.1. Such phase transitions from the
CO insulating state to the FM one are of first order with a large hysteresis. The energy
levels of the two states are almost degenerate in the hysteresis region, which suggests that
external stimuli (and their combination) can switch the electrical (I-M) as well as magnetic
(antiferromagnetic-ferromagnetic) state. Thus, the Pr;_,Ca,MnOQjs system offers a versatile
stage of ‘phase control’.

Figure 5

shows time dependence of voltage drop caused by irradiation of a laser pulse

. The value of the voltage drop was measured

at 30 K investigated by Miyano et al. [33]
across a 50  load resister as depicted in the inset and the applied voltage 11 V is much
smaller than the critical voltage at which the electric field-induced I-M transition takes
place. The voltage drop rapidly increases up to ~2 V just after the photo-excitation and
such anomalous photocurrent once decays very slowly. However, the voltage drop across
the sample gradually increases again after = 30 us, and is eventually stabilized around 7.8
V as indicated by an arrow. The final sample resistance is 25  and much smaller than that
before the photo-excitation (> 1 Gf2). These results clearly indicate that the I-M transition
is realized by the photocarrier injection into the CO state. Such a highly conductive
state returns to the insulating one when the applied voltage is removed. It is likely that
the electric current sustains the metallic domains produced by the photocarrier injection,
forming current paths against the back pressure from the insulating (CO) medium. In
fact, the threshold laser power for the photo-induced phase transition was observed to be
reduced with increase of the applied electric field. This result is very interesting, but the
problem is that it is difficult to investigate the electronic properties of such photo-induced
highly conductive state in detail because the applied field is indispensable to keep the FM
state. In this chapter, we investigate the I-M transtion with photo-excitation under 1.2 T
of magnetic field instead of the electric filed in Pry_,Ca,MnOy (2=0.3) crystal, and discuss
the electric and magnetic response of the photo-injected CO state.

Before the discussion of the photo-induced transition, we show in Fig. 5.3 the temperature

dependence of resistance (R) under 1.2 T in the temperature increasing- and decreasing-
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run. Below T, = 200 K, the R in the 2=0.3 compound shows insulating behavior in
both the running. This result clearly indicates that the 1.2 tesla of magnetic field itself
cannot realize the FM state at any temperature and a simple scenario such as laser-induced
heating is excluded in this system. Hereafter, we discuss the nature of photo-induced I-M

transition at 30 K under 1.2 T in the 2=0.3 crystal.

5.2 Photo induced insulator metal transition

To be highlighted in this section is the I-M transition with photo-excitation in Prg ;CagsMnOj.
Figure 5.5(a) shows temporal variation of the resistance (R) after a pulsed photo-excitation
under a magnetic field of 1.2 T. (No voltage was applied when the sample was shot with a
laser pulse.) There is scarcely magnetoresistance effect under 1.2 T at any temperature in
this compound, and the R-value at 30 K is very large (> 1 GQ) before the photo-excitation.
With a single laser shot, however, the R drastically decreases by more than nine orders of
magnitude, indicating that the photo-induced I-M transition takes place. Such a large de-
crease of R continues until ~100 s and it seems that the time scale of the decrease becomes
more gradual after that. The latter slow variation of R is perhaps not directly relating to
the photo-excitation, but is characteristic of the metastable state under the magnetic field,
where the M shows gradual change as well (vide infra). The R-value finally decreases
down to =~ 1039 after about five hours. Such a highly conductive state is preserved even

after the magnetic field is removed. This is in contrast to the case of the photo-induced I-M

transition under an electric field. We show in Fig. 5.5(b) temperature dependence of R (in

the warming run) after photo-excitation under zero magnetic field. (The measurement was
done during a much shorter period than the time scale of the gradual decrease of R.) The
R-value shows an abrupt jump just below =70 K, which is consistent with the critical tem-
perature for the magneto-transport measurements (see the inset of Fig. 5.3). This result
clearly indicates that such a photo-induced conductive phase coincides with the FM state
realized by a magnetic field. The large difference of the time scale of the photo induced

I-M transition between under electric field (=~ pus, see Fig. 5.2) and under magnetic one
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(=s, see Fig. 5.5) perhaps results from the different roles of these external fields during the
photo-induced I-M transition: the electric field plays an important role in making current
paths between FM domains as well as weakening the CO state, whereas the magnetic field
only weakens the robustness of the charge-ordering. It is worth noting here that the time
scale of the I-M transition with irradiation of X-ray (=s) [32] is consistent with the latter

case. There is a supporting evidence that the FM state is realized with photo-excitation.

We show in Fi .6 the time dependence of the M under 1.2 T in Prg7CagsMnOs. (We

made use of a SQUID magnetometer for the measurement.) The relatively large value of
the M (= 0.88y5/Mn site, see Fig. 5.4) is due to the canted antiferromagnetic ordering
as mentioned before. Three arrows indicates the timing of the pulse photo-excitation, and
all the measurements were done successively for the identical sample with intermittent
zero-field warming (up to 300 K) between events of the laesr illumination. For compari-
son, we also show the time dependence of M with closed circles without photo-irradiation.
As the time increases, the M also shows gradual increase, indicating that the CO state
under 1.2 T is metastable in nature, decaying very slowly. The M-value jumps upon the
photo-excitation by = 1%, indicating that the laser illumination clearly induces ferromag-
netic domains (3.55/Mn site, see Fig. 5.4). The quantity of the created FM domains are
roughly reasonable considering the laser spot (~1 mmg), penetration depth estimated from
an optical spectrum (~ 0.2 um), and the total sample volume (=~ 3 x 10~ em®). Such an
increase of the M cannot be attributed to simple laser-heating because the M arising from
the canted antiferromagnetic ordering would decrease upon heating. These results clearly

indicate photo-induced fainal state is ferromagnetic.

5.3 Summary

We have studied the electronic-structural change from a charge ordered (CO) to a ferro-
magnetic metallic (FM) state with photo-excitation in Pry_;CazMnOy (2=0.3). We have
presented some evidences that the CO state can be transformed into the FM one with

photo-excitation. Resistance drastically decreases with a single shot of visible/IR laser.
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Figure 5.4: Magnetic field dependence of the magnetization in Prg:CagsMnOgzat 30 K.
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The time scale of such an insulator-metal transition depends on the type of the external
field (electric or magnetic), which tends to destabilize the CO state and hence promote
the photo-induced transition. Magnetization shows a conspicuous increase with the photo-
excitation by a pulsed laser beam, clearly indicating that the photo-generated metallic
state is ferromagnetic. These observations show that Pry_;CazMnOjz is promising as a new

intriguing photoactive system as well as colossal magnetoresistive material




Chapter 6

Conclusions

In this thesis, we have investigated optical properties of two types of the perovskite mangan-
ite: one is the conventional double-exchange ferromagnet, La, _,Sr,MnOy, and the other the
typical magnetoresistive manganite which shows charge-ordering/disordering phase transi-
tion, Pry_,Ca;MnOgssystem. The major results are listed as follows;

> We have investigated the optical spectra for single crystals with 2 = 0.1 (insulating
even below T¢), 0.175 (barely metallic below T but semiconducting above T¢). and 0.3
(metallic) to unravel the electronic structure and its variation with band filling () and
temperature.

o For the 2 = 0.1 compound, the spectral weight is increased in the mid-infrared region
with decrease of temperature below 7., and the typical energy (0.5 eV) of the mid-infrared
band is considered as representing the binding energy of the polarons which may arise from
the Jahn-Teller coupling.

o In the metallic crystals, 2 = 0.175 and 0.3, the conductivity spectra show a critically
temperature-dependent transfer of the spectral weight from the interband excitation part
to the intraband one relating to the exchange-split conduction bands over a wide photon
energy region (approximately 2 eV for 22 = 0.175 and 0.9 eV for 2 = 0.3).

o The intraband transitions in the metallic phase, which dominate the spectrum up to
=~ 1 eV, is far from the conventional Drude spectrum but should mostly be considered as

an highly diffussive or incoherent part and the real Drude part is discernible below 0.04 eV




but with anomalously small spectral weight, which cannot be elucidated in the light of the
simple double exchange model or the dynamical Jahn-Teller coupling effect.

> We have observed the variation of optical spectra and their anisotropy with tem-
perature and external magnetic field for a single crystal of PrgCag4MnQOj3, which shows
charge-ordering/disordering phase transtion.

o In the ground state of the charge ordered (CO) state (10 K), A, (the onset energy of
c-polarized optical conductivity) is smaller than Ay, which is expected from the proposed
spatial pattern of the charge and orbital ordering in the CO state. The optical gap energy
at 10 K is estimated as =~ 0.18 eV, which is comparable to other CO systems.

o As the temperature is decreased, A, keeps on increasing while the A, begins to rather
decrease below Ty. This anomaly below Ty is due to the spin-ordering structure of modified
C'E-type; namely, ferromagnetic along the c-axis but antiferromagnetic in the ab-plane.

 Both the b- and c-polarized spectra drastically change from an insulating low-reflectivity
to a metallic high-reflectivity band at 7 T over a wide photon energy region (0.05 eV-3
eV).

e The magnitude of A, and A, gradually decrease with a magnetic field and disappears

at 6.5 T. These results indicate the rather continuous change in the electronic structure
from the anisotropic CO state to the isotropic ferromagnetic metal.

B> In addition to the magnetospectroscopy in Pry_;Ca;MnOjg, we have studied the
electronic-structural change from a CO to a ferromagnetic metallic state with photo-
excitation for the 2=0.3 crystal. We have presented some evidences that the CO state
can be transformed into the FM one with photo-excitation at 30 K and under 1.2 T of
magnetic field.

e Resistance drastically decreases with a single shot of visible/IR laser.

e Magnetization shows a conspicuous increase with the photo-excitation by a pulsed

laser beam, clearly indicating that the photo-generated metallic state is ferromagnetic.

Chapter 7
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