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Abstract 

           In the perovskite cobaltite LaCoO3, the magnetic interactions resulting from the 

three possible spin states of the Co
3+

 ion (S= 0, 1 and 2) are sensitively affected by the 

lattice. Doping of charge carrier into this Mott insulator leads to two different effects: a) 

the lattice adjusts to accommodate the charges and b) different magnetic exchange may 

occur, which ultimately have consequences on the magnetism and electrical conductance. 

Thus, understanding the unconventional magnetism exhibited in this system and the 

insulator-metal transition that appears in the doped compounds is a challenge due to the 

complexity caused by the spin state, spin correlations and the magnetic exchange 

associated with Co
3+

 ions. 

            In this dissertation, the magnetic and lattice effects in doped ACoO3 (A = La, Pr) 

are investigated on an atomic scale by neutron scattering techniques. In the hole-doped 

compounds, La1-xAxCoO3 (A= Ca, Sr, Ba), the magnetic phase separation (ferromagnetic 

and incommensurate or antiferromagnetic clusters of nanometer scale) and its trend are 

characterized. It is found that this trend is strongly correlated with the A-site dopant. A 

hypothesis is proposed to explain how the magnetic phase separation is driven by the 

lattice inhomogeneity and how the insulator-metal transition comes about. 

           In LaCo1-yNiyO3, an enhanced compression of the oxygen octahedron along the 

trigonal axis is invoked to break the degeneracy of the magnetic Co
3+

 without the local 

lattice breaking the trigonal symmetry. The magnetic correlation is found to be 

exclusively ferromagnetic in the spin glass state, and it is related to a magnetic excitation 

at ~ 1.1 meV down to T 0 K with a trace amount of doping. The nature of this 

excitation is argued to be associated with an indirect magnetic exchange. Two 
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possibilities are discussed: a) a spin-flip excitation associated with a super-exchange 

ferromagnetic coupling via Co
3+

-O
2-

-Ni
3+

. The coupling can be confined in one or two 

dimensions resulting in a high probability of charge localization; b) a weak ferromagnetic 

coupling mediated by Ni
3+

 ions spins via Co
3+

-e
-
-Co

3+
 within the localization range. 

Lastly, in PrCoO3, the atomic structure and neutron low energy spectra suggest that the 

thermal spin state transition may occur at a temperature above 300 K, which is much 

higher than what was previously observed in LaCoO3. 

         To conclude, this thesis provides a microscopic approach to understanding the spin-

lattice interactions in this strongly correlated electron system that may be of broad 

interest to the field. 
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Chapter 1

Introduction

1.1 Introduction

Similar to the way that many people are fascinated cooking, such as preparing

delicious Kimchi (I assume you like it) out of dull plain cabbage by adding some

magic spice, many solid-state physicists are fascinated by the concept of transform-

ing electrically "dead" insulators into "live" conductors, a phenomenon known as

an insulator-metal transition (IMT), which can often be brought about through the

doping of charge carriers. This interest is driven by both practical applications and

our intellectual curiosity about exactly how things work. For example, the micro-

electronics industry is founded upon using silicon chips, for which a semiconductor is

doped with electrons or holes. Perhaps even more interesting is when holes are doped

into cuprates, such as La2�xSrxCuO4, for which high temperature superconductivity
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emerges [7].

Depending on the ground state of the parent compounds, doping can have essen-

tially di¤erent e¤ects [21]. In the above two examples, the �rst parent compound

is a band insulator and the second one is a Mott insulator. In solid state physics,

the fundamental problem is to �nd an adequate description for the behaviors of the

outer shell electrons which determine the physical properties of the materials. This

understanding becomes very complicated after the atoms are brought together into

the form of a crystal, and so far two main theories lay the basis for two limiting

situations. In one the outer electrons are treated to belong to the crystal as a whole,

i.e., band theory [79]. In the other the outer electrons are assumed to be localized at

speci�c atomic sites, i.e., the crystal �eld (CF) (or ligand-�eld) theory [9].

Band theory provides a conceptually simple explanation for how electrons move

in solids. It predicts an insulating state when all bands are fully occupied or empty -

otherwise a metallic state occurs. Band insulators, therefore, are diamagnetic because

the electrons are all paired so that there is no net magnetic moment. Though band

theory has proven phenomenally successful on commercially important materials like

silicon, it can not explain high temperature superconductivity, and it also gives a false

prediction on the metallicity of many oxides such as MnO and CoO.

The Mott insulating state was thus introduced to describe a situation where a ma-

terial should be metallic according to band theory, but is insulating [56, 57]. The insu-

lating is due to the strong electron-electron repulsion energy, U, which is stronger than
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the kinetic energy gain so that the electron cannot hop to the other atom. Because

the electrons are localized in a Mott insulator, they may carry magnetic moments,

and a magnetic order can be realized below the magnetic-ordering temperature. This

implies that, unlike the band insulators, for the Mott insulator the internal degrees of

freedom, such as spin and orbital, still survive [86], while at the same time there is a

correlation between the magnetism and the IMT, which has always been a fascinating

issue as exempli�ed in high Tc superconductivity of cuprates, La2�xSrxCuO4 [7], and

Colossal Magneto-resistivity (CMR) of manganites, La1�xCaxMnO3 [75, 88, 48].

LaCoO3 is a Mott insulator and exhibits unusual magnetism and an IMT as its

temperature is increased [31, 10, 68, 84, 4, 5, ?] (details in Chapter 2.2). These

peculiar physical properties originate from the behavior of Co3+ ions�3d electrons

and the covalent mixing with oxygen ions�p orbitals. In classical crystal �eld theory,

atomic d orbitals are used, and the orbital degeneracies are lifted by the crystalline

electrostatic �eld [89]. The magnetic moment of an ion is thus determined by the

energy competition between the crystal �eld and the Hund�s energy [12]. In the

lattice accommodated by LaCoO3, these two energies happen to be comparable, so

that the ground state of Co3+ with spin value S=0, and two excited magnetic states

with S=1 and S=2 are nearly degenerate in energy [11]. The electronic con�guration

of d electrons of Co3+ in the CF not only determines its magnetic state but also

a¤ects its carrier mobility. By warming up to �100 K, a spin-state transition from

the nonmagnetic ground state to magnetic states �rst occurs, and as temperature
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continues to rise above � 500 K an IMT occurs resulting from a transformation of a

localized to an itinerate d electrons. [68].

The physical properties of LaCoO3 are complex both because the d electrons of

Co3+ ions determine the spin states for which the LS, IS and HS state can simulta-

neously be present and because, at the same time, d electrons also participate in the

conductivity, and in the pure compound there is a IMT with temperature. For doped

LaCoO3, early studies based on the bulk properties showed that the magnetic and

transport properties can be dramatically changed by both hole doping and magnetic

ion doping (details in Chapter 2.3 and 6.1). The presence of a spin-glass state (SG),

ferromagnetism (FM), antiferromagnetism (AFM) and an IMT with doping makes

the understanding of physical properties of doped LaCoO3 even more complicated,

and especially, in more modern CF theories the covalent mixing of d orbitals and 2p

orbitals of oxygen becomes a more and more important issue, which a¤ects both the

ground state of the Co3+ ion [43] and its magnetic correlations [99, 2, 16]. For exam-

ple, the hybridization of 2p� 3d allows the introduction of super-exchange magnetic

interactions between the neighboring magnetic moments mediated by oxygen [99],

and these magnetic interactions are inherently associated with the electron�s conduc-

tivity. The relationship between the unusual magnetism observed in doped LaCoO3

and the IMT is still an open question, and a detailed microscopic understanding of

the magnetism itself is still lacking.

Dopants invariably cause the lattice to adjust, be it signi�cant on a global scale
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or subtle in a local scale. On the other hand, originating from the special freedom of

Co3+, the spin state of Co3+ and its consequences on the magnetism and transport are

sensitively a¤ected by small perturbations such as the lattice adjustment. Therefore,

the rich physical properties exhibited by the doped LaCoO3 ultimately result from

the complicated interplay in between the lattice, magnetism and conductivity. The

neutron scattering technique is a perfect tool for investigating these issues because,

unlike X-rays, neutrons are scattered strongly by light atoms such as oxygen so that

the crystal structure of cobalt oxides can be accurately determined. Neutron scatter-

ing also provides direct information on the spatial and temporal spin-spin correlations

and the associated magnetic �uctuations and excitations (details in Chap 3). Thus,

in the current work, neutron scattering is used to investigate the correlations between

the lattice and magnetism in the following three systems,

� Hole doping, La1�xAxCoO3 (A= Ca2+, Sr2+ and Ba2+)

Holes are introduced by substitution of a trivalent ion, La, with a divalent ion

such as Sr2+. Early intensive studies based on the bulk properties showed that the

compound, La1�xSrxCoO3, evolves from a spin-glass (SG), insulating state to a fer-

romagnetic (FM), metallic state at a doping concentration x �18% [34, 90] (details

in Chapter 2.3). In the most recent study, a coexistence of FM and incommensurate

(IC) magnetic clusters of both sizes on the nm scale was found to prevail in the SG

state via elastic neutron scattering [62]. The IMT is coupled with SG-FM transition

and this is understood in the frame of Double exchange (DE) [99]: the FM clusters
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are electrically conductive, so the percolation of FM metallic clusters brings about

the IMT and SG-FM transition at the same time. The IC phase, however, is insu-

lating because the AFM spin-spin correlations localize the electrons based on Super

exchange [12]. After �nding the IC phase, an immediate question is: "What is the

origin of the IC phase?" Before answering this challenging question, it is useful to de-

termine whether the magnetic phase separation is unique for Sr doping. Considering

that the elements of Ca, Sr and Ba are the closest neighbors in the same main group

(IIA) and are therefore electronically equivalent, in the current work this issue is in-

vestigated through a characterization of the magnetic phase separation in all three

compounds, La1�xAxCoO3 (A= Ca2+, Sr2+ and Ba2+) by measuring the static spin

correlations via neutron scattering.

� Isovalent magnetic ion doping, LaCo1�yNiyO3 and LaCo1�yFeyO3

The direct replacement of Co3+ ion with isovalent magnetic ions such as Ni3+

and Fe3+ results in essentially di¤erent physical properties. The e¤ects of Ni doping

resemble the hole doping the most: LaCo1�yNiyO3 develops from the SG to FM state;

a negative magneto-resistivity coupled with the SG state; and an IMT [60, 29, 3, 41].

However, the IMT occurred at a much higher doping concentration than the SG-FM

transition [29]. On the other hand, the LaCo1�yFeyO3 is an insulator regardless how

much Fe is doped, and the compounds remain in the paramagnetic state until a weak

AFM order sets in at a high doping level [38, 87].

The elements, Ni and Fe, are both adjacent neighbors to Co, and both trivalent
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ions are magnetic, but why does doping not bring about similar e¤ects? The state

of the Co3+ ion must play a critical role. Considering the fact that the ionic sizes of

Fe3+, Co3+ and Ni3+ are almost identical so that the steric e¤ects due to the dopant

are negligible, under such circumstances how does the lattice respond to the case

when the dopant is Ni and when it is Fe? Would be the response di¤erent? If so,

would the di¤erences, which are not due to the steric e¤ects, be correlated with the

state of Co3+ and the magnetism of the compounds? In the current work, this is

examined by neutron scattering.

On the other hand, the fact that the IMT and SG-FM transition are not coupled

in LaCo1�yNiyO3 �rst poses a question about the microscopic nature of the SG state

especially considering the observed magnetic inhomogeneities in the SG states of the

hole-doped systems. In the current work, this problem is clari�ed by measuring the

static spin correlations. Secondly, this indicates a di¤erent role of magnetism in the

IMT for Ni doping than for hole doping. The parent compound LaNiO3 is a good

metal with Pauli paramagnetism, i.e., a band metal, which indicates a collective

behavior of d electrons based on the band theory. As a contrast, LaCoO3 is a Mott

insulator, indicating a localized d electrons of which behavior is well understood by

the crystal �eld theory. Then, for the mixed compound, LaCoyNi1�yO3, how do we

understand or describe the behavior of the d electrons, which involves the interactions

between the collective d electrons of Ni and localized ones of Co. The FM and IMT

transitions would ultimately be attributed to the interaction of d electrons of Co3+
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ions with dopants, i.e., holes or the d electrons of Ni3+ ions, which determines the spins

and carrier mobility at the same time. In the current work this problem is addressed

by inelastic neutron scattering and bulk resistivity and magnetization measurements.

� PrCoO3

Finally, one may wonder if the spin-state freedom still survives in other rare-earth

perovsike cobaltites, such as in PrCoO3, considering that its crystal structure adopted

a lowered symmetry due to the smaller rare-earth ionic size [83, 40]. In the current

work, a search for the evidence of thermal spin excitation was carried out via neutron

di¤raction up to 350 K and inelastic scattering up to 300 K.

1.2 Layout of the Dissertation

The rest of dissertation is arranged as follows: In the next Chapter, the back-

ground knowledge and the results of some important previous experiments are pro-

vided which lay the base for the discussion of the next chapters. In Chapter 3, the

relevant neutron scattering theory is outlined, and the application of neutron scatter-

ing and instrumentation are introduced. In Chapter 4, the details about the powder

and single crystal sample preparations are provided. In Chapter 5, the magnetic

phase separation trends are characterized in the hole doped system, La1�xAxCoO3

(A=Ca2+, Sr2+ and Ba2+), on single crystals via elastic neutron scattering. A hypoth-

esis to explain the observed magnetic inhomogeneity and the trend with the A-site
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dopant is discussed. In Chapter 6, two major topics about the isovalent magnetic

ion doped systems are discussed: (1) in LaCo1�yByO3 (B= Ni3+ or Fe3+, y � 0:4)

the ground state of Co3+ ion after doping are investigated by bulk magnetization and

neutron di¤raction. It is argued that there is a correlation between the magnetic

states and the trigonal distortion. The magnetic correlation is identi�ed to be only

ferromagnetic in the SG state of LaCo1�yNiyO3 and the reason for absence of AFM

correlation can be also understood by the hypothesis proposed in the hole-doped

system. (2) The nature of the magnetic exchange in LaCo1�yNiyO3 is investigated

after �nding a new low-energy excitation in dilute doped compounds (y � 0:01) via

inelastic neutron scattering. Two possible scenarios are proposed to interpret the

origin of the new excitation. In Chapter 7, a search for the thermal spin excitation in

PrCoO3 is carried out by neutron di¤raction and inelastic neutron scattering up to

350 K. The absence of a lattice distortion and the low energy spectra both suggested

that the transition may occur at a temperature at least above 300 K. In Chapter 8,

the experiment results are summarized and based on that the �nal conclusions are

generalized.
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Chapter 2

Background of Perovskite

Cobaltites

2.1 Crystal Structure

� Perovskite Structure and Ideal Cubic Symmetry

The perovskite structure can be generalized to a chemical formula ABX3, where

A and B are cations and X is an anion. Many oxides adopt this structure (ABO3)

such as the original perovskite mineral calcium titanium oxide (CaTiO3) where the

A site is Ca2+ and the B site is Ti4+. In our studies of perovskite cobaltites the A

cations are trivalent rare earth ions such as La3+ or Pr3+. The B cation is a transition

metal ion, Co3+ (3d6). The structure can be described as the corner shared oxygen

octahedra CoO6=2 with Co3+ ions in the centers of the octahedra and the A-site rare
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Figure 2.1: The perovskite structure and the BO6=2 octahedra

earth ion �lling the space in between eight octahedra (Fig.2.1).

The ideal symmetry is cubic with the space group Pm3m [68]. Each cubic crystal

unit cell corresponds to one chemical unit, i.e. ABO3. For one unit cell (Fig. 2.2):

eight A ions are located at each corner; six oxygen ions are located at the face centers

and one B ion is at the body center. The equivalent atomic positions are listed

in table 2.1. In this case, it is obvious that A�Op
2B�O = 1; where A-O and B-O are

the equilibrium bond lengths between A and oxygen ions, and B and oxygen ions,

respectively.

� Tolerance Factor t and Lowered Crystal Symmetries
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Figure 2.2: The ideal cubic symmetry of the perovskite structure

Site Multiplicity & Wycko¤ letter Coordinates
A 1a (0; 0; 0)
B 1b (1

2
; 1
2
; 1
2
)

O 3c (0; 1
2
; 1
2
)

Table 2.1: Atomic positions in cubic perovskite ABO3
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Crystal systems Space group Rotation axis
tetragonal I4=mcm [001]
rhombohedral R3c [111]
orthorhombic Pnma [110]
orthorhombic Imma [101]

Table 2.2: The lowered symmetries and the corresponding BO6=2 rotations

In reality, however, due to the mismatch of the ionic sizes of A and B ions, the ideal

cubic symmetry is often not realized. Instead, the lattice adjusts to the di¤erence

by adopting a lower crystal symmetry, and the perfect cube undergoes a deforma-

tion and becomes a pseudo-cube. Consequently, A�Op
2B�O 6= 1, this ratio is actually

de�ned as the tolerance factor, t, and it is used to quantify the mismatch [28]. To

calculate the value of t, the empirical ionic radii are used which are obtained from

the X-ray data at room temperature under atmospheric pressure [77]. As t > 1, the

accommodated structure is hexagonal stacking, where AO3 close-packed planes form

hexagonal polytypes [27]. As t < 1, the possible symmetries are tetragonal, rhombo-

hedral and orthorhombic. Each symmetry can be obtained by a cooperative rotation

of BO6=2 octahedra around one of the axes of a cubic cell [27], and Table 2.2 lists the

symmetries and the corresponding rotation axes.

For the perovskite cobaltites, to the best of our knowledge, whether the value of

t is obtained by using the empirical ionic radii or by using the average bond lengths

of A-O and B-O obtained from Rietveld re�nement, t is found to be smaller than

1. In this case, for LaCoO3 and its doped compounds, the most common crystal



14

Figure 2.3: Rhombohedral unit cell and its two constituent psudocubic cells.

symmetry is rhombohedral (R3c), while for the other rare earth perovskite cobaltites

such as PrCoO3 and the hole doped compound with smaller ion of Ca, La1�xCaxCoO3

[63, 44, 13], the smaller A-site ionic size results in a lower symmetry, orthorhombic

(Pnma). For R3c, one rhombohedral unit cell is comprised of two chemical units

or two pseudo-cubic cells, and for Pnma one crystal unit cell contains four chemical

units or four pseudo-cubic cells. Figs. 2.3 and 2.4 show the crystal unit cell (black

outline) and the constituent pseudo-cubic cells (grey outline) for R3c and Pnma,

respectively, and the following Tables 2.3 and 2.4 list the corresponding equivalent

atomic positions.



15

Figure 2.4: Orthorhombic unit cell and its four constituent psudocubic cells.

Site Multiplicity & Wycko¤ letter Coordinates
A 2a (1

4
; 1
4
; 1
4
)

B 2b (0; 0; 0)
O 6e (�x; 1

2
+ x; 3

4
)

Table 2.3: Atomic positions in rhombohedral perovskite ABO3 based on rhombohe-
dral setting.

Site Multiplicity & Wycko¤ letter Coordinates
A 4c (xA;

1
4
; zA)

B 4a (0; 0; 0)
O(1) 4c (xo1;

1
4
; zo1)

O(2) 8d (xo2; yo2; zo2)

Table 2.4: Atomic positions in orthorhombic perovskite ABO3.
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2.2 Thermal Driven Spin-State Transition

From our previous discussion of the crystal structure, we know that the transition

metal ion, in this case Co3+ (3d6), is located in the center of an octahedron formed by

six oxygen anions. Under the simple cubic symmetry (although the actual symmetry

is trigonal or rhombohedral), the regular octahedral crystal �eld (described by the

point symmetry symbol Oh) splits the �ve degenerate d orbitals (dxy, dxz; dyz; dx2�y2

and dz2) into two classes: three t2g orbitals at the lower energy ( dxy, dxz; dyz) for

which the d orbitals point between the x; y and z axes and two eg orbitals at higher

energy (dx2�y2 and dz2) for which the d orbitals point along these axes [12]. Fig. 2.5

demonstrates the �ve d orbitals of the transition metal ion and its surrounding oxygen

environment. Notice the orientation of the orbitals determines the overlapping of the

electron clouds of oxygen�s 2p and transition metal�s d so that the energy levels of d

orbitals are split: the more overlapping the higher energy. If there are no more than

three d electrons, the electron will �ll up the low t2g orbitals, but if there are more

than three d electrons, then the way to occupy the t2g and eg orbitals depends on the

competition between the crystal �eld energy, which is the energy di¤erence between

t2g and eg orbitals, and the Coulomb pairing energy (sometimes it is also referred

to as the Hund�s energy, orbital pairing energy or the interatomic exchange, they all

mean the energy cost to put two electrons with opposite spin into a single orbital).

For example, if the crystal �eld energy is lower than the pairing energy, the electrons

will �ll up the orbitals singly �rst and then doubly. On the other hand, if the crystal
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Figure 2.5: d orbitals and the octahedron crystal �eld levels [18].

�eld is higher than the pairing energy, the electrons will �rst �ll up the lowest three

t2g orbitals and then start to occupy the eg orbitals [12].

What makes LaCoO3 interesting is that these two energy scales are comparable

in the speci�c crystal �eld accommodated by this compound. Therefore, how the six

electrons of Co3+ ion occupy the split orbitals does not make a signi�cant di¤erence in

energy. Fig. 2.6 is a schematic of di¤erent ways that six electrons occupy the orbitals.

The ground state has an electronic con�guration of t62ge
0
g where all the electrons are

paired so the net spin value is equal to zero. This state is referred to the low-spin

(LS) state. There are two excited states: one with con�guration, t52ge
1
g so S=1and it

is called an intermediate spin state (IS), and the other with t42ge
2
g so S=2 called a high
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Figure 2.6: Electronic con�gurations of Co3+ ion at the LS, IS and HS state.

spin state (HS). The estimated spin-gap energy by the optical spectroscopy and the

theoretical calculation is as small as �30 meV [91]. This means that upon warming

up to � 100 K, a transition from the spin-zero state (LS) to the magnetic states (IS

or/and HS) occurs. This transition "switches" LaCoO3 from a non-magnetic Mott

insulator to a paramagnetic semiconductor. As the temperature rises to �500 K,

a second transition from a localized to an itinerant state occurs, which leads to a

insulator-metal transition (IMT). Fig. 2.7 shows the temperature dependence of the

electrical resistivity (upper panel) and the magnetic susceptibility (lower panel) for

LaCoO3 [91]. For the resistivity data, two broad drops appeared around 100 � 200 K

and 500 � 600 K, corresponding to the two transitions mentioned above, respectively.

On the other hand, these two transitions were also identi�ed in the bulk magnetic

susceptibility by two broad peaks centered at � 100 K and � 600 K. For the rise

from � 30 to 100 K, it could be caused by an AFM ordering, but no AFM Bragg

peaks was observed in the neutron di¤raction measurements [42, 85, 69] and this rise

appears the same in both zero-�eld-cooled and �eld-cooled data. Thus, it is caused
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Figure 2.7: Bulk electrical resistivity (upper panel) and magnetic susceptbility (lower
panel) for a crystal of LaCoO3 as a function of temperature. Data were obtained
from ref [91].
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Figure 2.8: The low energy spectra of the powder sample LaCoO3 at di¤erent tem-
peratures, after ref [61]. The following schematic shows the energy transfer of 0.6
meV correspondes to the spin-�ip transition within the S=1 manifold.

by the increased population of the magnetic Co3+ ions as the result of the spin-state

transitions. The Curie-Weiss curve below � 30 K is argued to be caused by the

surface magnetic cobalt ions [93, 76]. The closed circles below 100 K are the result of

the subtraction from these Curie-like impurities.

The spin state transition was observed in a number of other experiment meth-

ods, such as infrared spectroscopy, Raman spectroscopy and electron spin resonance

measurements [92, 24, 35, 58]. By using neutron scattering technique, a low energy
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excitation associated with this transition was observed in our previous studies [61].

Fig. 2.8 is the low energy spectrum for the powder sample of LaCoO3. Upon warming

to 50 K, an excitation at � 0.6 meV is clearly shown. As the temperature continues

rising to � 70 K, a center quasi-elastic intensity rises up signi�cantly. By 100 K, the

spectrum is dominated by the quasi-elastic intensity. It is found that the 0.6 meV

excitation corresponds to a spin-�ip transition within the S = 1 energy manifold [66]

and this is shown as a schematic following Fig. 2.8. Notice that both the 0.6 meV

excitation and the quasi-elastic peaks appear quite broad in energy transfer space.

Further investigations con�rmed that both the 0.6 meV excitation and the quasi-

elastic intensities were magnetic in nature. In reciprocal space the intensity of the 0.6

meV excitation only follows the magnetic form factor of Co3+ ions, and there is no

other
�!
Q dependence. However, the center quasi-elastic intensity shows up as a broad

peak and it only occurs at the Bragg positions and the positions half-way between

Bragg peaks [61]. Fig. 2.9 is the inelastic neutron scattering data on the single crystal

LaCoO3 at 55 K (blue) and 100 K (red). Panel (a) and (b) are the energy scans at 55

and 100 K subtracted from the data at 4 K at the constant Q positions (0.5, 0.5, 0)

and (0, 0, 1.1). The 0.6 meV excitation is visible in both scans. Panel (c) and (d) are

the Q scans at the constant energy transfer of 0.6 meV along the diagonal direction

through (0.5, 0.5, 0.5) and the transverse direction through (0, 0, 1.1).

The magnetic peaks at the Bragg positions indicate a ferromagnetically coupled

spin-spin correlation (FM) and on the other hand the peaks at the half-way positions
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Figure 2.9: Inelastic neutron scattering data obtained from the single crystals of
LaCoO3 and La0:9Sr0:1CoO3 at SPINS at 55 and 100 K. After ref [61].

indicate an AFM correlation [61]. Based on the properties of Fourier transform of

a Gaussian function, the broader the peak in energy transfer space - the shorter

the life-time; similarly, the broader the peak in reciprocal space - the shorter the

correlation length in real space. Thus, the above two experiments not only indicated

the occurrence of the thermal spin excitations but also the existence of FM and AFM

correlations which were short-range ordered and short-time lived.
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2.3 Hole Doping E¤ects and IncommensurateMag-

netic Phase in La1�xSrxCoO3

A hole is introduced by replacing La3+ with a divalent ion such as Sr2+. The

introduction of holes changes the magnetic and transport properties signi�cantly. As

an example, Fig. 2.10 shows the magnetic phase diagram of La1�xSrxCoO3 [49].

As it can be seen when doping concentration increases, the system quickly enters a

spin-glass state (x � 5%) and then a FM state (x � 18%).

The spin-glass state, however, is not a simple system. Our previous elastic neutron

scattering on the single crystal samples of La1�xSrxCoO3 identi�ed a coexistence of

the incommensurate (IC) and FM phases on a nanometer length scale [62]. Fig. 2.11

(a) is an elastic neutron scattering contour map for La0:85Sr0:15O3 in the (hhl) plane in

momentum space at T�8 K. The strongest intensity at the center is at the (001) Bragg

peak position. It appears much broader below the magnetic transition temperature.

Therefore, the broadened intensity is magnetic and indicates a short-range static FM

order. More interestingly, four broad satellite peaks appear around the Bragg peak

along (111) and (11-1) directions. These satellite peaks are con�rmed to be magnetic

and their locations are not commensurate with the crystal lattice periodicity, and

thus they are referred as incommensurate peaks (IC). The order parameter of IC

can be independent with the one of FM peak, and as doping level x � 0:15, the

onset temperature of IC starts to be a lower temperature than the one of the FM
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Figure 2.10: Magnetic phase diagram of La1�xSrxCoO3 [49].

signal. Therefore, it is argued that these satellite peaks indicate the existence of an

incommensurate magnetic phase [62].

Therefore, the short-range (at the order of the distance between the nearest Co

ions) and short-time lived AFM and FM correlations in the pure compound, LaCoO3,

appear to settle down to static short-range (at the order of nm) IC and FM phases

in La1�xSrxCoO3.

2.4 Hole-Doping Induced Magnetic Co3+ Ion in

the IS State

To balance the valence, Sr2+ doping inevitably transfers the same quantity of Co3+

as doping to Co4+ ,i.e., La3+1�xSr
2+
x Co

4+
x Co

3+
1�xO

2�
3 . Due to its odd number of electrons

(3d5), the Co4+ ion is magnetic regardless of its spin state (LS: SLS = 1
2
with t52ge

0
g;
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Figure 2.11: The elastic neutron scattering contour map in the (hhl) plane for the
single crystal of La0:85Sr0:15CoO3. The �gure is from ref [62].

IS: SIS = 3
2
with t42ge

1
g; HS: SHS =

5
2
with t32ge

2
g;). Thus, following a naive reasoning,

the complex magnetic states mentioned in the last section might be just caused by

Co4+ ions.

To �nd out whether this is true or not, an investigation on the spin states of

trivalent Co ion while the doping level is still very low may be useful. First, it was

noticed from the bulk magnetic susceptibility �(T) measurements, that lightly Sr-

doping quickly suppressed the thermal spin state transition [91]. Fig. 2.12 is the � as a

function of temperature for La1�xSrxCoO3, x = 0; 0.002, 0.005 and 0.01. It is obvious

that the rise of susceptibility from �30 to 100 K due to thermal spin excitations

is less pronounced, while on the other hand, the low-temperature Curie-Weiss-like

behavior is strengthened. As the doping level increases, this trend becomes even

more obvious. The saturated magnetic moment at this low temperature, where the

Curie-Weiss behavior dominates, however, is found out to be unexpected large. The

saturated spin value can be estimated by measuring the magnetic �eld dependence of
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Figure 2.12: The temperature dependence of the magnetic susceptibility of lightly Sr
doped compounds La1�xSrxCoO3 (x = 0, 0.002, 0.005, 0.010). After ref. [91].

the magnetization. In La0:998Sr0:002CoO3 it was found to be S �10 �B/hole where the

value of g is taken as 2:18 [91]. Such a large magnetic moment cannot be accounted for

by the contribution only from Co4+ ions, and it was interpreted as the total spin value

of a magnetic cluster which is formed by a Co4+ and its nearest Co3+ neighbors. Co3+

ions, therefore, ar already on the magnetic states (IS or HS) even without warming.

An investigation of the local atomic properties provided a more straightforward

evidence of the existence of magnetic Co3+ and furthermore indicated that it is in

the IS state [49, 50]. This was carried out by Pair Density Function (PDF) analysis

where the neutron di¤raction data were Fourier transformed into real space (The

details about PDF and the neutron scattering will be discussed in Chap 3).
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Fig. 2.13 is the static PDF of La1�xSrxCoO3 at 300 K in four compositions [49],

which are at doping level x = 10% up to 50% and spread out from spin-glass to FM

state according to the phase diagram (Fig. 2.10). The peak position corresponds

to the distance between one pair of atoms in real space, i.e., a bond length, and

the area under a peak is proportional to the atomic coordination. The closest bond

lengths in the perovskite structure are the Co-O bonds in one octahedron (Fig. 2.3).

This bond length is typically around 1.9 Å and it corresponds to the �rst peak in

the shown PDF. The rhombohedral (sometimes it is also referred as trigonal) crystal

symmetry, R3c, constrains the six Co-O bonds at the same length. However, in the

local structure the �rst PDF peak clearly splits into two peaks with one at a higher

distance of � 2.1Å. This indicates that the Co-O bonds in one octahedron are split

into long and short bonds. A Jahn-Teller (JT) distortion can cause such a local lattice

distortion, and among the three spin states of Co3+ ions, the IS state is subject to JT

distortion, where the octahedron is prolonged along one of the orthogonal axis (shown

in Fig. 2.14) and results in four short Co-O bonds in the plane and two long bonds

perpendicular. For the three spin states of Co3+ ion, only the IS state is JT active.

Therefore, the observed splitting indicated the existence of static IS Co3+ ions.

The Jahn-Teller mechanism described a situation where the magnetic properties

can in�uence the lattice symmetry [36]. If the electronic state of a molecule or complex

is orbitally degenerate, then there is always at least one mode of distortion that the

molecule or complex can apply to break the degeneracy so as to lower the electronic
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Figure 2.13: The pair density functions (PDF) of La1�xSrxCoO3 for x = 0:1, 0.2, 0.4
and 0.5 at 300 K. After ref. [49].

energy. As an example, Fig. 2.14 shows the JT e¤ect in LaMnO3 (Mn3+: 3d4) [12].

For the complex of octahedron MnO6=2, the ground state of Mn3+ ion in a cubic

crystal �eld is t32ge
1
g. After the octahedron is prolonged in the way shown in the

�gure, two of the Co-O bonds become relatively longer than the other four. This

directly changes the degree of 2p� 3d orbital overlapping, and as a result, the eg and

t2g orbitals�degeneracy is broken. The distortion lowers the electronic energy because

the net energy change is negative: the singly occupied eg level is lowered and two of

the t2g orbitals are lowered with only one of them raised. Now, for the IS state of

Co3+ ions, (t52ge
1
g), the eg orbitals are also singly occupied, and there is one hole in t2g

orbitals. Such a con�guration is possible for the net electronic energy change to be

negative after the distortion.
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Figure 2.14: The Jahn-Teller distortion for Mn3+ (3d4). The distortion prolongs the
octahedron and breaks the degeneracy of the t2g and eg orbitals. The �gure is from
ref [12].
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Chapter 3

Neutron Scattering

3.1 Introduction

Our ability to �see�an object is determined by two factors: one is that we have to

have some kind of instrument or apparatus; the other is that there has to be some

"medium" that this instrument can use. For example, in the daily life, we see the

world around us by using our bare eyes, which is our instrument, via visible light,

which is the medium. The wavelength of the medium sets up an intrinsic limitation

on the scale of the objects that can be seen. That is, the wavelength of the medium

has to be smaller than or at least about the same as the length scale of the object.

Therefore, by using the visible light (�violet � 4�103 Å ��red � 7�103 Å) our human

eyes can see an object at a minimum length scale at about 104 Å. For anything smaller

than that we just simply cannot see it with our bare eyes.
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For the purpose of study of the matter in an atomic scale, the typical length, such

as the atom spacings, is at the order of about angstrom (Å). For this length scale, the

wavelength of the visible light is obviously too large and hence some other medium

have to be used. So far there are three medium that are commonly used: X-rays,

electron beams and neutron beams. Among these three, neutron beams have several

signi�cant advantages.

First the neutron scattering technique is an ideal tool for studying the atomic

properties and the dynamics at the same time. Neutron beams are particle waves, so

they follow the de Broglie relation, E = h2

2m�2
; where h is the Planck constant and m

is the mass of neutron. This gives rise to E = 81:81
�2
, where the unit for the energy

of neutrons is milli-electron-volts (meV) and the unit for the wavelength is angstrom

(Å). Angstrom is a typical length scale for atomic distances and the energy at meV is

comparable with the kinetic energy of atoms in a solid. This means that as neutrons

probe the atomic structures, at the same time they measure the dynamics of the

atoms. In other words, neutron scattering provides the information about where the

atoms are and at the same time what the atoms do. As a comparison, X-rays are elec-

tromagnetic waves and follow the Planck�s relation: E = hc
�
(i:e:; E(eV ) = 1:24�104

�(�A)
),

this results when the wavelength of the X-rays is about angstrom, the corresponding

energy is already as high as the order of killo-electron-volts (keV) or mega-electron-

volts (MeV), which is way too high for study the dynamics and indeed "kill" the

samples.
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Secondly, because neutrons interact with the nuclei of the sample via a nuclear

interaction and not with the electrons of the sample, this makes neutron scattering

especially useful in the following three aspects,

(a) Neutrons are highly penetrating, so the bulk properties are measured. The

nuclear interaction is a very short range force (�fm, 1 fm = 10�15m), so neutrons can

travel all the way into the matter and probe the bulk properties. As a comparison,

electron beams and X-rays are mainly scattered by the electron clouds so the pene-

trating depths of both are very short, and as a result only the surface properties are

probed.

(b) Light elements such as Hydrogen and Oxygen are "visible" for neutrons.

X-rays are mainly scattered by the electrons so the scattering cross-sections system-

atically increase with the number of the electrons of the atom, in other words, the

atomic number. Thus the light elements are hard to be detected if the sample also

contains heavy atoms, because the feeble scattering from the light elements will be

swamped by those from heavy atoms. For neutrons, however, because the scattering

is via nuclear interactions, the neutron scattering cross sections are not dependent

on the number of the electrons of the element. In fact, the cross sections have little

correlation with the atomic number, and the scattering by the light atoms such as Hy-

drogen and Oxygen is not weak at all compared with the ones by heavy atoms. Thus,

neutron scattering has been used to precisely locate hydrogen atom and determine the

molecular structure. Also neutrons were used to determine the oxygen positions accu-
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rately for the �rst time after one of the high-temperature superconductors discovered

contained copper and yttrium.

(c) Neutrons�cross sections are isotope sensitive. Because of the nature of the

nuclear interactions, the interaction strengths vary if the nuclei are di¤erent. For

example, the nuclei of 1H which contains only one proton has a huge scattering cross

section (82.03 barn). However, for the nuclei of isotope D (2H) which contains one

proton and one neutron, the scattering cross section is only 7.63 barn.

Finally, neutrons have a magnetic moment, so they also interact with the unpaired

electrons of the matter via a magnetic dipole interaction. This provides the direct

information on the spin-spin correlations. For example, the �rst direct evidence of

anti-ferromagnetic ordering was provided only after neutron scattering techniques

were applied.

3.2 Neutron Scattering Theory Highlights

The theory of neutron scattering has been derived in detail in several books [80,

51, 78]. In this section two important results about the pair density function and

the Bragg di¤raction are introduced. The discussions are not aimed for detailed

derivations of the formulae but attempt to present a guideline about how the two

results are developed from the general nuclear scattering di¤erential cross-section.

1. General nuclear scattering law
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In neutron scattering experiments, what is measured is the intensity of neutrons

scattered by the sample as a function of neutron momentum transfer
�!
Q (

�!
Q =

�!
k �

�!
k0 )

and energy transfer ~! (~! = E � E 0) normalized by the �ux of incident neutrons.

The scattered intensity can be expressed in terms of a quantity known as the partial

di¤erential cross-section, d2�
d
dE

, which evaluates the intensity of scattered neutron per

incident neutron in a small solid angle d
 in a given direction with the �nal energy

between E 0 and E 0 + dE.

The general expression for d2�
d
dE

by any assembly of nuclei has been mathematically

solved, and it is

d2�

d
dE
=

1

2�~
k0

k

X
j;k

bjbk

Z 1

�1

D
e�i

�!
Q ��!rk(0)ei

�!
Q ��!rj (t)

E
e�i!tdt (3.1)

Where the sum occurs over all pairs of atoms j and k, N is the total number of nuclei

in the sample and bj is the scattering length of the nucleus labeled j. The scattering

length, bj; measures the strength of the interaction between the neutron and the

isolated nucleus, and it is related with the scattering cross section, �, as � = 4�b2.

2. Coherent and incoherent scattering

Unlike X-rays, the neutron scattering length is di¤erent even for the same isotope

due to the fact that the scattering length depends on the spin state of the isotope

and most isotopes have several spin states. This results in an issue about coherent

and incoherent scattering for neutrons scattering due to the averaging e¤ects of the

scattering lengths (i.e., the di¤erence between b2 and (b)2). For the system containing
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a large number of nuclei, which is a condition usually well satis�ed thinking of one

mole of the substance is on the order of 1023, the measured scattering cross section is

approximated to [80],

d2�

d
dE
=

1

2�~
k0

k

X
j;k

bjbk

Z 1

�1

D
e�i

�!
Q ��!rk(0)ei

�!
Q ��!rj (t)

E
e�i!tdt (3.2)

Where bj refers to the average scattering length for the isotope labeled j.

The averaging in formula (3.2) can be further expressed by the average value of b

(b) and the average value of b2 (b2) as,

d2�

d
dE
=

1

2�~
k0

k
(
X
j;k

(b)2Ijk +
X
j

(b2 � (b)2)Ijj) (3.3)

=
d2�coh
d
dE

+
d2�inc
d
dE

(3.4)

where Ijk and Ijj are shorthand for the integral in formula 3.2. The �rst term on

the right side of the formula (3.3) and (3.4) represents the coherent scattering, and

the second term represents the incoherent scattering. For the coherent scattering,

the sum is about the atom j located at rj at time t and the atom k located at rk at

time t = 0, and thus it describes interference between the scattered waves from all

the nuclei in the sample. On the other hand, the incoherent scattering only involves

correlations between the position of the atom j at time zero and the position of

itself at time t. Thus it is not related with the interference of the scattered waves.

In most cases, the incoherent scattering intensity is isotropic and only contributes
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to a structureless background. The information on the atomic structures and the

dynamics, however, is all contained in the coherent scattering cross section,d
2�coh
d
dE

,

and the following discussion is mainly about the coherent scattering.

3. General Pair Density Function (PDF) �(�!r ; t)

Formula 3.1 can be rewritten as,

d2�

d
dE
=

1

2�~
k0

k
Nb

2
Z 1

�1
�(�!r ; t)ei

�!
Q ��!r e�i!td�!r dt (3.5)

and

�(�!r ; t) = 1

N

X
j;k

bjbk

b
2 �(

�!r � (�!rj (t)��!rk (0))) (3.6)

�(�!r ; t) is de�ned as the time-dependent pair density function, and sometimes it is

also referred as pair-correlation function. It evaluates the probability of �nding two

atoms a certain distance apart. From Equation 3.5 and 3.6 it can be seen that what

the neutron scattering measured is actually proportional to the time and space Fourier

transform of the pair density function.

4. PDF �(�!r ; 0) Under the Di¤raction

Di¤raction is presumably an elastic scattering where
����!k ��� = ����!k0 ��� but the neutron

di¤ractometers actually integrate over the energies of scattered neutrons. In formula

3.2 the integral over ~! gives another delta function �(t) and the pair correlation
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function is required to be evaluated at t = 0. Therefore, formula 3.2 now can be

simpli�ed to,

d�

d

=

1

N

X
j;k

bjbk

D
ei
�!
Q �(�!rj��!rk)

E
(3.7)

= b2 +
1

N

X
j 6=k

bjbk

D
ei
�!
Q �(�!rj��!rk)

E
(3.8)

= b2 + b
2
Z 1

�1
�(�!r ; 0)ei

�!
Q ��!r d�!r (3.9)

where �(�!r ; 0) describing the pair density of atoms separated by �!r at time, t = 0.

�(�!r ) = 1

N

X
j;k

bjbk

b
2 �(

�!r � (�!rj ��!rk )) (3.10)

Formula 3.8 indicates as
�!
Q ! 1, d�

d

! b2. A total scattering function, S(

�!
Q),

can be de�ned as (this is Faber-Ziman de�nition),

S(
�!
Q) =

d�
d

� b2 + b2

b
2 (3.11)

so that when
�!
Q !1, S(�!Q)! 1.

Therefore, the static PDF �(�!r ) is the Fourier transform of the total scattering

function S(
�!
Q),

�(�!r ) = 1

(2�)3

Z 1

0

S(
�!
Q)ei

�!
Q ��!r d

�!
Q (3.12)

Usually the di¤raction is measured on the powder samples so �(�!r ) and S(�!Q) are

isotropic with angular variable �, and thus the integrations in the equation 3. 12 can

be carried out,
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�(r) = 1
(2�)3

R R R
S(Q)eiQr cos �Q2dQd cos �d�

= 1
(2�)2

R1
0

R 1
�1 S(Q)e

iQr cos �Q2dQd cos �

= 1
2�2

R1
0
S(Q) sin(Qr)

Qr
Q2dQ

= 1
2�2

R1
0
QS(Q) sin(Qr)

r
dQ

Now considering that S(Q) ! 1 at large values of Q, the above relation can be

further expressed as,

�(r) = �0 +
1

2�2

Z 1

0

Q(S(Q)� 1)sin(Qr)
r

dQ (3.13)

where the constant �0, �0 =
1
2�2

R1
0

sin(Qr)
r
QdQ, is the average atomic density.

Based on the equation 3.13 the experimental pair density function, �(r), is gener-

ated from the measured di¤raction data d�
d

or S(Q) (equ. 3.11). Because PDF is ob-

tained by directly Fourier transforming the measured di¤raction data, the background

intensity should be carefully subtracted. The background intensities are measured on

an empty sample container, a vanadium standard and an empty displex [17].

On the other hand, the powder averaging on the equation 3.10 gives rise to,

�(r) =
1

4�r2
1

N

X
j;k

bjbk

b
2 �(r � rjk) (3.14)

which can be used to calculate the PDF for a model where the atom positions are

designated based on an assumed crystal symmetry.

From the above discussion it is clear that the experimental PDF is the result of

the Fourier transform of the di¤raction data, and to obtain the PDF there is no need

for any assumption about the crystal structure symmetry. Just because of this the
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PDF is not constrained by any "global" lattice symmetry, and therefore it can provide

the information about local lattice distortions in real space. This method, however,

is in principle di¤erent from the Rietveld re�nement [70], which is carried out in the

reciprocal space and based on the assumption of a periodic lattice. The fundamental

theory about the Rietveld re�nement is Bragg scattering and the following is a brief

discussion.

5. Di¤raction by a Periodic Lattice- Bragg Scattering

If material is the form of crystal, the atomic positions are periodic and can be

fully described by a crystal symmetry. Under this condition, the general di¤raction

cross section (equation 3.7) is found to be only related with the atoms in one crystal

unit cell, which is the smallest repeatable "block" for the material. Equation 3.15 is

the di¤raction cross section for crystals, where instead of sum over the total number

of atoms in the material (equation 3.7) the summation only takes over the atoms in

one crystal unit cell.

d�

d

= N��0�(

�!
Q ���!�hkl)

�����X
n

bne
i��!�hkl��!rn � e�Wn

�����
2

(3.15)

Fhkl(
�!
Q) =

X
n

bne
i��!�hkl��!rn � e�Wn (3.16)

Fhkl(
�!
Q) is the nuclear unit-cell structure factor, and it is determined by the type

of atoms (bn) and their locations (
�!rn) in one unit cell (�!rn is the equilibrium position of

the nth atom in the unit cell, ��0 is the unit cell volume of reciprocal lattice andN is the
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total number of unit cells in the sample). The delta function �(
�!
Q���!�hkl) describes the

Bragg�s law, i.e., the elastic scattering can only occur when the neutrons�momentum

transfer
�!
Q is equal to the reciprocal lattice constants, ��!�hkl. This condition has an

equivalent expression in real space and that is n� = 2dhkl sin �.

3.3 Neutron Scattering Instruments

Neutron scattering instruments can be classi�ed into two major types based on

the methods of specifying neutrons�wave vector
�!
k or speed �!v .

This can be realized by the Bragg di¤raction discussed in the previous section.

In this method, the neutron beam from the source containing di¤erent energies are

scattered by a monochromator, which is usually a graphite crystal, so at a certain

scattering angle, only the neutrons of which energy satisfy the Bragg law are scattered

and thus used as incident beams for the sample. Another common method is time-

of-�ight which is commonly used in the pulse neutron source. The speed of neutron

is simply determined by measuring the time taken by a pulse of neutrons to travel a

given distance.

� Triple-Axis Spectrometer (TAS)

Triple-axis spectrometers can measure the intensity of scattered neutrons for a

particular momentum transfer
�!
Q and energy transfer ~!. Both incident and scat-

tered neutrons�wave vectors or wavelengths are determined by the method of Bragg
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Figure 3.1: The photo of triple axis spectrometer SPINs at NCNR.

di¤raction. As an example, Fig. 3.1 shows a photo of the Spin Polarized Inelastic

Neutron Spectrometer (SPINS), which is one of the triple-axis spectrometers at NIST

Center for Neutron Research. A moderated neutron beam traveling inside the guide

hall contains a continuous energy spectrum and thus is indicated as rainbow color

in Fig. 3.1. To select the neutrons with a desired energy to be the incident beam

(shown as red color), the white beam is incident upon a monochromator, which is

usually pyrolitic graphite crystal, so that only the neutrons of which
�!
k or � match

the Bragg�s law are scattered at a speci�c scattering angle �M . The incident neutrons

then scatter from the sample. Determined by what the transfer
�!
Q and energy trans-

fer ~! are to be measured for the scattered neutrons, an analyzer which is generally

another graphite crystal is placed at a angle �A so that only the scattered neutrons

with desired
�!
k0 ,

�!
k0 =

�!
k +

�!
Q , (shown as blue color) can be scattered and reach a
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Figure 3.2: Schematic of time-of-�ight instrument.

neutron detector.

� Time-of-Flight instruments

In Time-of-Flight instruments, the velocity of neutrons are measured by the time

that neutrons take to travel a known distance.

Fig. 3.2 is a general schematic of time-of-�ight di¤ractometer. The time that

neutron pulse takes to travel the known distance L1 and L2 are recorded so the average

speed of the pulse can be known by v = L
t
. From the de Broglie relationship, k = mv

~ ,

the wave vector of neutrons is therefore k = mL
~
1
t
. For the di¤raction it is assumed

that the scattering is elastic and therefore Q = 2k sin �, so for the neutrons that are

scattered at the angle 2� the wave vector transfer Q is Q = 2k sin � = 2mL sin �
~ � 1

t
. Thus

at a constant scattering angle, Q is inverse proportional to the neutron travel time t.

On the other hand, as it can be seen that the maximum wave vector transfer, Qmax,

is proportional to sin �. That means for the detector located at a higher scattering

angle 2�, the measured Qmax can reach a larger value.
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Chapter 4

Sample Preparation

4.1 Powder Sample

The polycrystalline samples were fabricated by conventional solid state reaction.

First, the starting materials were weighted in accordance to the stoichiometry molar

ratio, and then the mixture was sintered at high temperature to make the solid state

reaction happen, and usually the stable high temperature was maintained for one

or a few days. After cooling down to the room temperature, however, the resulting

compounds may not be a single phase due to the reaction not having been fully

completed, so this "baking" process was often repeated several times in order to

obtain a �nal single phase.

The following formula list the starting materials and the synthesis temperature

for the compositions of A-site hole doped lanthanum cobaltite (La1�xBaxCoO3 and
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La1�xCaxCoO3), B-site magnetic ion doped lanthanum cobaltite (LaCo1�yNiyO3 and

LaCo1�yFeyO3), and praseodymium cobaltite (PrCoO3, and the reference compound

PrAlO3).

1�x
2
La2O3 + 1

3
Co3O4 + xBaCO3 + 1+3x

12
O2

1200�C�! La1�xBaxCoO3 + xCO2

1�x
2
La2O3 + 1

3
Co3O4 + xCaCO3 + 1+3x

12
O2

1200�C�! La1�xCaxCoO3 + xCO2

1
2
La2O3 +

1�y
3
Co3O4 + yNiO+

1+2y
12
O2

1200�C�! LaCo1�yNiyO3

1
2
La2O3 +

1�y
3
Co3O4 +

y
2
Fe2O3 +

1�y
12
O2

1200�C�! LaCo1�yFeyO3

1
6
Pr6O11 + 1

3
Co3O4

1200�C�! PrCoO3 + 1
12
O2

1
6
Pr6O11 + 1

2
Al2O3

1350�C�! PrAlO3 + 1
6
O2

Note that when exposed to the moist air at room temperature, lanthanum oxide

easily forms a hydrated oxide with a large volume increase [59] (you can actually

check this by leaving some lanthanum oxide in the open air for a few days and you

will notice the volume expands a lot), before weighting the starting materials, La2O3

should be preheated for dehydration, 2La(OH)3+heat!La2O3 + 3H2O. Usually we

heat the compound at 600 �C for about 10 hrs.

4.2 Sample Quality Examination

After a powder sample is made, phase identi�cation and single phase determi-

nation was performed using X-ray powder di¤raction measurements in our lab. The

target is Cu, and K-� radiation is used with a wavelength of 1.5418 Å. The bulk mag-

netization and resistivity are measured using a Quantum Design Physical Property
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Measurement System (PPMS) in our lab. The dc mode magnetization as a function

of temperature M(T ) and magnetic �eld dependence M(H) were measured using

the ACMS option, and the dc resistivity measurements were made using a standard

four-probe technique.

4.3 Single Crystal Sample

For neutron scattering measurements, high-quality and large volume crystals be-

come indispensable. In the case of oxides, so far the most successful technique for

producing large crystals with high purity is the �oating-zone method using an image

furnace.

� Image Furnace & Floating Zone method

The image furnaces can be two-mirror or four-mirror systems. Fig. 4.1 shows a

schematic of the two-mirror furnace and Fig. 4.2 is a photo of the two-mirror furnace

in our lab.

A halogen lamp is located at one of the two focal points of the semi-ellipsoidal

mirror, so the emitted lights will be focused at the other focal point forming a heated

zone. Compared with a 2-mirror furnace, a 4-mirror furnace heats this zone in a more

uniform manner, but at the same time, the di¢ culty to align the two focal points of

the two pairs of ellipsoidal mirrors to exactly overlap with each other makes the loss

of focusing a problem for a 4-mirror furnace.
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Figure 4.1: Schematic of a two-mirror image furnace, obtained from ref [22]

Figure 4.2: Photo of the two-mirror image furnace
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Before starting the crystal growth, the feed rod and seed rod need to be prepared.

The feed rod is made from the single phase powder compound. The rod shape is

obtained by the following procedure: �rst the powder compounds are loaded into a

rubber tube with diameter Ø � 8 mm and the length h � 10 cm. Before sealing the

tube, the inside air is evacuated. The sealed tube is then hydrostatic pressed to form

a compact cylindrical shape. The empirical pressure that we found to be suitable for

the cobaltite materials, meaning not too high to cause an internal breaking of the

rod or not too low to form a compact rod, is � 50 MPa. The rod is then sintered in

air for two to three days at a temperature that is slightly higher than the synthesis

temperature, which in our case is between 1200 to 1250 �C. The seed rod is a grown

single crystal.

In the �oating-zone method, the two rods are aligned along the same axis (Fig.

4.1, the upper one is the feed rod and the lower one is the seed rod). The ends of the

two rods are heated to melt, and then after they are joined together, a molten zone

formed by the melt liquid is held in place by its own surface tension. This makes

the �oating zone method advantageous because single crystals can be grown without

contamination from the use of a container. Two counter-rotating shafts are used to

support the two rods, and the rotation of the shafts helps to stabilize and mix the

molten material and also produces a uniform heating. The molten zone is slowly

translated along the rod by the vertical movement of either the mirror assembly or

two-rod assembly. The new crystal is precipitated after the molten liquid is cooled
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down and solidi�ed.

� Growth Conditions

The growing conditions such as the applied voltage on the lamps, the growth speed,

the rotation speed of the feed and seed rods, and the gas atmospheres, etc., can vary

signi�cantly for di¤erent samples. As for La1�xBaxCoO3 and LaCo1�yNiyO3, empiri-

cally, we found the applied voltage of a stable condition for growing LaCo1�yNiyO3 is

higher than the one for La1�xBaxCoO3, and when the Ba concentration increases the

applied voltage to maintain a stable growth should be lowered. This is most likely

because Ba doping lowers the melting point of the compounds. Note that oxygen

is needed for forming the doped compounds as indicated in the reaction formula in

Chap 4.1, the growths were conducted under the O2 �ow to minimize the possibility

of oxygen vacancies.

For the compositions of LaCo1�yNiyO3 (y = 0:005, 0.01, 0.10) and La1�xBaxCoO3

(x = 0:03, 0.06, 0.10, 0.15 and 0.18), large volume single crystal samples with high

quality were successfully grown. Fig. 4.3 shows an example of a grown single crystal

of LaCo0:9Ni0:1O3. However, for high concentration Ba samples, La1�xBaxCoO3 (x >

18%), we found that the higher the doping level, the more di¢ cult it was to keep a

stable growth condition due to two main issues. In the following, the issues will be

discussed along with some useful methods that we found by trial and error.

(1) From the experiments, we noticed that for the compositions with high Ba con-

centrations, the feed rods tended to be fragile and often cracked during the growing
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Figure 4.3: Photo of grown single crystal for LaCo0:9Ni0:1O3.

when the temperature rose. Considering that the same condition and methods were

applied to prepare all the feed rods and the same image furnace was used for growing,

the tendency of being fragile might be intrinsic for the feed rod of high Ba doped

compositions. Notice from the right side of the reaction formula for Ba compounds

(Chap 4.1) that the production of compositions with higher Ba concentrations was

also accompanied by a larger amount of carbon dioxide, CO2, which means the reac-

tion for higher Ba compounds releases more gas. This may result in the compound

being more porous and may cause the fragility and cracking. In order to increase the

density of the feed rod, a �fast-growth�technique was used. In this method, the feed

rod is melted and solidi�ed as it is grown but at a much higher speed, � 20mm/hr,

than the growth speed which typically is � 1-2mm/hr. After the fast-growth, the

density of the feed rod is found to increase dramatically and the �cracking�problem

during the growing is solved.



50

(2) The higher the Ba doping, the more unstable the melting zone. From the

experiments, we observed a puzzling situation where the melting zone all of sudden

collapsed while the growing appeared stable and the melting zone was in a good

shape and size. The reason for this "sudden death" could be because the viscosity of

molten liquid is lowered when Ba concentration increased so that the surface tension

is not su¢ cient to hold the molten zone. To stabilize the molten zone we applied a

pressurized O2 atmosphere at 1 atm. By this way the growing process was prolonged,

but still after �10 hrs the molten zone ended up collapsed. Thus, in the future

attempts higher O2 pressure might be worth try. Besides, noble gas such as Ar �ow

was also tried, but it appeared that the single crystal was not able to form in this

atmosphere, and the grown product was still polycrystalline or amorphous.
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Chapter 5

Magnetic Phase Separation and Its

Trend in La1�xAxCoO3 (A= Ca2+,

Sr2+ or Ba2+)

5.1 Global Magnetic State with Hole Doping

Holes are introduced into the system by the substitution of La3+ ions with divalent

ions of Ca2+, Sr2+ or Ba2+. It is found that doping will lead the system, La1�xAxCoO3,

to a FM state with all three dopants. Fig. 5.1 is a comparison of the magnetic

phase diagrams for Ca2+, Sr2+ and Ba2+ doping [44]. It can be seen that all three

compositions become FM after doping, but La1�xCaxCoO3 becomes FM right after

doping, while for Sr and Ba dopings, the systems �rst enter a spin-glass (SG) state,
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Figure 5.1: The magnetic phase diagrams for Ca, Sr and Ba doping. The �gure is
from ref [44].

then at x � 18% in Sr and x � 20% in Ba the systems develop to the FM state.

In the previous studies on La1�xSrxCoO3 the bulk susceptibility and neutron scat-

tering measurements [49, 63, 44] indicated the microscopic nature of its SG state to

be a "cluster glass" state (refer to Chap 2.3). For La1�xBaxCoO3 similar bulk suscep-

tibility with doping and temperature was observed in the SG state. Fig. 5.2 shows

the data for the single crystal samples of La1�xBaxCoO3 (x = 0:03 to 0.18). For the

composition with the lowest doping (3%), both the zero-�eld-cooled and �eld-cooled

data follow a Curie-Weiss-like curve. No magnetic transition or spin-state transition

is observed. For the rest of the compositions with higher doping levels, a bifurcation

clearly occurred between the ZFC and FC curves, which is a typical feature for the
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Figure 5.2: Bulk magnetic susceptibilities for single crystals of La1�xBaxCoO3
(x =0.03 to 0.18) as a function of temperature.

spin-glass state. Moreover, a cusp in the ZFC data started to barely show up for 15%

sample, and for 18% sample it became very obvious. This cusp in the ZFC magneti-

zation was also observed in the Sr doped samples but at lower concentrations, such

as 15% and 10%, and its was suggested to be caused by a competition between the

random orientation of short-range-ordered clusters and the external �eld [90]. The

occurrence of the cusp in the Ba samples at the higher doping levels thus indicated

that the SG state was maintained up to a higher concentration. In other word, the

SG-FM transition occurred at a higher doping level in Ba than in Sr. Recall Ca-

doping quickly enters the FM state. The FM transition, therefore, showed a strong

dependence on the type of dopant. Why?
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5.2 Coupled FM-IMT and the Magnetic Interac-

tion Mechanism

Hole doping not only drives the system to be a ferromagnet but also a metal.

More importantly, FM and insulator-metal transitions (IMT) happen simultaneously.

A microscopic mechanism called "double exchange (DE)" is generally applied to un-

derstand the coupled FM-IMT in the hole doped systems [49, 14, 90, 44].

DE was �rst proposed by Zener [99] to understand the coupled correlation between

electrical conduction and ferromagnetism in hole doped manganites, La1�xAxMnO3.

This mechanism is applied very well in hole doped cobaltites also: recall the perovskite

structure where Co3+ is located at each corner of the psudo-cubic cell, and in between

the closest Co3+ ions there is an O2� ion. It can be seen that the d orbitals of Co3+

are not extended enough to have a direct overlap with another Co3+, but possibly

overlap with the p orbitals of O2� ion. As a result, a hybridization of p�d orbitals can

introduce an exchange interaction. Fig 5.3 shows a schematic for the FM interaction

via Co3+-O2�-Co4+. Based on the neutron scattering experiments and theoretical

calculation, the spin state of Co3+ ions in hole doped systems is stabilized in the IS

state[49, 50, 63, 64, 43] (discussed in Chap 2.4), so its eg electron can hop to the

empty eg orbitals of its nearest neighbor, most likely a Co4+ ion. By doing so, the

system�s kinetic energy is lowered. This hopping is only energetically favorable when

the core spins of both donating and receiving magnetic ions are FM-aligned. At the
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Figure 5.3: Double exchange between an IS Co3+ and a LS Co4+ ion.

same time, the spins of eg and t2g orbitals of the same atom are co-aligned by Hund�s

coupling. As a result, Co3+ and Co4+ ions are FM coupled. The hopping of the

electrons, on the other hand, contributes to the electrical conductivity.

This �rst happens among a few Co sites, forming a FM-metallic cluster. As the

doping level increases, the amount of Co4+ ions increases, which could result in the

growth of both the size and the number of these clusters. At some point (it is usually

referred to the percolation threshold), these FM-metallic clusters are able to connect

to each other and establish a long-range FM and conductive path. In a macroscopic

scale, the compound becomes a FM metal.

If the two magnetic ions have an identical electronic con�guration, however, the

indirect exchange will lead to an AFM interaction rather than a FM one, i.e. an AFM

super-exchange. Fig. 5.4 shows a schematic picture for the AFM coupling between

two IS Co3+ ions. Because the Pauli exclusion principle prevents two electrons in
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Figure 5.4: AFM super-exchange between two IS Co3+ ions.

the same orbital to have the same state, the spin in the eg orbital of the Co3+ ion is

AFM coupled with the spin of O2�. The same coupling happens between the other

spin of O2� with the neighboring Co3+ ion on the other side. As a result, two Co3+

ions are AFM coupled to each other. This coupling does not involve the hopping of

electrons so that the eg electrons are localized at the same site; in other word, this

AFM exchange is associated with an insulating state.

In the above discussion, the DE actually refers to the FM super exchange between

two mixed-valence ions of the same species, such as Co3+-O2�-Co4+. However, a

FM super exchange between two di¤erent species magnetic ions is also possible. For

example, doping Ni ions also leads the system LaCo1�yNiyO3 to the SG and FM state.

In order to understand the occurrence of the ferromagnetism due to Ni doping, a FM

correlation via super-exchange of Co3+-O2�-Ni3+ was proposed [60].
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5.3 Magnetic Phase Separation Trends with A-site

Dopant

Noticing the ionic sizes increase signi�cantly from Ca2+ to Sr2+ to Ba2+, the

evolution of the magnetic phases with di¤erent dopants (shown in Fig. 5.1) seems to

imply some kind of trend, where the size of the dopant appears to be related to the

development of the SG phase: for the smallest dopant, Ca2+, the SG is absent; as

the size of dopant increases to that of the Sr2+ ion, the SG state appears below x �

18%; for the largest dopant, Ba2+, the SG phase extends to a higher concentration,

x � 20%. It appeared that the large dopant favors the presence of the SG state.

One may wonder what drives this trend? what the microscopic mechanism is

behind this trend? Thinking that since a coexistence of the FM and IC regions

was identi�ed in the SG state of La1�xSrxCoO3, a thorough investigation across all

three di¤erent dopants may help to show the answer. Therefore, the elastic neutron

scattering measurements were carried out on the single crystals of La1�xCaxCoO3 and

La1�xCaxCoO3 [95]. The measurements were carried out using the cold triple-axis

spectrometer SPINS at the NIST Center for Neutron Research with a �xed Ef = 3:6

meV, for La0:82Ba0:18CoO3 it was measured on the thermal spectrometer TOPAN of

Tohoku University at the JRR-3 reactor of the Japan Atomic Energy Agency with a

�xed Ef = 13:5 meV, and for La0:9Ba0:1CoO3 it was measured on both SPINS and

the HB-1 spectrometer with a �xed Ef = 14:7 meV at the High Flux Isotope Reactor
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Figure 5.5: The diagonal scans along [111] around the Bragg peak of (001) in single
crystals of La0:95Ca0:05CoO3 and La0:9Ca0:1CoO3. No magnetic satellite peaks have
been observed.

of the Oak Ridge National Laboratory. The pseudocubic notation is used to analyze

the data and the elastic intensity, indicative of static correlations in the time scale of

the neutron experiment, was measured in the (hhl) plane.

For Ca doping, only FM scattering was observed, and no magnetic super lattice

was ever found. This is consistent with its magnetic phase where doping quickly brings

the system into the FM state. Fig. 5.5 shows the scans along the diagonal directions,

[111], around the Bragg peak of (001) for single crystals of La0:95Ca0:05CoO3 and

La0:9Ca0:1CoO3 at 5 K. Compared with the super-lattice magnetic peaks observed

in this direction in Sr samples, there are no satellite magnetic peaks probed in Ca

samples. On the other hand, the FM scattering intensities appear much stronger

than Sr sample at the same concentration, for example, in 10% doped sample, the

FM scattering in Sr sample appeared as broad intensity around the Bragg peaks
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indicating the �nite size of the FM correlations [62], but in La0:9Ca0:1CoO3, the shape

of the peak at (001) (left panel of Fig. 5.5) is already Bragg-like, indicating the FM

correlation became considerably more long-range ordered.

For Ba doping, however, the magnetic superlattice peaks appear again in the SG

phase with a similar pattern as the one in Sr sample. Fig. 5.6 is an elastic scattering

contour of (hhl) plane in reciprocal space for the single crystal of La0:9Ba0:1CoO3

at 5 K. The inset in the right upper corner plots the contour of (hhl) plane for the

single crystal of La0:9Sr0:1CoO3. Clearly four broad satellite peaks are located around

the center (001) Bragg peak along the diagonal directions, and the Bragg peak is

broadened due to the short-range FM correlations. Besides the similar patterns,

however, the magnetic superlattice scatterings appear more prominent for the Ba

compositions than the ones in the Sr at the same concentration.

To investigate the dependence of the magnetic scattering signals as a function

of the doping concentration, the diagonal scans across magnetic satellite peaks were

measured for the compositions with x = 0.03 up to 0.18. Fig. 5.7 (a) is the diagonal

cut for La1�xBaxCoO3 (x = 0:18) along the (111) direction through the (111) Bragg

peak, and (b) to (d) are the cuts along (111) and (11-1) through the (001) Bragg peak

for La1�xBaxCoO3 at the concentrations of x = 0:15, 0.10, 0.03, respectively. The

data shown in black are at low temperature (below the magnetic transition) and red

at high temperature. First, notice that the satellite peaks and the broadened intensity

around the Bragg peak correspond to the magnetic signal because they appear at low
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Figure 5.6: The elastic neutron scattering contour in (hhl) plane around (001) position
in the single crystal of La0:9Ba0:1CoO3 at 5 K. The inset at the right upper corner is
the contour for the Sr composition at the same doping concentration, La0:9Sr0:1CoO3.
The magnetic super lattice scatterings appear more obvious in Ba sample than the
ones in Sr.
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Figure 5.7: (a)-(d): the diagonal scans below (black) and above (red) the magnetic
transition temperature for La1�xBaxCoO3 (x = 0.18, 0.15, 0.10, 0.03). (e)-(f) the
compounds�corresponding order parameters, the FM (blue) and the satellite (green),
compared with the bulk magnetic susceptibility, �eld-cool (black) and zero-�eld-cool
(orange). The inset of (g) is the comparison of the integrated satellite intensity with
�bulk.
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temperature but disappear above the transition temperature. The magnetic intensity

at the Bragg peak position corresponds to the FM intensity and the broadening feature

indicates the FM correlation is short-range order. The satellite peaks corresponds to

the second magnetic correlation and if the peak position is not commensurate with

the lattice periodicity, it is related with an incommensurate correlation. Second, it

can be seen that the magnetic scattering intensities of both FM and satellite peaks

visibly increase as the amount of doping increases. For the 3% doped compound,

neither magnetic superlattice nor FM scattering intensities have been observed, then

as the amount of doping increases both intensities show up as broad intensities, and

for 18% doped sample, both magnetic intensities become Bragg-like. This indicates

that the ranges of both FM and AFM orders gradually grow in size.

The measurements on the order parameters of the two magnetic signals further in-

dicate a corresponding relationship with the bulk magnetic susceptibility. Fig. 5.7 (e)

to (h) show the order parameters of FM (blue) and satellite peaks (green) compared

with the bulk magnetic susceptibility data (black line). For the 3% sample shown in

(h), consistent with the paramagnetic behavior suggested by the bulk susceptibility,

there is no magnetic signal in the elastic scattering channel. For 10% and 15% sam-

ples, (f) and (g), the order parameters of both FM and satellite peaks overlap each

other, and at the same time coincide with the bulk susceptibility. The inset of (g) is

the integrated intensity of the satellite peaks for the 10% sample, which is propor-

tional to the volume fraction for the x = 0:10. Again, the integrated intensity also
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Figure 5.8: Data for the Ba crystals as a function of hole concentration. (a) is a plot
of the IC peak position, �, with x% which is compared to the dependence on x%
obtained previously for Sr crystals. (b) is a plot of the order parameter for the two
magnetic phases. (c) is a plot of the normalized satellite peak intensity, IIC and the
(001) Bragg peak, IFM . (d) is a plot of a comparison of the correlation lengths for
the commensurate, �FM and incommensurate, �IC . Note that � is comparable in the
two magnetic phases at all x, while the value of 80 Å for the 18% is a lower bound
since in the experimental setup of TOPAN, the peaks became resolution limited.

compares well with bulk susceptibility. For 18% sample, shown in (e), however, the

order parameter of FM is di¤erent than the satellite: FM appears to order at a higher

temperature than the satellite peaks. On the other hand, this is the concentration

that shows an obvious cusp in the zero-�eld-cooled data of �. The cusp appears at

about the same temperature as the transition temperature of the satellite signals.

Based on Fig. 5.7, Fig. 5.8 summarized several important parameters as following.

In panel (a) the incommensuratibility, �, are compared in Sr and Ba compounds. The
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satellite peaks locate at (h � �; k � �; l � �) and for Sr doped compounds � are not

commensurate with the periodicity of the lattice constant. However, after the dopant

changes from Sr2+ to the bigger ion, Ba2+, the satellite peaks become commensurate

at the position of (1
4
; 1
4
; 1
4
) in cubic notation, which corresponds to the (1

2
; 1
2
; 1
2
) position

in rhombohedral cell. In other words, the magnetic IC satellite peaks shown in Sr

compositions became the AFM peaks in Ba compounds. In Fig. 5.8 (b), the order

parameters for the satellite and FM peaks are plotted as a function of x, where the

drastic split of the two is clearly visible at 0.18. The magnetic intensities of the

satellite peak (IIC) and the broadening of the (001) Bragg peak (IFMC) represent

the degree of the corresponding magnetic coupling, which are compared in panel (c)

(Because the crystal size is di¤erent for di¤erent compositions, the magnetic scattering

intensities were normalized by the (001) Bragg peak intensity. To extract only the

FM scattering intensity, the data above the transition were subtracted to remove the

nuclear contribution. Note that the (1
4
; 1
4
; 1
4
) satellite was used for the 0.18 crystal

while the (1
4
; 1
4
; 3
4
) was used for all other crystals and the normalized intensity was

corrected by the square of the magnetic form factor.). Initially, the IC phase is weaker

in comparison to the FMC one. However at x = 0:18, the satellite peaks become

resolution limited and the normalized intensity increases sharply. The correlation

length of the satellite peak, �IC , and FM peak, �FM , are compared in (d). �IC

and �FM are estimated by � = 1=, where  is the HWHM of the peaks �tted by

Lorentzian function in momentum space. Initially � increases slowly with x and is
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comparable in the two phases, leveling o¤ at x = 0.15 and staying within 1 nm, but

by 18% it rises sharply and becomes quite long for both phases.

Therefore, it can be seen that for La1�xBaxCoO3, as the doping concentration

approaches the SG-FM transition boundary, the strengths of both FM and AFM

magnetic coupling grew stronger as represented by the scattering intensities, I, and

the sizes of the two type magnetic clusters grew larger as suggested by �.

A comparison across the compositions with di¤erent dopants, Ca2+, Sr2+ or Ba2+,

gave rise to important information on the magnetic phase separation trends in hole

doped cobaltites. Fig. 5.9 showed this trend which is inferred from the correlation

length of the FM and the magnetic satellite signals as a function of the average size of

the A-site ion, < rA >, where < rA >= (1�x) � rLa3+ +x � rA2+. For the same doping

level, �FM decreases but �IC increases with the increase of < rA > :When the dopant

changes from Ca2+ to Sr2+ to Ba2+, Ca samples, which correspond to the smallest

< rA >, show the strongest FM signature, but with the second magnetic transition

absent. Sr samples, however, have a short-range incommensurate phase, which has

a slightly shorter correlation length than the FM phase, but with Ba doping, the

short-range incommensurate phase became larger than FM and as doping increased

it developed to a long-range and commensurate AFM. The magnetic inhomogeneity,

thus, showed a strong dependence on the size of the A-site dopant.
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5.4 AHypothesis about Local Lattice Inhomogene-

ity Induced the Magnetic Phase Separation

In order to understand the occurrence of the magnetic phase separation and its

trend with A-site dopants, we noticed that the ionic radius of the A-site dopant, Ca2+,

Sr2+ and Ba2+, is quite di¤erent than the one of the original La3+ (the di¤erence is

at the order of 10�1Å [77]). Therefore, considerable steric e¤ects should be expected.

The di¤erence on the ionic size of A-site dopant and the original ion can have an

e¤ect on both average lattice and the local lattice, especially on the local lattice that

is close to the dopant if the size di¤erence is signi�cant.

The magnetic phase separation and its trend may be attributed to the size e¤ects



67

0.92

0.93

0.94

0.95

0.96

0.97

0.98

0.99

1.00

1.210 1.215 1.220 1.225 1.230 1.235 1.240 1.245

0

10

20

30

40

50

60

 <t>: global distortion

La0.9Ba0.1La0.9Sr0.1

<rA>

 trigonal
distortion

cubic

av
er

ag
e 

to
le

ra
nc

e 
fa

ct
or

, <
t>

σ2: local randomness

(×10
-4) variance of rA ,σ

2

La0.9Ca0.1

Figure 5.10: The average tolerance factor, <t>, and its variance,�2, as a function of
the average A-site ionic size, <rA>, in 10% doped Ca, Sr and Ba compositions.

on both the average and local lattice, or may be due to one of them. To �nd out

which e¤ect could be the direct cause, �rst of all it is useful to understand what the

size e¤ects do to the average and the local lattice. Two parameters are chosen to

describe this situation: the average tolerance factor, < t > (< t >= <rA>+rOp
2(<rB>+rO)

), is

used to represent the average e¤ect on the overall lattice with doping; the variance

of rA, �2(�2 = (1 � x) � r2La + x � r2A� < rA >2), is the di¤erences of the ionic size of

A-site ion around their mean value so it can be used to describe the disturbance on

the local lattice caused by the dopants; in other words, the local randomness caused

by the local lattice inhomogeneity.

Fig. 5.10 plots the dependence of < t > and �2 with < rA > for 10% doped

samples. The plotted values of < t > are calculated from the empirical ionic radii
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listed in ref [77]. The values of < t > can also be estimated from the results of

Rietveld re�nement which is listed in the Table 5.1. It can be seen that as the dopant

changes from Ca2+ to Sr2+ to Ba2+, < t > increases almost linearly towards the

value 1, which indicates the average lattice approaches the ideal cubic symmetry and

releases the trigonal distortion. This means that the bent M-O-M bond angle in the

R3c symmetry is straightened to be close to 180� as the dopant changed from Ca2+

to Sr2+ to Ba2+. The straightened M-O-M bond angle increases the strength of FM

coupling [16, 20], so this average e¤ect may mispredict that the FM feature became

stronger from Ca2+ to Sr2+ to Ba2+. This is clearly opposite with what was observed.

On the other hand, it can be seen from Fig. 5.10 that �2 rises at a much faster rate

which indicates a much rapid increase of the local lattice disturbance. The increased

tendency to form AFM phase as the dopant changes from Ca2+ to Sr2+ to Ba2+, thus,

is correlated with the increased local lattice disturbance.

To further understand the disturbance on the local lattice, the local tolerance

factor, t, is used to describe a speci�c region where a certain group of A and B ions

are involved, because the change in the A�O and B �O bond lengths with doping

ultimately depends on the kinds of neighbors. For example, in the dopant-rich region,

the Co4+ ions are most likely located in the immediate vicinity of the divalent dopant

A2+, giving rise to the corresponding t, which is referred to as tdopant�rich, at the value

of � 1:00 for Ba doping (To evaluate the value of t, the nominal ionic size for Co4+

in the HS con�guration in a VI coordinated environment was used because of its
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availability [77], but it can be expected that for other possible spin states of the Co4+

ion, the ionic size would be smaller, implying that the value of t can be even slightly

greater than 1). For the region that is far away from the dopant, referred to as the

background region, the lattice is most close to the pure compound, LaCoO3, for which

tLaCoO3 = 0:957 < 1 in its ground state with Co
3+ at the LS state. The corresponding

t for the background region is thus tbackground � tLaCoO3 = 0:957. Noticing that

tdopant�rich � 1:00 and tbackground � 0:957, the lattice must experience some kind of

adjustment, because the t values for this two regions are considerably di¤erent. This

adjustment on the lattice can be realized in the regions that are located in between

the dopant-rich area and background.

Table 5.1 lists the values of tdopant�rich for the three systems along with the percent

change from the parent compound. The value of< t > is also listed, which is evaluated

from the crystallographic re�nement results. The data for the Sr doped was obtained

from Ref. [74]. This method only provides an average e¤ect of the lattice from the

substitution and there is no reason to assume that the lattice in the various region

would behave in exactly the same way as quanti�ed by < t >, especially when the

steric e¤ects induced by the dopant are signi�cant.

It can be seen that in the case where the trend is to positively increase the tolerance

factor and the percent change is large compared with the parent compound, the AFM

correlations tend to be observed concomitantly with the FM ones. But in the Ca

doped compounds the percent change is small and negative, and in this case the
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< t > tdopant�rich % enhancement AFM feature
Ba2+, Co4+, O2� 0.9653 1.061 10.867 % short-ICM to long-CM
Sr2+, Co4+, O2� 0.9662 1.000 4.493 % short-range ICM
Ca2+, Co4+, O2� 0.9582 0.952 -0.522 % no AFM

Table 5.1: A list of tolerance factors, t, evaluated only near the dopant rich regions
for Ca, Sr and Ba doping.The <t> are calculated from values obtained from the crys-
tallographic re�nement at room temperature for the samples with doping x=y=0.1.
t-dopint-rich is evaluated considering only the immediate vicinity of the dopant; the
percent increase is evaluated based on the comparison with the t of LaCoO3. ICM
refers to incommensurate ordering while CM refers to commensurate magnetic order-
ing.

AFM correlations are absent.

Therefore, the large di¤erence in local t between the dopant-rich region and the

background region appears to favor the formation of the AFM phase. The change of

local t suggests an inhomogeneous lattice. A corona model is therefore put forward

to describe a possible mechanism that the magnetic phase separation is driven by the

inhomogeneity of the lattice.

In this corona model (shown in Fig. 5.11) the dopant distribution, lattice, mag-

netic correlations and electrical conduction are all coupled. There are three repre-

sentative regions (labeled as (1), (2) and (3)) where the slight di¤erence in the local

lattice determines whether the spins are FM or AFM coupled. Region (1) is the

dopant-rich-FM region (shown as a red zone): as it is discussed above, for Sr and Ba

doping this region has the largest t value which is � 1, indicating the local lattice is

the most close to cubic. The resulting M-O bonds are more straightened and thus

more likely to establish FM coupling via the DE through Co4+-O-Co3+ since the gen-
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Figure 5.11: The corona model discribes three di¤erent local lattices in
La1�x(Sr/Ba)xCoO3: (1) "Dopant-rich-FM" region shown as a red zone. In this
area, the large size of the dopant leads the lattice to be more cubic-like, and the FM
coupling is established via the DE through Co4+-O-Co3+. (2) AFM region, shown
as the yellow corona, is the area connecting the region (1) and the background (3).
For the background (blue), its lattice properties is most close to the pure compound,
LaCoO3, maintaining a signi�cant trigonal distortion. Thus, the local lattice of region
(2) gradually transfers the di¤erence on the local lattice between (1) and (3). The
AFM coupling is established between two Co ions with identical spin con�guration
via super-exchange. The right panel gave a schematic of two-dimension lattices in
each region, to demonstrate the possible di¤erences on the local lattices.
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erated Co4+ ions due to hole doping are located around the dopants. Far away from

the "dopant-rich-FM zone", region (3) represents the background matrix (blue color),

where the lattice is least disturbed by doping, maintaining a rhombohedral distortion

(R3c) with t � 0:957: For the region (2) which connects (1) and (3), shown as the

yellow corona, the local lattice is unevenly distorted in a manner that the transition

of the lattice from a cubic-like to a rhombohedrally distorted one (i.e. from t � 1

to 0:957) is smooth and gradual. It is this irregularly distorted lattice that accommo-

dates the AFM correlations. The AFM coupling most likely happens between two

Co3+ ions on the same spin state, i.e., Co3+(IS)-O-Co3+(IS), Co3+(HS)-O-Co3+(HS).

On the other hand, because the size of the Co ion varies depending on its valence

and spin states, the possible existence of Co ions at various valency and spin states

provides the room for the value of t to have a slight change, i.e. an irregular distortion

on the lattice.

For Ca doping, however, because the t values of region (1) and (3) are so close

(Table 4.1), meaning the di¤erence between the lattice of dopant-rich-FM region and

the background is small, the transition area, region (2), along with the AFM phase

is absent. On the other hand, For Ba doping, the di¤erence between the local lattice

(1) and (3) is the largest (Table 4.1), so that the degree and extent of irregular lattice

distortion in the region (2) is the largest, which results in the strongest AFM feature.

For the Sr doping, the situation lies in between Ca and Ba doping. The competition

between the FM and AFM/IC phase determines the FM-IMT. From Ca to Sr to Ba,
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the AFM feature becomes stronger and therefore caused such a dopant dependent

FM-IMT.

In short, the dopant distribution, lattice, magnetic correlations and the electrical

conductivity are all coupled. From experiments, it was reported based on the electron

microscopy of 15% and 30% doped Sr compositions that there are Sr2+ rich and poor

regions [14].

The crystal symmetry, however, may be best described by a lower symmetry if

the degree of inhomogeneity is signi�cant. In the neutron elastic scattering measure-

ments on single crystal a peak at (1
2
,1
2
,1
2
) position, i.e. Q � 1:43 Å

�1
(Fig.5.7(a)),

was observed in both Sr- and Ba- compounds beginning from the low temperatures.

This Q value is shorter than the smallest values of the Bragg peaks allowed by R3c

symmetry, which is � 1:65 Å�1, but it is allowed by the lower symmetry such as R3 or

monoclinic. As a comparison, by using the same experiment setup this peak was not

shown at all in the crystal of LaCo1�yNiyO3 (Fig. 6.6) for which the average lattice

symmetry is R3c and at the same time no local lattice distortion was observed based

on PDF analysis (details in Chap 6.2 and 6.3). The crystal structure studies based on

the X-ray di¤ractions further suggested the monoclinic symmetry with space group

I2=a in R1�xSrxCoO3 (R=La, Pr and Nd) [83][52] where the break of R3c symmetry

was argued to be caused by the local lattice distortion.
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5.5 Summary

The magnetic phase separation trends in hole doped cobaltites, La1�xAxCoO3

(A=Ca2+, Sr2+, and Ba2+), are characterized by using elastic neutron scattering on

single crystals. It was found that below the global magnetic transition, the devel-

opment of magnetic superstructures is strongly dependent on the size of the A-site

dopant, rA. Upon reducing the rA i.e., as with Ca doping, only a commensurate

ferromagnetic cluster phase is evident. On expanding the rA, the tendency of coexis-

tence of competing ferromagnetic and antiferromagnetic orders increases giving rise

to an inhomogeneous magnetic ground state. The antiferromagnetic ordered state,

initially incommensurate, continuously strengthens and becomes commensurate with

long-range order and a characteristic cubic wave vector of Qc = (0:25; 0:25; 0:25). As

the hole doping concentration increases to approach the SG-FM transition boundary,

both order parameters become stronger and comparable in magnitude indicative of

the phase-separated nature of the cobalt perovskite system. Considering that the

large ionic size variance can cause an inhomogenous local lattice, a corona model was

proposed as a possible mechanism by which the magnetic phase separation is driven

by the inhomogeneous local lattice, where the AFM regions are created by the large

di¤erence in the local lattices between the dopant-rich FM region and the background

region.
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Chapter 6

Unconventional Magnetism in the

Insulating State of LaCo1�yNiyO3

6.1 E¤ects of Doping Magnetic Ion Ni3+ and Fe3+

in LaCoO3

In the last chapter, it was shown that the addition of holes instigates the excitation

of the Co3+ ion to magnetic states and a global FM-metallic state is realized regardless

of whether the dopant is Ca2+, Sr2+ or Ba2+. While hole doping actually introduces

the magnetic ion Co4+ onto the B-site: La3+1�xA
2+
x Co

4+
y Co

3+
1�yO

2�
3 (x = y), one may

wonder whether a global state can be also achieved by direct replacing Co3+ with other

magnetic ions? To this end, LaCo1�yNiyO3 and LaCo1�yFeyO3 were chosen. The B-

site dopant ion Fe3+ (3d5) has one fewer electron than the original Co3+ ion (3d6),
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while Ni3+ (3d7) has one more electron than Co3+. The fact that the substitution

takes place at the B-site with the valence state of 3+ and not at the A-site with a

valence of 2+ is con�rmed by XANES measurements which determined the valence

of Ni and Co ions both to be trivalent [45].

The doped compounds LaCo1�yNiyO3 and LaCo1�yFeyO3 have essentially di¤erent

bulk magnetic and electric transport properties. Pure LaNiO3 is a good metal with

an enhanced Pauli paramagnetic susceptibility, suggesting that the eg electron of

the Ni3+ ion is highly mobile: t�62g�
�1 [25, 54, 26]. The mixed compound of LaNiO3

and LaCoO3, i.e. LaCo1�yNiyO3, evolves from a spin-glass state to a FM state as

y exceeds � 10%, and the IMT occurred at a much higher doping concentration, y

� 40% [29]. On the other hand, pure LaFeO3 is an AFM insulator which indicates

that the localized character of the eg electrons of Fe3+ ion: t�32ge
�2
g [25, 26]. The mixed

compound of LaFeO3 and LaCoO3, i.e. LaCo1�yFeyO3, is an insulator and primarily

remains in the paramagnetic state. When the Fe concentration is as high as � 40%, a

weak AFM order appears, and its magnetic structure was found to be G-type which

is similar to LaFeO3 [38] based on the neutron powder di¤raction re�nement.

The bulk magnetic susceptibility measurements demonstrate the striking di¤er-

ence between the doping e¤ects of Ni and Fe. The magnetization measurements

were made in dc mode under the applied �eld of 200 Oe using the ACMS option

of a Quantum Design Physical Property Measurement System. The powder com-

pounds, LaCo0:9Ni0:1O3 and LaCo0:6Ni0:4O3 (the data in black) and LaCo0:9Fe0:1O3
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Figure 6.1: Bulk magnetization as a function of temperature with dc mode under 200
Oe �eld in LaCo1�yNiyO3 and LaCo1�yFeyO3.

and LaCo0:6Fe0:4O3 (the data in blue ) are measured. Fig. 6.1 shows the temperature

dependence of the �eld-cooled magnetization for LaCo1�yNiyO3 and LaCo1�yFeyO3.

The inset is an enlarged view of Fe- samples. Clearly Ni doped compounds have

much larger magnetization than Fe doped ones. For LaCo1�yNiyO3, the signi�cant

increase of the magnetization in LaCo0:6Ni0:4O3 results from the FM state, while for

LaCo1�yFeyO3 the magnetization still follows the Curie-Weiss paramagnetic curve

in LaCo0:9Fe0:1O3. These results are consistent with the reports of other groups

[41, 3, 29, 87, 38]. Therefore, it appears that Ni doping signi�cantly promotes the

magnetization but Fe doping does not.
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6.2 Spin States of Co3+ Ion in Trigonal Lattice

In order to understand the essential di¤erence of Ni and Fe doping on the com-

pounds�physical properties, apparently only considering the role of dopant Ni and

Fe is not enough. For example, for Ni doped compounds, one might naively think

that the introduction of Ni onto the Co site in LaCoO3 would not cause magnetic

ordering since LaNiO3 is a Pauli paramagnet. The ground state of Co3+ ions after

doping, therefore, should play a critical role.

There are some early studies of this issue but most of them are based on the

bulk properties. In our e¤orts, we investigated the states of Co3+ with Ni/Fe doping

on an atomic scale by neutron scattering. The atomic properties of LaCo1�yNiyO3

and LaCo1�yFeyO3 with y = 0:1 and 0.4 were examined via both Rietveld and PDF

methods [96].

For the powder samples, the neutron-di¤raction measurements were carried out

from 12 to 300 K using time-of-�ight machine NPDF at Los Alamos National Labo-

ratory. The samples were sealed in a vanadium can with helium as the exchange gas

and loaded in a displex refrigeration system. The Rietveld re�nement of the compo-

sitions of LaCo1�yNiyO3 and LaCo1�yFeyO3 (y = 0:1 and 0.4) showed that the lattice

symmetries maintained a trigonal distortion with the space group R3c in both doped

systems. Table 6.1 lists the results of Rietveld re�nement of the crystal structure as

a function of temperature. As it can be seen, the symmetry remains rhombohedral

(R3c) from 12 to 300 K for both systems, LaCo1�yNiyO3 and LaCo1�yFeyO3 (y = 0:1
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LaCo1�yNiyO3 0.1
T (K) a (Å) �� x Rwp(%)
12 5.34574(4) 61.006(1) 0.19766(3) 3.94
50 5.34791(3) 60.998(1) 0.19778(3) 3.86
100 5.35240(3) 60.971(1) 0.19807(3) 3.81
295 5.37236(2) 60.838(1) 0.19971(4) 3.59

LaCo1�yFeyO3 0.1
12 5.3638(1) 60.915(1) 0.19734(8) 4.33
50 5.3644(1) 60.911(1) 0.19737(8) 4.27
100 5.3714(1) 60.891(1) 0.19763(7) 3.70
295 5.3850(1) 60.777(1) 0.19926(9) 3.96

LaCo1�yNiyO3 0.4
T (K) a (Å) �� x Rwp(%)
12 5.36044(4) 61.033(1) 0.19750(5) 4.29
50 5.36248(4) 61.027(1) 0.19758(5) 4.43
100 5.36487(5) 61.002(1) 0.19788(4) 4.40
295 5.38414(5) 60.871(1) 0.19954(5) 4.03

LaCo1�yFeyO3 0.4
12 5.39352(8) 60.863(1) 0.19610(5) 5.15
50 5.39402(9) 60.859(1) 0.19613(6) 5.11
100 5.39828(7) 60.845(1) 0.19634(4) 4.23
295 5.41035(6) 60.753(1) 0.19767(4) 3.43

Table 6.1: The Rietveld re�nement results on LaCo1�yByO3 for B = Ni and Fe, y =
0.1 and 0.4 from T = 12 - 295 K. The listed parameters refer to space group R-3c
(No. 167) in the rhombohedral unit cell. The La position (2a) is at (1/4, 1/4, 1/4),
the Co/Ni/Fe (2b) is at (0, 0, 0) and the oxygen position (6e) is given by (-x, 1/2+x,
3/4). Listed is the lattice constants and weighted R-factor.

and 0.4), which is consistent with other reports in the literature [45, 60, 87]. As the

temperature rises, the lattice shows a slight expansion while the rhombohedral angle,

�, gets closer to 60� in all samples. From y = 0:1 to 0.4, the lattice shows a less than

0.5 % expansion in both systems.

At a �rst glance, it appears that doping Ni and Fe have the same e¤ects, i.e., for

both dopings, the lattice symmetry remains the same as that for the parent compound
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LaCoO3, but a close examination showed that the e¤ects of trigonal distortions on

the BO6 octahedron are di¤erent in two systems.

Compared with the ideal cubic structure with the space group Pm3m, the R3c

symmetry is realized by a rotation of the nearly-regular BO6 octahedra around the

trigonal axis, which is the body diagonal [111] of the rhombohedral cell. After lowering

the symmetry from cubic to trigonal, the [111] becomes an unique direction in the

crystal. Here �regular�refers to the highly symmetric shape of an octahedron (Oh) in

cubic and �nearly-regular�refers to the possible deformation on an octahedron that is

allowed by the trigonal point group. Following the notation of Ref. [55], the degree

of octahedral rotation, !; is determined from the oxygen coordinates, x:

! = tan�1 4
p
3(
x

2
+
1

8
) (6.1)

In the ideal cubic symmetry, x = �0:25 (thus, ! = 0) and the rhombohedral angle

� = 60�. However, � is independent of ! or x. This means when the crystal structure

is lowered from Pm3m to R3c, two parameters, x and �, are allowed to change away

from their original values, and there is no direct correlation between the two.

Fig. 6.2 (b) and (d) show the re�nement results on ! and � as a function of

doping in LaCo1�yNiyO3 and LaCo1�yFeyO3 at RT; (a) and (c) are the data of ! and

� in the hole doped system La1�xBaxCoO3. From (a) and (c), we can see that as the

Ba doping increases, ! decreases and approaches 0� while � approaches 60�. These

two e¤ects combined indicate that the overall symmetry approaches cubic. However,

in Ni or Fe doped compounds we �rst noticed that the change in the values of !
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Figure 6.2: The octahedron rotation angle, !; and the rhombohedral unit cell angle,
�, as a function of doping concentrations at RT for La1�xBaxCoO3 (panel (a) and
(c)) and LaCo1�yNiyO3 and LaCo1�yFeyO3 (panel (b) and (d)).



82

and � are not as large as those in La1�xBaxCoO3. This is not surprising considering

that the di¤erence in the nominal ionic sizes of the B-site ions (Ni/Fe versus Co) is

almost negligible if compared with the di¤erence of the A-site ions in La1�xBaxCoO3.

For example: rNi3+LS � rCo3+LS = 0:015 and rNi3+LS � rCo3+HS = �0:05, compared with

rBa2+ � rLa3+ = 0:254 in a IX coordinated environment [77]. At the same time, it

can be clearly seen that doping with Ni has a di¤erent trend than with Fe: panel (b)

shows that ! increases with doping for both compounds, but in (d) � increases away

from the ideal 60� for Ni doped samples, but decreases towards 60� for Fe doped ones.

This di¤erence, therefore, is di¢ cult to be simply understood as the result of �size

e¤ect�.

The spin state of Co3+ ion is sensitive to its environment, so what do these two

uncorrelated parameters which describe the trigonal distortion mean in terms of the

oxygen octahedron? First, ! is the rotation angle of the octahedron around [111] axis.

In the cubic symmetry, oxygen ions sit midway between the cubic sides, but as the

symmetry is lowered to rhombohedral, the oxygen ions move away from these high

symmetry positions. In the Fig. 6.3, ! is indicated as \DOA, where D is the midpoint

of the cubic side, O is the intersection point of [111] axis with the octahedron, and A

is the actual position of oxygen in the rhombohedral symmetry.

The rhombohedral unit cell angle, �, however, is related to the distortion of the

octahedron in a more complicated way. � is a typical parameter but not able to

provide a direct description of BO6=2 octahedron itself. The shape of the BO6=2
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(i) Deformed octahedron (ii) Release of deformation (iii) Undeformed octahedron

Figure 6.3: A schematic of the deformation. The black lines de�ne one rhombohedral
unit cell and the red lines indicate two constituent pseudocubic cells. The body
diagonal [111] is shown as a blue line. A, B, C are three oxygen ions which lie in a
plane normal to the [111]. O is the intersection point of this plane with the [111].
In an ideal cubic symmetry, oxygen ions are located in the mid point of the side of
the cube, such as the position marked as D. The rotation of BO6 octahedron around
[111], !, thus corresponds to the angle \AOD. For a given oxygen displacement value
x, (i) shows as � > 60�, (ii) �~60� and (iii) � < 60�. To maintain the regular shape
of the octahedron, for a nontrivial oxygen displacement x� (�0:25) 6= 0, � has to be
smaller than 60�. Otherwise, a compressed stress is applied along the trigonal axis
shown with the orange arrows.
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octahedron, however, has a direct in�uence on the states of Co ions. When the lattice

symmetry is lowered from Pm3m to R3c, correspondingly the symmetry of BO6=2

octahedron is lowered from Oh to D3d. It is found out that the allowed deformation

byD3d is related to �. Megaw and Darlington [55] have de�ned this deformation as the

octahedral strain, &, which corresponds to a homogeneous compression or elongation

along the trigonal axis.

This e¤ect is depicted in Fig. 6.3, which shows how for a given oxygen dis-

placement, x, at a constant rotation angle, !, the shape of the octahedron changes

with �. Assuming a regular octahedral shape, � can be calculated based on !:

(cos�)cal =
1
2
+ sin2 !

3�sin2 ! �
1
2
[55], indicating that as long as there is a nontrivial rota-

tion of !, � should always be less than 60� as shown in Fig. 6.3 (iii). This is opposite

to what has been observed in LaCoO3 and its doped compounds, for which � is larger

than 60�. For � larger than 60�, & is negative and corresponds to a compression

deformation as shown in Fig. 6.3 (i) and (ii).

Actually, this deformation, &, is related to the parameters of ! and � as follows:

& =
3

2
[sin

p
3�

360�
(60� � �)� sin2 !

3� 2 sin2 !
](1� 2

3
sin2 !) (6.2)

The inset at the upper corner of Fig. 6.4 is the plot of & in the !� � phase space,

which is a curved plane. Setting the parent compound of LaCoO3 as the origin, shown

as a black symbol in this plane, the change in the ! and � values after doping will

create a speci�c path on the curved plane. The red lines are examples of the case



85

where both ! and � increase or decrease such as in Sr/Ba or Ni doping. (! increases

but � decreases towards 60� with Fe doping). Based on our re�nement results, we plot

& as a function of ! for LaCoO3 (#1), La1�xBaxCoO3 (#2 to 6), LaCo1�yNiyO3 (#8

and 9) and LaCo1�yFeyO3 (#10 and 11). The black line is an empirical �tting of the

Ba doped samples for the R3c symmetry [55], which is the projection of curve &(!; �)

on !. We can see that as the doping concentration increases, Ba quickly �unwinds�

! towards 0� and at the same time the deformation of octahedron is released (& goes

towards zero). In other words, the octahedron not only rotates back, but also its

shape becomes closer to the cubic point symmetry, Oh. In contrast, the e¤ect with Ni

doping is completely reversed: the octahedron rotates away from the midpoint of the

cubic side, and also it is suppressed along [111] direction. With Fe, however, though

the octahedral rotation is even slightly larger than with Ni, the deformation remains

predominantly unchanged (the inset at the bottom corner of Fig. 6.4).

Therefore, the substitution of Ni or Fe does not reduce the trigonal distortion. On

the contrary, it is enhanced in a di¤erent manner. Fe doping increases the octahedral

rotation but keeps its shape primarily unchanged, but Ni doping not only rotates the

octahedron, but also compresses it.

Both manners, i.e., the rotation and the compression of the octahedron, are al-

lowed by the trigonal distortion. The PDF study further con�rmed that there is no

local lattice distortion either. Fig. 6.5 (a) is the �(r) for y = 0.40, Ni-LaCoO3 as

a function of temperature. The shape of the PDF peaks do not change but become
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Figure 6.4: The octahedron strain & as a function of ! for LaCoO3 (#1);
La1�xBaxCoO3 (#2 to 6 for x = 0:1 to 0.5); LaCo1�yNiyO3 (#8 and 9 for x = 0:1
and 0.4); and LaCo1�yFeyO3 (#10 and 11 for y = 0:1 and 0.4). The black line is an
empirical �tting for Ba doped samples. The inset at the upper corner is a function
of & in the space of � � 60� and ! � 0�. It appears as a slanted curved plane with a
lowest point at & = 0 when � = 60� and ! = 0�. The black dot is where LaCoO3 is
located on this plane and the red lines are possible paths for the cases where � and
! change in a same manner. The inset at the lower corner is a blow up of the high !
region. The uncertainty is shown by error bars.
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fig. 5Figure 6.5: (a) The PDF of LaCo0:6Ni0:4O3 at T = 12, 50, 100, 295 K. (b) and (c) are
the comparison of the �rst PDF peak between LaCo1�yNiyO3 and La1�xBaxCoO3 for
x = y = 10 % and 40 % at 295 K, respectively.
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consistently broader as the temperature rises, and by room temperature, the peak

centers slightly shift to larger r values due to the lattice expansion. This indicates

that the change of the lattice with temperature is dominated by the thermal vibra-

tions of atoms around their equilibrium positions. The �rst peak corresponds to the

transition metal and oxygen bond lengths within one octahedron and it does not

overlap with any other bond length. This peak is symmetric at all temperatures.

The absence of a split or asymmetry of the �rst peak is a strong indication for the

absence of JT distortions in response to, or as a consequence of, the activation to

the IS state. Similar observations have been made in the Fe doped compounds that

are not shown here. This is in strong contrast to the hole doped compounds, and the

comparison is made in Fig. 6.5 (b) and (c). As it can be seen, the PDF region encom-

passing the �rst peak for LaCo1�yNiyO3 is quite di¤erent compared to La1�xBaxCoO3

at room temperature at both concentrations, y = 0:10 and 0.40. In the case of the

Ni doped compounds, this peak is clearly symmetric, indicating a single Co-O bond

length which is compatible with the R3c symmetry. However, in La1�xBaxCoO3, the

Co-O peak shape is asymmetric and is best �t by two Gaussian peaks indicating the

presence of two distinct Co-O bonds [63]. This split was suggested to be caused by

the Jahn-Teller distortion which broke the eg and t2g orbital degeneracy, in response

to or as a consequence of the IS state.

It is worth noting that this JT local lattice distortion occurs when Sr or Ba doping

brings the overall lattice towards the cubic symmetry which is associated with the
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regular octahedral crystal �eld. In fact it was reported that the percent of JT sites

increases with the hole concentration; in other words, the population of the JT sites

increases with the tendency of the overall structure to be cubic [63, 64].

For LaCo1�yNiyO3 and LaCo1�yFeyO3, unlike hole doping which released the trig-

onal distortion, doping Ni or Fe increased the trigonal distortion. Under such cir-

cumstances, Ni doping superimposed an increased �skewed� compression onto the

cooperative BO6=2 rotations, but Fe doping only increases the rotations. It is the

compression that changes the shape of the octahedron and the crystal �eld symme-

try which a¤ects the spin state of Co3+ ions. Considering the suggestions from the

bulk susceptibility measurements that for Ni doping the Co3+ ion is promoted to be

magnetic but for Fe doping it is stabilized at LS state, this compression, therefore,

is invoked to break the degeneracy of the magnetic Co3+ ions, while maintaining the

Co-O bonds at constant length under the trigonal symmetry.

So far, to our best knowledge, the theoretical calculations about the energy-level

diagram of Co3+ ions whether it includes spin-orbital coupling [72, 1] or the hybridiza-

tion of 2p� 3d orbitals [43, 65] they are all based on the assumption of cubic crystal

�eld symmetry (Oh) in stead of the real trigonal symmetry (D3d). The Oh crystal �eld

can be a good approximation for the hole doped systems since the trigonal distortion

is released by doping. However, for the opposite case where the trigonal distortion

is enhanced such as in the Ni doped systems, whether or not this assumption is still

applicable is not clear. It is often mentioned in the literature that "the cubic crystal
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�eld with a small trigonal distortion" [66], but how small is small?

Finally, why do the magnetic Co3+ ions in hole-doped system undergo a JT distor-

tion, but the Ni-doped compounds adopt a "skewed" trigonal distortion? The answer

may also lie in the di¤erence of the actual crystal �eld between hole and Ni doping.

In the Oh crystal �eld which is applied well in hole doped system, the d orbitals split

to two-fold eg and three-fold t2g levels, but in the D3d crystal �eld which may be a

better approximation for LaCo1�yNiyO3, the three-fold t2g levels further split into a

single a1g state and two-fold eg states [15]. The di¤erence of the crystal �eld levels

between symmetry of Oh and D3d, therefore, could cause the octahedral deformation

to break the degeneracy in a di¤erent way.

6.3 Absence of AFM in Spin-Glass State

Though LaCo1�yNiyO3 shows similarity in the bulk magnetic properties as

La1�x(Sr/Ba)xCoO3, i.e., both systems develop to the SG state and then FM state

with increased doping, our investigations on the magnetic correlations in the SG

state of LaCo1�yNiyO3 via elastic neutron scattering, however, only identi�ed FM

correlations and no second magnetic correlations [96]. The elastic neutron-scattering

measurements on the single crystal of LaCo0:9Ni0:1O3 were performed at the SPINS

cold neutron triple-axis spectrometer at the NIST Center for Neutron Research. The

experimental setup con�guration was as follows: an Ef =3.6 meV was used with 80�

-80�collimators before and after the sample. A Be and cooled BeO �lter were used
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before and after the sample, respectively. Three �at pyrolytic graphite blades were

used as the analyzer. For the purpose of crystal alignment, the cubic notation was

used and the measurements were carried out in the (hhl) plane.

Fig. 6.6 (a) shows an elastic neutron scattering scan in the (hhl) plane along the

[h; h; 1� jhj] direction for the y = 0:10, Ni doped single crystal at two temperatures,

T = 5 and 80 K. The inset is the order parameter of the FM intensity compared

to the �eld-cooled bulk magnetization. It is clear from that no AFM correlations,

either commensurate or incommensurate, are present in the spin-glass phase of Ni

doped compositions. The increase in the intensity from the magnetic scattering at

low temperatures only appears around the (001) Bragg peak, that corresponds to the

FM point, and nowhere else. The broad intensity at low temperatures indicates the

presence of short-range FM coupling and the estimated FM correlation length is �20

Å. A detailed contour map (Fig. 6.6 (b)) con�rms the absence of magnetic superlattice

re�ections as the ones found in hole doped Ba and Sr samples [95, 62]. The thermal

elastic neutron scattering was measured by another group [41] in the (hkk) plane

which also showed broadening of the (001) Bragg peak in the same composition but

no AFM correlations or other magnetic superlattice structures.

It was found that the absence of the AFM correlations in LaCo1�yNiyO3 can be

understood with the same mechanism that was suggested for the hole doped compo-

sitions (Chap 5.4): the magnetic separation is coupled with the local lattice inhomo-

geneity. Similar to Table 5.1, the following Table 6.2 also list the average tolerance
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Figure 6.6: The neutron elastic scattering along the direction of (h; h; 1 � jhj) for
LaCo0:9Ni0:1O3 single crystal at T = 5 and 80 K. A broad intensity due to magnetic
scattering at low temperature only appears around the (001) Bragg peak, indicating
the presence of short-range ferromagnetic correlations. The inset shows the ferro-
magnetic order parameter compared with �eld-cooled bulk magnetization. (b) is an
elastic contour map of the (hhl) plane.
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tavg tdopant�rich % enhancement AFM feature
Ba2+, Co4+, O2� 0.9653 1.061 10.867 % short-ICM to long-AFM
Sr2+, Co4+, O2� 0.9662 1.000 4.493 % short-range ICM
Ca2+, Co4+, O2� 0.9582 0.952 -0.522 % no AFM
La3+, Ni3+, O2� 0.9578 0.950 -0.731 % no AFM
La3+, Fe3+, O2� 0.9576 0.909 -5.016% no AFM

Table 6.2: A continued Table after table 4.1. The data of Ni and Fe doped systems
are also included

factor, tavg and the local tolerance factor of dopant rich region, tdopant�rich, etc., for

Ni and Fe doped systems. It can be seen that like Ca doping, where the enhancement

is small, i.e. the di¤erence between the two tolerance factors are small and the values

appear to be negative, the AFM correlations are absent. With Fe doping, however, a

large negative % enhancement is observed, but consider that 10 % Fe is still paramag-

netic and becomes AFM only above 40 %. The di¤erent magnetism with Fe doping

compared to Ni and hole doping is because Co3+ is in the low spin con�guration and

the AFM order in LaCo1�yFeyO3 is caused by Fe3+, not Co3+.

Therefore, like the case in La1�xCaxCoO3, the absence of AFM magnetic phase

in LaCo1�yNiyO3 corresponds to the absence of the lattice inhomogeneity due to

the negligible ionic radius di¤erence between Ca2+ and La3+, and Ni3+ and Co3+

respectively.
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6.4 Dilute Doped LaCo1�yNiyO3 (y � 0:001)

Fe and Ni are both the closest neighbors of Co on the periodic table, but from

the discussion in the previous sections, it is obvious that doping a moderate amount

of Fe and Ni on the Co site (10% to 40%) has essentially di¤erent consequences on

the magnetic and transport properties. This was found to be true even when the

amount of Ni and Fe dopant are so tiny (y � 1%) that the compounds are still in the

paramagnetic state [97].

6.4.1 Bulk Properties of Dilute Doped LaCo1�yNiyO3

� Bulk magnetization

The bulk magnetizations as a function of temperature, �(T ), were measured

on the Physical Property Measurement System (PPMS) on the powder samples of

LaCo1�yByO3 (B= Fe, Ni, y = 0:005, 0.01) under the �eld of 1000 Oe. Fig. 6.7

(a) shows the �(T ) data of lightly doped compounds, LaCo0:995Ni0:005O3 (data in

red open square), LaCo0:99Ni0:01O3 (data in red close square) and LaCo0:995Fe0:005O3

(blue open triangle), compared with the parent compound LaCoO3 (black close cir-

cle) which was measured under the �eld of 10,000 Oe. It can be seen that at the

same concentration the increase of � from Ts30 to 100 K due to the thermal spin

state transition is suppressed in Ni sample more than in Fe. The Curie-like behavior

below 30 K is mainly attributed to the surface cobalt for the pure sample [93, 76],
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Figure 6.7: (a) Temperature dependence of the magnetic susceptibility for
LaCo1�yByO3 (y=0, 0.005, 0.01, B= Ni and Fe). (b) The �eld dependence of the
magnetization for LaCo0:995Ni0:005O3 at T= 4, 10 and 30 K. The lines are the �tting
with the modi�ed Brillouin function.

but for the doped samples it also contains the contribution from the magnetic dopant

Ni3+ and Fe3+ ions. Ni doping exhibits a stronger Curie-like feature than Fe which

is counter intuitive, considering Fe3+ has a larger spin than Ni3+ in the perovskite

structure (SFe3+ = 5
2
vs. SNi3+ = 1

2
).

In Fig. 6.7 (b) the �eld dependence of the magnetization was shown for the single

crystal LaCo0:995Ni0:005O3 at low temperatures where the Curie-Weiss paramagnetic

behavior dominates. The data was �tted by the summation of the Brillouin func-

tion BS(y) and a H -linear term: M(H) = ngsSBS(y)�B + �0H�B (y =
�0gsS�BH
KBT

),

where n is the calculated doping concentration; S is the e¤ective spin value per Ni3+

dopant; and �0 is the coe¢ cient of H -linear term. Table 6.3 listed the results of these

parameters from the best �tting. It can be seen that the calculated doping concen-
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T (K) n (/metal ion) gsS(�B/Ni ion) �o(�B/metal ion/Oe)
4 0.0026 19.11 2:03� 10�7
10 0.0024 20.60 1:91� 10�7
30 0.0020 20.01 2:41� 10�7

Table 6.3: The summary of the best �tted parameters for the magnetic dependence
of LaCo0:995Ni0:005O3.

tration, n � 0:002, is lower than the nominal value, y = 0:005, which may be due to

o¤stoichiometry. More importantly, the value of gsS is already as large as s 20�B

per Ni ion when the temperature is below 30 K. Such a large magnetization value

cannot be explained by only considering the contribution from Ni3+ ion. Thus, the

�eld dependence data suggest that some of the Co3+ ions are magnetic at the low

temperatures.

� Bulk electric resistivity

In hole doped systems, the FM and IMT happen at the same doping concentration.

The coupled FM-IMT was well understood within the framework of DE mechanism,

where the percolation of the FM-metallic clusters leads to both transitions. However,

in LaCo1�yNiyO3, although doping Ni brings the system into the FM state at y s

10 � 15%, the IMT comes in at a much higher Ni concentration of s 40%. On the

insulating side, the electrical resistivity data obtained from the powder samples at

range of y = 2% to 45% were found to be �tted very well with the form for Mott

variable range hopping (VRH), and the IMT was classi�ed to be the conventional

Mott-Anderson type [29], which is a common type for extrinsic semiconductors.
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Therefore, for cobaltites the percolation type of IMT shows a much higher ef-

�ciency at translating a Mott insulator into a metal than the conventional Mott-

Anderson type. The resistivity measurements of the lightly doped compounds

(LaCo1�yNiyO3, y s 0:5% and 1%) showed very interesting results, which may pro-

vide important insight on the origin of the di¤erent doping e¤ects on the conductivity

with hole and Ni.

Fig. 6.8 is the temperature dependence of the bulk electrical resistivity measured

on the single crystal of LaCo0:995Ni0:005O3 (upper panel) and LaCo0:99Ni0:01O3 (lower

panel). Each sample was also measured under an applied magnetic �eld from 3 to 7

T. The dc resistivity measurements were made on PPMS using a standard four-probe

technique on the single crystal samples. First, it is apparent that the data have little

�eld dependence. Second, it is noticeable that though the temperature dependences

of both samples roughly follow typical insulator behavior, i.e., as T is lowered the

resistivity decreases, a kink occurred in LaCo0:995Ni0:005O3 and in LaCo0:99Ni0:01O3 it

became more obvious and appeared as a broad bump.

Note that the temperatures of the abnormal increase of resistivity in both com-

positions are � 100 K, which is the same temperature as the thermal spin-state

transitions as seen from the bulk magnetic susceptibility (Fig. 6.7). Therefore, the

occurrence of the magnetic Co3+ appeared to hinder the conductivity.

To understand this anomaly, it is important to know the main contribution to the

conductance. It is known that pure LaNiO3 is a good metal with Ni3+ ions providing
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Figure 6.8: Electric resistivity as a function of temperature on the single crystal
LaCo0:995Ni0:005O3 and LaCo0:99Ni0:01O3. Each sample is also measured under the
magnetic �eld at 3, 5 and 7 T.
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�� electrons and contributing to the conductance. Then, how does Ni3+ behave as

the dopant in LaCo1�yNiyO3?

The thorough studies on the nickelates LnNiO3 (Ln= rare earth) [54] indicated

that the mobility of the eg electrons of Ni3+ ions is strongly related with the lattice.

It was found that except for LaNiO3, the other compounds with Ln=Pr, Nd. . . are

insulators but transfer to metals as temperature rises. The transition temperature

TI�M systematically increases with the decrease of Ln ionic sizes. For LaNiO3 the

crystal structure is rhombohedral (R3c) and the Ni-O-Ni bond angle is �165�. For

PrNiO3, NdNiO3..., the Ln ion is smaller and the lattice adjusts to the mismatch of A-

O and B-O bonds through a lowering of the symmetry to orthorhombic. This results

in the Ni-O-Ni bond angle more buckled and the tendency to be more insulating.

For instance, in PrNiO3 the Ni-O-Ni is � 159� and the TI�M is about 130 K, and in

NdNiO3 the Ni-O-Ni is more bent to be � 157� and the TI�M increases to 200 K.

Now in LaCo1�yNiyO3, �rst of all we know from Chap 6.2 that the lattice remains

rhombohedral upon Ni doping. The Rietveld analysis showed that the M-O-M bond

angle is 163.87� for LaCo0:995Ni0:005O3 at RT, which is almost the same as that for

pure LaCoO3 (163.88�). When the Ni concentration increases, the M-O-M bond an-

gle slightly decreases, but it is still 163.65� for y = 40% [96]. Thus, the structure of

LaCo1�yNiyO3 is surely much closer to LaNiO3 than to the other nickelates. Conse-

quently, the eg electrons of the Ni3+ dopant should be highly mobile in LaCo1�yNiyO3.
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Therefore, these highly mobile electrons most likely contribute to the electrical

conductivity. In a simple classical view, the abnormal increase in the resistivity

(Fig. 6.8) means that the mean-free path of the conductance electrons is decreased.

Remembering the fact that the resistivity of LaCo1�yNiyO3 on the insulating side

follows VRH and that the IMT is the Anderson-Mott type, the shortening of the free

paths is thus caused by the scattering from random potentials. This anomaly happens

around 100 K, and at this temperature the thermally-induced spin-state transitions

reach a climax as seen from the bulk � (Fig. 6.7). Therefore, this suggests that

the random scattering can be due to the occurrence of magnetic Co3+ ions which are

distributed randomly (refer to Fig.6.16 which will be also discussed later). In short,

the abnormal increase in the resistivity around 100 K is caused by the scattering from

the randomly distributed magnetic Co3+ ions.

Therefore, in LaCo1�yNiyO3 the dopant Ni3+ and the original Co3+ sort-of act

against each other for the conductance, and this is essentially di¤erent from the hole

doping, where the Co4+ ions introduced by the dopant and Co3+ ions work together

through DE, which establishes FM and metallicity at the same time. This can also

explain why it takes signi�cantly more Ni than holes to bring about the IMT.

On the other hand, the "anti-acting" Ni dopants with Co ions may further imply

that the nature of magnetic interactions is not as simple as the DE, or if there is a

FM super-exchange between Ni and Co, due to the scattering from the extra electron

of Ni3+, then the interaction is weak and not as strong as the one in the DE (these
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two scenarios will be discussed in Chap 6.5) .

6.4.2 1.1 meV Excitation in Dilute Doped LaCo1�yNiyO3

A weak excitation at s1.1 meV was �rst observed in lightly doped LaCo1�yNiyO3

samples via inelastic cold neutron scattering. The measurements were conducted

on DCS time-of-�ight instrument at NIST on the powder samples. Each sample

was about 50 g, and the wavelength of incident neutron beam is 5 Å. Fig. 6.9 (a)

shows the low-energy spectra at 11 K for LaCo0:995Ni0:005O3, LaCo0:995Fe0:005O3 and

LaCoO3. Clearly, an excitation at s1.1 meV only appeared in the Ni sample, and

not in the Fe and the pure compound. In panel (b), the spectra were measured

only on the Ni samples, but at di¤erent concentrations. This excitation appears

in both LaCo0:995Ni0:005O3 and LaCo0:99Ni0:01O3, when the compositions are in the

paramagnetic state, but it does not appear in LaCo0:9Ni0:1O3, which is in the SG

state. Also, it is noticed that as ~! ! 0 a broad quasi-elastic intensity shows in the

paramagnetic compounds even at the low temperatures but not in the SG compound.

Therefore, the quasi-elastic intensity most likely corresponds to the paramagnetic

scattering when the spins are not frozen in time.

Fig. 6.9 (c) shows the temperature dependence of the excitation measured on

LaCo0:99Ni0:01O3. It appears the most prominent below 30 K, and when the tem-

perature rises above 30 K, the excitation at s0.6 meV and the center quasi-elastic

scattering start to dominate the spectra. The 0.6 meV excitation is due to the thermal
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Figure 6.9: (a) The low energy spectra at 11 K among di¤erent composi-
tions, LaCo0:995Ni0:005O3, LaCo0:995Fe0:005O3 and LaCoO3. (b) The spectra for
LaCo1�yNiyO3 at di¤erent doping concentrations, y = 0.005, 0.01 and 0.1. (c) The
temperature dependence of the 1.1 meV excitation. All data are symmetrized by the
detail balance and normalized to the absolute units
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spin state transition from the Co3+ in the matrix, and apparently in the paramag-

netic state the majority of the Co3+ ions still maintain their behaviors as in the pure

compound.

The temperature dependent data were �t by three Lorentzian functions (solid lines

in Fig. 6.9 (c)) to represent the intensities from: the center quasi-elastic scattering,

the 0.6 meV excitation, and the new excitation which is centered at 1:15 � 0:004

meV. The increase in the spectra at high 4E as temperature rises mainly comes

from the increased quasi-elastic intensities (Fig. 6.9 (c)). Because of its obvious

temperature dependence, the 1.1 meV excitation is treated as a magnetic signal. Its

integrated intensity after subtracting the data of LaCoO3 as a background gave rise

to an estimated magnetic moment [46], gS
p
S(S + 1) s 21 �B=Ni ion, which is in a

good agreement with the bulk magnetization data discussed in the last section.

To con�rm that the 1.1 meV excitation is magnetic in nature, the low energy

spectra at 5 K were measured under the di¤erent magnetic �elds on LaCo0:99Ni0:01O3.

The measurements were performed on SPINS at NIST on an annealed powder rod

about 10 g using a vertical �eld superconducting magnet. A horizontally focused

analyzer with 11 PG blades was used with �xed Ef = 3:7 meV; the horizontal 80�

collimation was used before the sample and a radial collimator and a BeO �lter were

used after the sample .

In Fig. 6.10 as the applied �eld increased from 0 to 0.5 to 0.72 T (panel (a)

to (b) to (c)), the intensity of the excitation visibly became broader and the peak
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height became shorter. By H= 2 T (Fig. 5.10 (d)) there is hardly any visible signal;

instead, the data is well �t by a constant background (the solid line) which appears

slightly higher than the background under the zero �eld. The inset of panel (d) is

the intensity at a constant energy transfer, 4E = 1:2 meV, as a function of magnetic

�eld up to 2 T. Clearly, the excitation responded to the weak �eld as the intensity

decreased as the �eld increased. At H s 1 T, the excitation diminished to be the

background level.

The data under the �elds showed broadening but not splitting. Therefore, they

are best �t by more than two Gaussian functions. In the simplest scenario, the data

were �t by three Gaussians (shown as the green solid lines; the red lines are the total

envelope): one in the middle which has the same position as the one without �eld;

the other two are located symmetrically on each side of the middle peak and due to

the broadening of the overall envelope, their positions are allowed to move along the

opposite directions. Based on the Zeeman e¤ect, a given energy level is split under

the applied �eld to 2S + 1 levels by 4E = ��BgmB;m = S; S � 1; ::: � S. The

observed excitation corresponds to the energy displacements between the split energy

levels, i.e., 4(4E) = ��Bg4mB. Zeeman selection rule only allows the transitions

with 4m = 0;�1, and if the transition of j0i ! j0i is the only choice for 4m = 0

it is not allowed either. The Zeeman e¤ect of the 0.6 meV excitation in the pure

LaCoO3, for example, only results in two split peaks with the middle one absent [66].

This is because the �rst excited state is a triplet and the ground state is a singlet,
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Figure 6.10: The low energy spectra under the �eld of 0, 0.5, 0.72 and 2 T at 5 K
on the LaCo0:99Ni0:01O3 powder sample at 5 K at the constant Q position of (0, 0,
1). The inset of (d) is the magnetic �eld dependence of the excitation, measured at
the constant energy transfer of 1.2 meV at 5 K. The green lines are the �tting with
three Gaussian functions and the red line is the total pro�le of the �tting which is one
Gaussian in (a), three Gaussians in (b) and (c) and a constant background in (d).
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and thus the zero energy displacement which corresponds to the middle peak and the

transition of j0i ! j0i are not allowed. For the 1.1 meV excitation, however, the

associated energy levels are more complicated under the presumption of the existence

of the middle peak. Though the data are not su¢ cient to provide the absolute values

of m, the e¤ective g value can be estimated from the broadening, which is at s 11.

Therefore, consistent with the magnetization data, the 1.1 meV excitation also

suggests the large e¤ective S or g value, which strongly indicates that, even with

light Ni doping, Co3+ ions are magnetic below 30 K.

Finally, the other possible cause for the broadening under the �eld is also consid-

ered for the case of the crystal �eld change under the �eld, but under such a weak

�eld, the associated energy change is estimated at the order of �eV which is too small

to account for the data.

The inelastic neutron scattering measurements on the single crystal of LaCo0:995Ni0:005O3

further indicate there is a
�!
Q dependence associated with the 1.1 meV excitation. Fig.

6.11 (a) and (b) are the energy scans at the constant
�!
Q position of (0; 0; 1:1) and

(0:5; 0:5; 0), respectively. Both scans were measured at 5 K (data in black) and 55 K

(data in red). It can be seen that only the energy scan at the Bragg peak position

exhibits the excitation (Fig. 6.11 (a)) and the energy scan at (0:5; 0:5; 0) does not

(Fig. 6.11 (b)). As temperature increased to 55 K, the quasi-elastic scattering signif-

icantly rose up in both
�!
Q positions. The solid lines are the overall envelope of the

�tting. For the spectrum at (0; 0; 1:1) at 5 K the data was �tted by two Gaussians
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which represent the centre elastic peak and the 1.1 meV excitation, but for the one

at (0.5, 0.5, 0) only one centre Gaussian is necessary since there is no excitation; For

the spectra at 55 K, the �tting contained a centre Gaussian and a centre Lorentzian

which accounted for the quasi-elastic broadening.

After the energy scans were obtained, the inelastic contours were mapped out in

(hhl) plane at the constant energy transfer of 1.1 meV on MACS (Multi Axis Crystal

Spectrometer) at NCNR. Fig. 6.11 (c) and (d) showed the contours at 1.5 K and 55

K, respectively.

Clearly the inelastic intensities only occur around the Bragg peak positions of

(0; 0; 1) and (0; 0; 0), and not the other positions such as (0:5; 0:5; 0:5) or (0:5; 0:5; 0),

which suggested the existence of FM correlation and the absence of AFM. At T = 1:5

K, the inelastic intensity only comes from the new excitation which appears very broad

and isotropic in
�!
Q , indicating a short-range FM correlation only. As temperature

rises to 55 K the pattern of the contour remained the same, but the background

intensity apparently increased signi�cantly, which is mainly attributed to the 0.6

meV excitation and the quasi-elastic scattering. Based on the discussion above, it

can be seen that both 0.6 meV excitation and the quasi-elastic intensity are broad in

4E, and hence their intensities are easily extended to 1.1 meV and cause the lifting

of the background in the inelastic channel of 1.1 meV.

Simple but interesting enough, this manner of the magnetic correlation, i.e. only

FM, is maintained but "frozen" as static when the system becomes SG upon further
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Figure 6.11: (a) and (b) are the low energy spectra on the single crystal
LaCo0:995Ni0:005O3 obtained on SPINS. The energy scans were measured at the con-
stant Q position of (0, 0, 1.1) and (0.5, 0.5, 0) at 5 K and 55 K. (c) and (d) are the
inelastic neutron contours obtained on MACS. They were measured at the constant
energy transfer of 1.1 meV in (hhl) plane at 1.5 K and 55 K. The Q-dependence of
inelastic intensities only appear around the Bragg peaks as a broad peak. The (0; 0; 0)
peak also contains the direct incident beam and its majority intensity is masked by
beam stopper.
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Ni addition, where only short-range FM order was identi�ed (Fig. 6.6). The AFM

correlations, however, have not been ever observed.

6.5 Magnetic Interactions in LaCo1�yNiyO3

Based on the magnetization and inelastic neutron scattering measurements, two

conclusions can be drawn for the e¤ects of lightly Ni doping: (1) the existence of

magnetic Co3+ ions down to T ! 0 K; (2) the occurrence of a weak FM coupling

only.

The further search for the origin of 1.1 meV excitation, however, may provide

important insight upon the nature of the magnetic interactions.

So far the mechanism for the magnetic interactions that has been successfully

applied in the cobalt oxides is super-exchange (Chap 5.2), where the FM coupling

happens via Co3+-O2�-Co4+, and the AFM coupling via Co3+-O2�-Co3+. The ex-

change involves the interactions between the eg orbitals of two neighboring Co ions.

This is feasible considering both ions are the same species and thus the energy levels

of eg orbitals should be the same or very close for Co3+ and Co4+ even at the di¤erent

spin states. However, in Ni doped system, although the experiment results indicated

the existence of FM correlations, it is not clear whether the coupling necessarily oc-

curs between Co3+ and Ni3+ ions via super-exchange or not though it seems to be

a straightforward expectation because the mechanism is analogous to the DE be-

tween Co3+ and Co4+. Thus, in the following discussion, two scenarios are proposed
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regarding the nature of the magnetic interactions, based on the assumption that

(i) the energy levels of eg orbitals of Co3+ and Ni3+ are close enough, and thus

the FM couplings are caused by the FM super-exchange via Ni3+-O2�-Co3+.

In this case the possible con�gurations for establishing FM coupling are demon-

strated in Fig. 6.12. For simplicity, only unful�lled orbitals are drawn. Fig. 6.12 (a)

is when Co3+ is in its LS state and thus it can provide two empty eg orbitals. Before

the eg electron hopped from Ni3+ the spin of the recipient ion, Co3+ , is zero and after

it hopped the core spin of the donating ion, Ni4+, is zero. So in this con�guration,

there is always one spin-zero ion and therefore the FM correlation is not able to be

established.

The con�guration (b) and (b�) refer to the cases where the eg electron of Ni3+

hops to the empty eg orbital of the IS Co3+. Such hopping can only happen when

the unpaired spins of both ions are aligned in the same direction, as shown in (b).

Therefore, if the spin of Ni3+ happens to be the opposite direction then it has to �ip

�rst in order to hop, as shown in (b�).

The con�guration (c) and (c�) described a similar situation as (b) and (b�), but in

these two cases it is the eg electron of Co3+ hopped to the empty eg orbital of Ni3+.

The 1.1 meV excitation can be the energy associated with the spin-�ip.

The spin-�ip process is compatible with the paramagnetic state. In the pure

LaCoO3, the 0.6 meV excitation was suggested to be the energy transfer associated

with the triplet Co3+ ( eJ = 1) between its manifold of eJz = �1 and eJz = 0. In a
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Figure 6.12: Possible con�gurations for the FM coupling via super-exchange between
Ni3+ and Co3+ ions.
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classical picture to depict this quantum concept, the 0.6 meV excitation corresponds

to the spin-�ip energy in the con�guration (c�). For the 1.1 meV excitation, �rst

of all its value is very close to 0.6 meV so it may share the nature as the 0.6 meV

excitation, i.e., it could be the spin-�ip energy associated with the manifold of Ni3+

as shown in (b�) or the one of Co3+ as shown in (c�). The slightly di¤erent value from

0.6 meV can be caused by the minor di¤erence of the octahedral crystal �eld due to

Ni doping.

This scenario is based on the assumption that the energy levels of Ni3+ and Co3+

are very close. Therefore this may suggest another possibility, namely that the 1.1

meV corresponds to the energy di¤erence between the two eg orbitals. However, if

this is the case it should be expected that the excitation intensity would increase

with an increase in the quantity of Ni dopants, which is not what was observed: the

excitation disappeared once the system became SG. If it is associated with the spin-

�ip energy, then when the spins are frozen in time, i.e., not able to �ip in the SG

state, the excitation goes away.

Notice that for the two ions that are involved in the FM coupling, whether Ni3+

or magnetic Co3+, only one of the eg orbitals of each ion is empty, and the other one

is always occupied. This can give rise to some small FM clusters which are con�ned

in one-dimension (1D) or two-dimensions (2D) due to the eg orbitals orientation. Fig.

6.13 (a) enumerates all the possible orbital orientations for the simplest case, which is

2-site FM clusters, and (a�) demonstrates several possible orientations for 4-site FM
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Figure 6.13: eg orbital orientations for several small FM clusters. The empty eg
orbitals are drawn as red open and the occupied ones are blue solid. (a) shows the
cases of two-metal-ions clusters; (a�) corresponds to the case where the clusters are
formed by four ions and for the recipient ion only one of the eg orbitals is empty. The
cluster can develop along z direction if the coupling empty orbital is dz2 (the �rst case
in (a�)) or the cluster can grow in x� y plane if the empty one is dx2�y2 (the last two
cases in (a�)). (b) shows the possbile orbital orientation in the seven-site FM cluster
when the center recipient ion has both eg orbitals empty.

clusters in 1D or 2D (for simplicity, only metal ions�eg orbitals are drawn, and the

oxygen ion in between is emitted. The open red orbital refers to the empty eg, and

the solid blue refers to the occupied eg). If the empty orbital of the recipient ion is

dz2 , then the FM coupling is con�ned to be along the z direction (the �rst two cases

in (a) and the �rst case in (a�)), while if the empty one is dx2�y2, then the coupling

with it can develop in the x-y plane (the last two cases in (a�)).

As a comparison, for the case that both eg orbitals of the recipient ion are empty,
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which can happen in the FM coupling with the LS Co4+ ion, the coupling can occur in

both the z direction and the x-y plane at the same time. Presumably, the probability

is the same along all six directions (�x;�y;�z). This results in a 7-site cluster, as it

is shown in Fig. 6.13 (b). In fact, this 7-site FM cluster model was proposed in the

hole doped system, La1�xSrxCoO3.

Based on these small FM cluster models, we can calculate the magnetic S(
�!
Q)

in the (hhl) plane to compare with the experiment data. The magnetic scattering

intensity is IM =
���F (Q) � F 0

(
�!
Q)
���2 where F (Q) is the magnetic form factor of the

metal ions and in the lightly Ni doped compounds the value of Co3+ is used; F
0
(
�!
Q) is

the magnetic structure factor. In the case of spin isotropy, i.e., the magnetic moments

of the spins are the same value and they point along x, y and z directions at an equal

probability, i.e. domain averaging; F
0
(
�!
Q) can be written as F

0
(
�!
Q) /

P
�!r
� e�i

�!
Q ��!r

[47].

F
0
(
�!
Q) was calculated for the FM clusters of the 2-site model up to 7-site models.

Fig. 6.14 enumerates all the possible FM cluster con�gurations for the 2-site and

3-site models which can be a string or a corner, and for the 4-site models which can

be a string, a corner in 2D, a square and a corner in 3D. It turned out that the

models of 2-site, 3-site and 4-site of 1D and 2D can generate the same pattern as the

experiment data but the con�guration of 4-site corner in 3D generated intensities at

(h � 0:5; k � 0:5; l � 0:5) (marked by the red cross on the contour), which indicated

that the con�gurations of the small FM clusters can not be formed in 3D 4-site. In
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Figure 6.14: The con�gurations of small FM clusters for the 2-site up to 7-site
models. For the 4-site model of a corner-shape in 3D and 5-site and 7-site mod-
els, the calculated magnetic intensities in (hhl) plane show peaks at the positions of
(h� 0:5; k � 0:5; l � 0:5). Therefore these models are ruled out.

addition, the models with the number of metal ions above four were also tried. It

turned out that the 5-site model in 2D (Fig. 6.14) already generated a peak at (0.5,

0.5, 0.5) and the same for the 7-site model. In short, in order to reproduce the pattern

observed in the inelastic contour (Fig. 6.11 and 6.14), the small FM clusters form

only in low dimensions and with no more than 4 metal ions.

Among the models of 2-site, 3-site and 4-site of 1D and 2D, the best �tted ones can

be determined by comparison with the calculated peak width from the experimental

data. Fig. 6.15 (a) and (b) are the cuts of the inelastic contours (Fig. 6.11) along
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Figure 6.15: (a) and (b) are the cuts along the (hh1) and (00l) directions of the
inelastic contour at 1.5 K. The experiment data are shown as the open circles. The
red solid line is the calculated peak based on the 2-site model, the blue lines and the
black lines correspond to the 3-site and 4-site models, respectively. (c) and (d) are
the cuts at 100 K, compared with the 2-site model.

(h; h; 1) and (0; 0; l) directions at 1.5 K, and (c) and (d) are the ones at 100 K. The

open circles are the experiment data showing the broad inelastic peak at (0, 0, 1).

The red solid lines are the calculated data based on the 2-site FM cluster model,

the blue lines refer to the 3-site models and the black lines are 4-site models (the

calculated intensity also takes into account the magnetic form factor of Co3+ ion).

At 1.5 K, the experimental data is best �tted by the 4-site models, and at 100 K the

peak became so broad that 2-site model �t well.
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Finally, it should be noted that the (0.5, 0.5, 0.5) magnetic peak is not unique

for the 5-site or 7-site model discussed above. A pair of AFM cluster also reproduces

this peak. In the lightly Sr-doped compounds, an magnetic excitation at 0.75 meV

was reported to have a Q dependence that shows a broad peak at (0.5, 0.5, 0.5) [67].

The data was interpreted in terms of the 7-site FM cluster only, and the possibility

of AFM clusters was not considered. However, based on the discussion in Chap 5, it

is known that the magnetic inhomogeneity with the existence of the AFM phase is a

prominent phenomenon in the hole doped systems.

Therefore, the seemingly simple
�!
Q dependence of the 1.1 meV excitation actually

expressed the uniqueness about LaCo1�yNiyO3: the magnetic interactions with Ni

doping only have the FM type which starts in the paramagnetic state as a dynamic

short-range correlation and as the doping increases, it grows to be longer range and

static in the SG and FM state. The absence of (0.5, 0.5, 0.5) intensity rules out

the possibility of AFM correlations and its broad feature further suggested the FM

clusters are small and are formed by less than �ve magnetic ions in 1D or 2D. Such

a FM "network" certainly has a lower chance of percolation compared with the one

that develops in 3D as in the hole doped systems. Thus this can be the reason that

it takes more Ni dopants than holes to lead to the IMT.

(ii) the energy levels of eg orbitals of Co3+ and Ni3+ are not close enough to have

super-exchange.

The 1.1 meV excitation can be associated with the excited states of two FM
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coupled spins which are not necessary the closest neighbors (Fig. 6.16). The extracted

magnetic exchange constant, J; however, as it is discussed following is too low to be

accounted by the DE, JDE.

The Heisenberg Harmiltonian for two FM coupled spins is H = �2JSiSj and

the eigenvalues are E = JSt(St + 1), where St is the total spin St = jSi + Sjj =

0; 1; :::2S. The observed excitation corresponds to the allowed eigenstate transitions

by the selection rules, 4St = 0;�1;�2; :::. For 4St = 1 that is 4E = 2J(St + 1) =

2J; 4J; 6J; :::, corresponding to the transition of j0i ! j1i, j1i ! j2i, j2i ! j3i...,

respectively [23]. Thus if the excitation at 1:15� 0:004 meV corresponds to the �rst

excitation, i.e. j0i ! j1i, it will give rise to J = 0:575 � 0:002 meV. Taking into

account the case where the FM couplings occur among more than two spins, such as

in a triad, it will result in an even smaller J value.

Such a weak magnetic exchange can not be explained by the DE. Based on the

spin-wave dispersion measurements via inelastic neutron scattering on La0:8Sr0:2CoO3

which is a FM, the magnetic exchange energy of DE, JDE, is estimated to be s4 to

8 meV [73].

Hence, the 1.1 meV excitation may imply that the nature of the magnetic in-

teraction with Ni doping is not super-exchange. Among the few known magnetic

exchange interactions, an RKKY-like or itinerant-exchange mechanism seems to be a

good interpretation for such a weak interaction.

In this scenario, the highly mobile �� electrons of Ni3+ (t�62g�
�1) are localized due to
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Figure 6.16: A cartoon of the Co lattice in two dimension. The blue open circles
are the spin-zero Co3+ ions and the red solid circles are the magnetic ones. One
Ni3+ dopant is drawn in yellow. The grey lines represent the track of the itinerate
electron provided by Ni3+. Within the localization range this electron contributes to
the conductivity and at the same time mediates the FM coupling among the magnetic
Co3+. The scattering from the randomly distributed magnetic Co3+ on the other hand
localized the electron.
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the random scattering from the magnetic Co3+ ions. Within the localization length,

the �� electron can be treated as itinerate and therefore can mediate a weak FM

coupling in between the magnetic Co3+ ions. Fig. 6.16 shows a cartoon to demon-

strate this mechanism. For simplicity, a two-dimensional Co lattice is shown. In

lightly doped compounds, most Co3+ ions are spin-zero (blue open circles) and some

of them bare spins (red close circles); one dopant Ni3+ is drawn as a yellow open cir-

cle, and when its �� electron travels around, it is scattered by the randomly located

magnetic Co3+ ions; the grey lines are meant to illustrate a classical picture of the

electron "track" and how it is localized by the random scattering. This is a similar

mechanism to RKKY, which typically occurs in metals. However, on the insulating

side of the LaCo1�yNiyO3, though the localization length of the electrons is not large

enough to be a macroscopic scale over the whole sample, it still exceeds the nearest

metal-metal distance (s3.8 Å) according to the conventional variable-range hopping.

Thus, it is possible that, within the localization range, the magnetic Co3+ ions are

FM coupled via the itinerant electron provided by Ni3+.

In fact, the carrier induced ferromagnetism in the insulating state has been found

in Mn-based dilute magnetic semiconductors (DMS). For the representative com-

pounds, III-V (Ga, Mn)As, II-VI (Zn, Mn)Te and IV-VI (Pb, Mn)Te [81, 53, 30, 19],

the parent compound is a nonmagnetic insulator, while the doped holes induce a

weak ferromagnetic coupling between Mn2+ ions. The nature of the magnetic inter-

action was found to �t into the framework of a RKKY-like mechanism based on the
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comparison of the experimental data with the theoretical calculations [53, 39].

Finally, there are two details worth being considered. First, regarding the 1.1

meV excitation, one may also expect to observe the excitations corresponding to the

transitions of higher excited levels, such as j1i ! j2i at s 2.3 meV, but at base

temperature the already very weak intensity of the 1.1 meV excitation indicates a

scarce population of the ground state, which makes the observation of the j1i ! j2i

transition practically impossible. However, as the temperature rises, the population

of the excited states increase, and this should increase the chance of observing the ex-

citation at s 2.3 meV and even more excitations at higher energies, but unfortunately

warming also causes the 0.6 meV excitation and the quasi-elastic scattering, which

obviously dominate the spectra (Fig. 6.11 and 6.14). In our attempts of scanning

the energy spectra up to 10 meV and temperature to 50 K, no other excitations have

been resolved.

Second, the charge carrier of LaCo1�yNiyO3 may have electron as well as hole

character because the sign of the thermoelectric power measurements on 5% and 10%

doped compounds was found to be positive [41]. The positive sign was also observed in

other electron doped perovskite cobaltites LaCo1�yTiyO3 and DyCo1�yTiyO3 [37] (Ti

is 4+, and to balance the charge, part of the Co ions are at 2+, i.e. LaCo3+1�2yCo
2+
y Ti

4+
y O3).

The thermoelectric power depends on a factor, nh�h+ne�e, where nh and ne are the

hole and electron density and �h and �e are the hole and electron mobilities. Thus,

though Ni doping nominally introduces electrons, the presence of a small amount of
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holes with a much higher mobility could dominate the charge carrier character, and

the magnetic Co3+ ion certainly creates t2g holes regardless of being in the IS or HS

state.

6.6 Summary

Based on our bulk magnetization and resistivity measurements and the neutron

scattering experiments, three fundamental issues concerning the isovalent magnetic

ion doped pervoskite cobaltite, LaCo1�yNiyO3 and LaCo1�yFeyO3, are discussed:

(1) The ground state of Co3+ is magnetic in LaCo1�yNiyO3, but it is the LS state

in LaCo1�yFeyO3.

(2) The magnetic correlations in LaCo1�yNiyO3 are identi�ed to be FM only

throughout the whole phase diagram.

(3) Depending on the energy levels of Co3+ and Ni3+, the FM magnetic interac-

tion can be via the super-exchange, Ni3+-O2�-Co3+, and the FM correlation can be

con�ned in one or two dimensions; alternatively, the interaction can be a RKKY-like

in nature, Co3+-e�-Co3+, where the FM coupling occurs between the magnetic Co3+

ions and is mediated by the itinerant electrons provided by Ni3+.
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Chapter 7

Spin Excitation in PrCoO3

7.1 Introduction

For the other members of rare-earth perovskite cobaltites, RCoO3 (R3+= Pr3+,

Nd3+...), the size of the A-site rare earth ion steadily decreases with increasing atomic

number from lanthanum (atomic number 57) through lutetium (atomic number 71)

due to lanthanoid contraction. This further enlarges the mismatch between the A-O

and B-O bonds for the structure to be the ideal cubic symmetry. In LaCoO3 the

lattice adjusts to the mismatch by adopting the trigonal symmetry R3c and in the

other compounds, RCoO3 (R3+= Pr3+, Nd3+...), the lattice adopts an even lower

symmetry, orthorhombic Pnma [83, 40]. Fig. 7.1 shows how the oxygen octahedra

change when the symmetry is lowered from cubic to orthorhombic: the Co-O-Co

bonds are obviously buckled; and the Co-O bonds within one octahedron can have
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Figure 7.1: As the crystal symmetry lowers from cubic to orthorhombic, the octahedra
become buckled to each other.

three di¤erent lengths.

Accompanying the change of structures it is found that the energy gap between

the LS and the magnetic states increases from the order of 102 K in LaCoO3 to the

order of 103 K in EuCoO3 [100, 8]. This is probably caused by the chemical pressure

induced by the smaller A-site ion on the CoO6=2 octahedra, which increases the crystal

�eld splitting and thus stabilizes Co ions at the LS state [6, 94].

Therefore, it is expected that the thermal spin-state-transition temperatures are

raised higher in RCoO3 (R3+= Pr3+, Nd3+...) than the one in LaCoO3. At the same

time when temperature rises, RCoO3 will eventually become a metal. For example,
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based on the bulk resistivity and magnetization measurements in LaCoO3 the spin-

state-transition occurs at �100 K and the IMT occurs at �500 K. This temperature

dependence was understood in terms of a transition from localized to itinerate behav-

iors of the Co3+ ions�eg electrons. In RCoO3, however, although the temperatures of

the IMT are generally agreed upon, the temperatures of the spin-state transition and,

consequently, the relation between the thermal spin excitations and the IMT are not

clear. For example, based on the magnetic susceptibility and thermal conductivity

on LaCoO3, PrCoO3 and NdCoO3, the temperatures at which the spin excitations

begin are 35 K, 200 K and 300 K, respectively [94]. Similar onset temperatures are

also suggested by the temperature dependence of infrared spectroscopy, where anom-

alies were observed in LaCoO3, PrCoO3 and NdCoO3 around 120, 220 and 275 K

respectively, and these anomalies are suggested to be caused by an increase of new

bands ascribed to the IS state of Co [82]. On the other hand, several experiments

suggested the LS state was stabilized to higher temperatures until IMT; for example,

59Co NMR measurements indicated the transition in PrCoO3 occurred at least above

300 K, and the spin-state transition and IMT happen at the same temperatures in

NdCoO3, SmCoO3 and EuCoO3 at �600 to 800 K [32, 33].

In an e¤ort to clarify this issue, the powder compound of PrCoO3 was studied

from � 10 K up to 350 K which is the temperature range below the IMT (� 600

K). The magnetism and the lattice properties were examined via the bulk magnetic

susceptibility, neutron di¤raction and inelastic scattering [98].
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7.2 When does Spin Excitation Occur in PrCoO3?

7.2.1 Bulk magnetization- Onset temperature � 200 K

For LaCoO3, the thermal-induced spin-state excitation of Co3+ signi�cantly in-

creases the bulk magnetization from 30 to 100 K. For the powder compound of PrCoO3

the bulk magnetic susceptibility was also measured as a function of temperature. How-

ever, for PrCoO3 both Pr3+ and Co3+ ions contribute to the magnetization. Fig. 7.2

shows the ZFC data for both PrCoO3 and PrAlO3. The FC data for both compounds

are almost identical to the corresponding ZFC data, which indicates the magnetic

moments of Pr3+ and Co3+ ions are not ordered. In this case, the contribution to the

magnetization only from Co3+ ions in PrCoO3 is extracted by subtracting the data

of PrAlO3 from that of PrCoO3 so that the magnetic signal from Pr3+ is excluded.

This "e¤ective" magnetization data is shown in Fig. 7.3, and the data of LaCoO3 is

also plot to be compared. It can be seen that a minimum at �200 K appeared in

the � data of PrCoO3, and this is analogous to the minimum of �35 K in LaCoO3.

Below these temperatures, �(T ) data showed Curie-Weiss-like behavior. For LaCoO3

this was suggested to be caused by the surface cobalt impurities. Above 200 K and

35 K, the � data of PrCoO3 and LaCoO3 start to increase, respectively. Therefore,

the minimum in � data suggests that the onset temperatures for the spin excitations

are 35 and 200 K for LaCoO3 and PrCoO3, respectively.
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Figure 7.2: Temperature dependence of the bulk magnetic susceptibility of PrCoO3
and PrAlO3 under the applied �eld of 1000 Oe.
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Figure 7.3: Temperature dependence of the bulk magnetic susceptibility of PrCoO3
after subtracting from PrAlO3. The data is compared with �(T ) of LaCoO3.
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7.2.2 Crystal Structure- Absence of Distortion up to RT

Co3+ ions in the IS state can cause Jahn-Teller distortions and the orthorhombic

crystal symmetry is compatible with this distortion because the symmetry allows the

Co-O bonds to be di¤erent lengths. Thus, an investigation of the crystal structure

along with the local lattice would provide direct indication if the IS Co3+ ions exist.

The neutron powder di¤raction data were obtained on NPDF (Neutron Powder Dif-

fractometer) at LANL from 12 to 350 K. The Rietveld re�nement indicated that the

crystal structure in this temperature range is orthorhombic with space group Pnma

(No. 62). Table 7.1 lists the re�ned lattice parameters, a; b; c and the coordinations

for Pr and two oxygen ions: the Pr position (4c) is at (xPr; 14 ; zPr), the oxygen ions

are located at two di¤erent positions, one (4c) is at (xO1; 14 ; zO1) and the other (8d) is

at (xO2; yO2; zO2). The Co position (4a) is at (0; 0; 0) (As for the orthorhombic unit

cell, please refer to Fig. 2.4).

Fig. 7.4 shows the Rietveld re�nement results as a function of temperature from

12 to 350 K. In (a) it can be seen that the lattice constants, a; b and c gradually

increase with temperature. In (b) the unit cell volume is compared with the one

of LaCoO3. An abrupt increase of the volume occurred in LaCoO3 around 100 K,

and it has been suggested to be caused by the increased population of excited Co3+

ion due to its larger ionic size than the one in the LS state. The unit cell volume

of PrCoO3, however, does not show any anomalies, but increases at a slower rate,

though as temperature rises to 350 K the slope becomes steeper. In accordance with
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T (K) a b c

12 5.32992(3) 7.55184(5) 5.36577(3)
100 5.32998(3) 7.55736(4) 5.36546(2)
200 5.33175(3) 7.56329(5) 5.36892(3)
300 5.34112(4) 7.57644(6) 5.37738(4)
350 5.34744(4) 7.58476(6) 5.38260(4)
T (K) Pr (xPr; 14 ; zPr) O1 (xO1; 14 ; zO1) O2 (xO2; yO2; zO2)

12
0:46859(6)
�0:00491(9)

0:00631(6)
0:06847(6)

0:28319(4)
�0:03629(3)
0:21702(5)

100
0:46856(6)
�0:00479(11)

0:00624(7)
0:06798(6)

0:28366(4)
�0:03510(3)
0:21650(5)

200
0:46965(7)
�0:00473(13)

0:00586(8)
0:06754(7)

0:28319(5)
�0:03569(4)
0:21703(5)

300
0:47061(8)
�0:00452(15)

0:00601(9)
0:06716(8)

0:28243(5)
�0:03550(4)
0:21776(6)

350
0:47108(9)
�0:00462(17)

0:00610(10)
0:06704(9)

0:28202(6)
�0:03544(5)
0:21802(7)

Table 7.1: Rietveld Re�nement Results for PrCoO3 from 12 to 350 K.
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Figure 7.4: A summary of the Rietveld re�nement results of PrCoO3 from 12 to 350
K. (a) the lattice parameters of orthorhombic unit cell, a, b and c. (b) the unit
cell volume compared with the one of LaCoO3. (c) three Co-O bond lengths in an
octahedron. (4) two Co-O-Co bond angles.

the orthorhombic symmetry, there are three distinctive Co-O bond lengths in one

octahedron. However, the re�nement results plotted in (c) show that the di¤erences

between the three Co-O bond lengths are as small as the order of 10�3 Å. The largest

di¤erence occurred at 100 K, which also corresponds to the largest di¤erence of two

distinctive Co-O-Co bond angles, shown in (d). More importantly, as the temperature

rises, the di¤erences of Co-O bond lengths and Co-O-Co bond angles become less

pronounced, which is opposite to the expectation assuming the excitation to the IS

state occurred around 200 K.

Our local structure study further con�rmed the absence of the possible IS state

Co3+ at least up to 350 K. Fig. 7.5 is the PDF of PrCoO3 from 12 K to 350 K. The
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Figure 7.5: The PDF of PrCoO3 from 12 to 350 K obtained on the time-of-�ight
machine NPDF. The inset is the blow up of the �rst peak.

inset is an enlarged view of the �rst peak which corresponds to the Co-O bonds in

the octahedron. Though the orthorhombic symmetry is compatible with the potential

J-T distortion, there is no visible bond splitting in the �rst peak. Even the splitting

purely due to the lattice symmetry is not visible due to the �ne di¤erences. As the

temperature increases, all the peaks only became broader due to the increased thermal

vibrations of the atoms around their equilibrium positions. Fig. 7.6 is a comparison

of the experimental PDF at 12 K with the calculated model using Pnma symmetry,

which appear to match each other very well.

In summary, there is no visible lattice distortion, at least up to 350 K based on both

the Rietveld re�nement and the PDF analysis. The absence of the lattice distortion

with the space group of Pnma directly indicated the absence of IS Co3+. However,

considering that PrCoO3 remains in the paramagnetic state, and the results based
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Figure 7.6: A comparison of the PDF of PrCoO3 at 12 K between the experiment
data and the calculated model based on the orthorhombic crystal symmetry.

on the di¤raction re�ect an average information about the lattice, the absence of a

static lattice distortion may not completely rule out the possibility for the occurrence

of a spin-state transition which was suggested from the bulk magnetization. Thus, a

preliminary search for a single ion excitation that is associated the thermal induced

spin-state transition was carried out via inelastic neutron scattering.

7.2.3 Low Energy Spectrum of PrCoO3

The low energy spectra of LaCoO3 showed an excitation at 0.6 meV with a clear

temperature dependence, indicating a spin-�ip excitation associated with the spin-

state transition. For PrCoO3, based on the bulk � which suggested onset temperature

is �200 K a characteristic excitation was expected to appear starting from �200 K.
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Thus, the energy scans on the powder sample of PrCoO3 were carried out on DCS

from 10 K to 300 K.

Fig. 7.7 shows the negative energy spectra at di¤erent temperatures. The spectra

at all temperatures are clearly dominated by an excitation at �6 meV. Three other

excitations at �7.5 meV, �10 meV and �13.5 meV are also recognized up to 150 K.

The 6 meV excitation started to appear from the lowest temperature of 10 K, and

as temperature rose to 50 K, its intensity signi�cantly increased and the other three

excitations started to show up. By 100 K, the intensity of the 6 meV excitation kept

barely unchanged but became broadened and as temperature continued rising, the

peak became much more broadened and the peak height started to be lowered.

In short, these excitations start from as low as 10 K and become stronger and

broader as temperature rises. This is distinctively di¤erent from the temperature

dependence of the excitation associated with the thermal spin-state transition, which

needs to be "heated up" to a certain temperature. For LaCoO3, it takes ~50 K

for the excitation to be well recognized. For PrCoO3, as suggested by the bulk

magnetic susceptibility measurements, the onset temperature of the possible thermal

spin excitation is around 200 K. Besides, the energy scale of these excitations is one

order larger than the 0.6 meV excitation. Therefore, the nature of these excitations

is unlikely related to the thermal spin excitation. Instead, considering Pr3+ ion (4f 1)

has one f electron , the excitations are most likely associated with the crystal �eld

splitting of the f electron. The possible characteristic energy transfer associated with
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Figure 7.7: Temperature dependence of the energy spectra of PrCoO3 powder from
10 to 350 K obtained on DCS.

the spin excitation of Co3+ ion itself, however, has not been observed up to 350 K.

7.3 Summary

For the other members of rare-earth perovskite cobaltites such as PrCoO3, the

smaller size of A-site ions than La3+ results in the lower lattice symmetry, orthorhom-

bic Pnma, which may raise the crystal �eld splitting and, therefore, the onset tem-

perature for the thermally induced spin-state excitation. The bulk magnetic suscep-

tibility measurements suggested that the spin excitation starts from around 200 K.

However, no lattice distortion was observed up to 350 K based on the neutron di¤rac-

tion data via Rietveld re�nement and PDF analysis, indicating the absence of static
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IS Co3+. The inelastic neutron experiment was then followed up to measure the low

energy spectra up to 16 meV as a function of temperature. However, the spectra were

dominated by the excitations associated with the crystal �eld splitting of f electrons

of Pr3+ ions. The possible single-ion excitation analogous to the 0.6 meV excitation

in LaCoO3 may shift to above 350 K or may be covered by the strong inelastic in-

tensities from Pr3+ ions. In the near future, in order to exclude these intensities the

same energy spectra could by measured on PrAlO3 and then by subtracting them

from the spectra of PrCoO3, the contribution only from Co3+ may be extracted.
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Chapter 8

Conclusions

The magnetism in doped LaCoO3 was studied via neutron scattering techniques.

It was found that on an atomic scale, an unconventional magnetism in the insulating

state of doped compounds is not uncommon in terms of the following: the spin states

and the spin correlations are both correlated with a subtle lattice change due to

doping whether it is A-site hole doping or B-site magnetic ion doping; On the other

hand, the nature of magnetic interactions can be di¤erent depending on the dopants

because it is determined by the interaction of magnetic Co3+ ions with holes or other

magnetic ions such as Ni3+, which inherently is related with the electrical conductivity

as a Mott insulator. In this dissertation, the e¤ort towards gaining a microscopic

understanding of the causes of unconventional magnetism and its consequences on the

electric conductivity and the IMT was described. The following are several important

results regarding the di¤erent doped systems.



137

For the A-site hole doped systems, it had been previously known that coexistence

of FM and IC magnetic phases prevails in the SG state of La1�xSrxCoO3. The current

work showed that such a magnetic phase separation is not unique to Sr doping. In

La1�xBaxCoO3, the IC correlation develops into an AFM order. With an increase

in the Ba concentration, the AFM correlations eventually develop into long-range

order. In La1�xCaxCoO3, however, the AFM correlation is absent along with the SG

state. The magnetic phase separations thus show a strong correlation with the A-site

dopant. Considering that the ionic size of the divalent dopant increases signi�cantly

from Ca to Sr to Ba and that a resulting large A-site ionic size variance in Sr and

Ba systems could possibly cause an inhomogenous local lattice, the magnetic phase

separation and its trend may be understood to be driven by lattice inhomogeneity,

where the subtle di¤erences in the local lattice due to the dopants accommodates

di¤erent magnetic correlations.

For the B-site magnetic ion doping, it was already known that the macroscopic

magnetic and electric transport properties are essentially di¤erent in LaCo1�yNiyO3

and LaCo1�yFeyO3. The di¤erence suggested that the ground state of Co3+ ions could

be magnetic in LaCo1�yNiyO3 but nonmagnetic in LaCo1�yFeyO3. In the current

work, this was con�rmed through microscopic evidence of a lattice distortion and a

magnetic excitation which are associated with Co3+ in the magnetic states. It was

found that while the lattice of both systems has a trigonal symmetry, an enhanced

lattice distortion along the trigonal axis was only observed in LaCo1�yNiyO3. It was
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argued that this distortion is invoked to break the degeneracy of the magnetic Co3+

ions while maintaining the Co-O bonds at a constant length. A magnetic excitation

at � 1:1 meV at T! 0 K was identi�ed only in lightly doped LaCo1�yNiyO3. The

intensity of this excitation cannot be fully accounted by the trace amount of Ni3+

ions, and thus some of the Co3+ ions bear non-zero spins even without warming.

Furthermore, for LaCo1�yNiyO3 it was previously reported that on its insulating

side the resistivity follows variable range hopping and its IMT was characterized to be

Mott-Anderson type which occurred at a much higher doping concentration than the

FM transition. On the other hand, it was known that in the hole doped systems, the

IMT was coincident with a FM transition, and the IMT was understood to be caused

by a percolation of FM metallic clusters in the frame of DE. This suggested that the

role of magnetism upon the IMT could be fundamentally di¤erent between hole dop-

ing and Ni doping; the magnetic exchange mechanism in LaCo1�yNiyO3 is therefore

insu¢ ciently described by DE. However, little was known about LaCo1�yNiyO3. In

the current work, this issue was addressed through investigations of the microscopic

magnetism of LaCo1�yNiyO3 from the paramagnetic state to the SG state. It was

found that the magnetic correlation in LaCo1�yNiyO3 was exclusively FM and that

when it is in the paramagnetic state, the FM spin �uctuations were associated with a

1.1 meV excitation. These results suggested that the interaction of the spins of Co3+

with the doped electrons is fundamentally di¤erent from the interaction with holes.

This has direct consequences on the magnetism and its relation with the electron
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conductance and IMT. Two possible scenarios are proposed: (1) the FM coupling

can be a FM super-exchange via Ni3+-O2�-Co3+ and because the dopant Ni3+ brings

about an electron in an eg orbital unlike hole doping which provides two empty eg

orbitals, the FM couplings can be constrained into one- and/or two- dimensional con-

�gurations, which have a lower chance to percolate. (2) The nature of FM coupling

is fundamentally di¤erent from super-exchange if the 1.1 meV excitation is associ-

ated with the excitation energy levels for FM coupled spins which are not necessary

the closest neighbors, because the extracted magnetic exchange constant is one order

smaller than DE. A RKKY-like mechanism within the immediate vicinity of dopant

Ni3+ where the FM coupling is mediated by the itinerant electrons of Ni3+ via Co3+-

e�-Co3+ is therefore proposed.

Finally, it has already been known that the temperature for the thermal spin-state

transition is raised higher in other cobaltites, such as PrCoO3. However, it has not

been clear exactly what temperature the spin excitation occurs as well as the relation

between the spin excitation and IMT. In the current work, the neutron scattering

di¤raction and spectrum suggested that the excitation may occur at a temperature

that is at least above 300 K.

In summary, the current work provides a signi�cant amount of information about

magnetism on an atomic scale in a series of perovskite cobaltites. The interplay

between the lattice, magnetism and conductivity was thoroughly discussed.
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