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Bond-length fluctuations with different origins have been investigated by 

thermal conductivity measurement performed on La1.60-xNd0.40SrxCuO4, RCoO3, 

and RVO3 single crystals grown by floating zone method. Thermal conductivity 

has been proved to be a sensitive probe to bond-length fluctuations in strongly-

correlated transition-metal oxides.  

 

Superconductivity in cuprates occurs at a crossover from localized to 

itinerant electronic behavior. The segregation of localized spins and delocalized 

holes into hole-poor and hole-rich regions in La2-xSrxCuO4 induces bond-length 

fluctuations via a strong electron-lattice coupling. This bond-length fluctuation 
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suppresses in-plane thermal conductivity due to charge fluctuations in this quasi-

2D system. In the La1.60-xNd0.40SrxCuO4 system, the low-temperature orthorhombic 

(LTO) phase transforms into a low-temperature-tetragonal (LTT) phase with 

decreasing temperature. The hole-rich regions order into static stripes in the LTT 

phase of La2-x-yNdySrxCuO4; this charge order revives the phonon contribution to 

the thermal conductivity. The phonon thermal conductivity in the normal state of 

LTT phase and the LTO phase of some underdoped compositions of LSCO calls 

for reconsideration of the role of bond-length fluctuations on superconducting 

pairing in different structures. Suppression of the phonon thermal conductivity in 

the Mott-Hubbard insulator RCoO3 is interpreted to be caused by the spin-state 

transition from the low-spin t6e0 ground state to a higher spin-state, either 

intermediate-spin t5e1 or high-spin t4e2, with increasing temperature. RVO3 offers 

us a unique chance to study the bond-length fluctuations caused by strong spin-

orbital-lattice coupling. An unusually strong orbital-lattice and spin-lattice 

coupling has been clearly demonstrated. 
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Chapter 1   Introduction 

 

Transition-metal oxides have long been research subjects as these materials 

exhibit a lot of exotic structural, magnetic, and electronic behaviors and 

demonstrate a wide range of application in industry. In transition metal oxides, 

strong correlations between spin, orbital and charge degrees of freedom and lattice 

distortions play a crucial role in a large variety of intriguing physical properties 

such as the Mott transition, high-Tc superconductivity, and colossal 

magnetoresistance (CMR).1, 2 These strong correlations may induce bond-length 

fluctuations that may develop short-range cooperative order to give two-phase 

fluctuations in what appears to be a single phase to a diffraction experiment. They 

may give anomalously large Debye-Waller factors, but they are not otherwise 

detected by a conventional diffraction experiment. However, they can be detected 

directly by fast experimental probes, and they may be inferred indirectly from 

several unusual physical properties that they impart to a crystalline solid. Thermal 

conductivity has been proved to be a sensitive probe to bond-length fluctuations. 

 

Superconductivity occurs in the p-type cuprates in a narrow range of hole 

concentrations centered near p≈1/6 at a crossover from localized to itinerant 

electronic behavior, a transition that is first-order. High-temperature 

superconductors exhibit locally cooperative bond-length fluctuations characteristic 

of an inhomogeneous electronic character and/or distribution. The phase 

segregation at lower temperatures is self-organized into hole-rich and hole-poor 

stripes; the hole-poor stripes retain localized-electron spins whereas the hole-rich 

stripes contain either itinerant electrons or hole-rich molecular-orbital clusters. 

Both static and dynamic stripes have been detected by several experimental 
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techniques in cuprate superconductors. Analysis of thermal conductivity can probe 

the bond-length fluctuations associated with mobile stripes or other forms of 

dynamic phase segregation in cuprates. 

 

The RCoO3 perovskites are distinguished from other RMO3 (M=transition 

metal) families by a spin-state degree of freedom. Co(III) ions in oxygen-

stoichiometric undoped RCoO3 experience a spin-state transition from the low-

spin t6e0 ground state to higher spin-state, either intermediate-spin t5e1 or high-spin 

t4e2, with increasing temperature. The spin-state transition involves an electron 

transfer from a π-bonding t orbital to a σ-bonding e orbital. Therefore, RCoO3 

offers us a chance to investigate the bond-length fluctuations induced by spin-state 

transitions and related variations in physical properties. 
 

 

Finally, the RVO3 perovskite family has been regarded as one of the most 

prototypical systems that show spin-orbital-lattice coupled phenomena. The V(III): 

t2σ*0 configuration of the RVO3 family has no electron in the σ* band of e-orbital 

parentage, and long-range t-orbital order sets in below a TO ≥ TN; the local site 

distortion is in a direction to lower the orbital angular momentum, i.e. tetragonal 

(c/a>1). The long-range orbital ordering (OO) that minimizes the cost in elastic 

energy places the long axes of the tetragonal sites in (001) planes alternating 

between [100] and [010] directions as in LaMnO3, resulting in the splitting of the 

V: t2g orbitals into a doublet of lower energy and a singlet of higher energy. The 

doublet contains the xy orbital, which is always occupied, and either the zx or yz 

orbital. The empty yz and zx orbitals could be ordered as G-type or C-type as 

shown in Fig. 54. The orbital order induces corresponding C-type or G-type spin 

ordering (SO), also is shown in Fig. 54. With larger R3+-ion radius, the tolerance 
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factor approaches unity and the cooperative VO6/2 octahedral-site rotations for the 

orthorhombic lattice distortion are small; in this case, the antiferromagnetic 

structure at low temperature, but above the ordering temperature of R3+-ion spins, 

is C-type. However, in RVO3 with relatively small R-site ions, the spin ordering at 

the ground state is G-type. The orbital ordering of t2g electron systems is reflected 

structurally to a less extent than that of eg systems, but it can still have a dramatic 

influence on the physical properties. A prominent feature of the RVO3 system is 

that both OO and SO take place at temperatures below 300 K. Compared with the 

OO of LaMnO3 at T>750 K, RVO3 offers us a good chance to probe the bond-

length fluctuations caused by strong spin-orbital-lattice coupling by thermal-

conductivity measurement. 
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Chapter 2 Theoretical Background 

In this Chapter, I present a discussion of the theoretical framework on 

which interpretation of the experimental measurements will be based. 

 

2.1 Structural Considerations  

 

2.1.1 The Geometric Tolerance Factor 

The ideal AMO3 perovskite has the cubic structure of Fig.1. The AMO3 

cubic-perovskite structure contains A cations in twelvefold and M cations in 

sixfold oxygen coordination.  
 

                                  

                                                  Figure 1 Ideal AMO3 cubic-perovskite structure 
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  Matching of the equilibrium A−O and M−O bond lengths would 

correspond to a geometrical tolerance factor: 

                   t ≡<A−O>/ 2 <M−O>                                                      (1) 

where the equilibrium bond lengths are normally calculated for room temperature 

and atmospheric pressure from the sums of ionic radii; the radii have been 

obtained from X-ray diffraction data and are available in tables.3 In the oxygen-

stoichiometric perovskites, the MO3 array contains a single M atom and no 

vacancies, but the t factor and the oxidation state of the MO3 array are varied by 

introducing A cations of different size and charge. With mixed A cations and a 

mixed valence on the MO3 array, averaged equilibrium bond lengths are used in eq 

1. 

 

At t < 1, the M−O bonds are under compression and the A−O bonds are 

under tension. The lattice relieves these stresses by cooperative rotations of the 

corner shared MO6 octahedra about a cubic crystallographic axis, which bends the 

M−O−M bond angles from 180° to (180° − φ) and reduces the number and length 

of the shortest A−O bonds. These cooperative rotations also reduce the crystal 

symmetry: rotations about a [001] axis give tetragonal symmetry I4/mcm, those 

about a [111] axis give rhombohedral ( ) symmetry, those about a [110] axis 

give orthorhombic (Pbnm or Pnma) symmetry, and those about a [101] axis give 

orthorhombic (Imma) symmetry. Phase transitions involving oxygen-atom 

displacements away from one M atom near neighbor toward the other are 

superimposed on these cooperative rotations. The perovskite compositions 

discussed in this thesis all have either the orthorhombic or the rhombohedral 

structure. 

_
3cR
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The thermal expansion and the compressibility of the A−O bond are 

normally larger than those of the M−O bond, which is made evident by the 

relations 

dt/dT > 0 

    and                           dt/dP < 0                                                                (2) 

The normal pressure dependence dt/dP < 0 has been demonstrated experimentally. 

However, at a crossover from localized to itinerant electronic behavior, a dt/dP > 0 

signals an unusually high compressibility of the equilibrium <M-O> bond length, 

which is a necessary characteristic for the flat or double well bond potential that is 

required for bond-length fluctuations.  In the perovskites of this study, a dt/dP > 0 

is found and is a critical aspect of the crossover from localized to itinerant d-

electron behavior. 

 

2.1.2 Virial Theorem 

 For central-force fields, the virial theorem of mechanics becomes 

                         2 <T> + <V> = 0                                                               (3) 

and a change from localized to itinerant electronic behavior corresponds to a 

decrease in the mean kinetic energy <T> of the electronic system that must be 

compensated by a decrease in the magnitude of the mean potential energy |<V>| of 

the electrons. The d-like electrons of an MO3 array that undergo such a change 

occupy antibonding states, so a shortening of the M−O bond decreases |<V>| and is 

associated with a change from localized to itinerant electronic behavior. 

 

A global change from localized to itinerant electronic behavior would give 

a discontinuous change in <T>, and the corresponding discontinuous change in 

<V> would result in a discontinuous change in the equilibrium M−O bond length 
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and hence in a first-order phase change. In this case, the M−O bond energy has a 

double well or becomes flat at crossover, and the localized-electron phase has an 

anomalously large compressibility of the M−O bond, which makes dt/dP > 0. 

Moreover, a segregation into an itinerant-electron phase and a localized-electron 

phase can be expected at a first-order crossover. In the MO3 array of a perovskite, 

such a phase segregation can be stabilized at temperatures too low for atomic 

diffusion by cooperative oxygen-atom displacements that create shorter and longer 

M−O bond lengths. These cooperative oxygen displacements may be long-range 

and static or short-range and dynamic. 

 

2.2 Electronic Considerations 

 

2.2.1 Valence Electrons and 4fn Configurations 

The ionic Madelung energy of an AMO3 perovskite stabilizes filled 

bonding bands that are primarily O-2p in character and are separated from 

antibonding, primarily cationic s and p bands by a large (~ 6 eV) energy gap. 

Lanthanide A cations Ln introduce empty 5d states that overlap the antibonding s 

bands. 

 

The 4fn configurations at the Ln atoms are localized, and the intraatomic 

electron−electron coulomb energies U separating 4fn and 4fn+1 configurations are 

large, U > 5 eV. Consequently the Ln atoms can have only a single valence state 

unless a 4fn configuration falls in the energy gap between the filled O-2p bands 

and the empty antibonding bands. However, Ce4+ is too small to occupy the A site 

of a perovskite and the Eu2+: 4f7 level, which is stable relative to the bottom of the 

3d band in EuTiO3, lies above the Fermi energy in the other EuMO3 oxides 
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containing first-long-period transitionmetal atoms M. In the perovskite-related 

oxides to be discussed, only the Pr:4f2 level lies close enough to the Fermi energy 

εF of a partially filled band to pose any ambiguity about the valence state of the Ln 

cation, and this ion only in the presence of the Cu(III)/Cu(II) couple.  

 

2.2.2 M-3d Electrons 

In the AMO3 perovskites containing a first-long-period transition-metal 

atom M, the M-3d electrons may be either localized or itinerant. To understand 

this phenomenon, we begin with the construction of crystal-field 3d orbitals and 

then consider the nature of the interactions between localized crystal-field 

configurations on neighboring M cations and how the crystal-field approximation 

breaks down. 

 

Crystal-Field Considerations 

 The five 3d orbitals of a free atom are degenerate; but with more than one 

electron or hole in the 3d manifold, the spin degeneracy is removed by the 

ferromagnetic direct-exchange interactions between electron spins in orthogonal 

atomic orbitals. The energy splitting between localized spin states will be 

designated ∆ex. 

 

The atomic orbitals fm with azimuthal orbital angular momentum operator 

Lz, where Lzfm  = -iћ(∂fm/∂φ) = ±mћfm, have the angular dependences  

f0  ~  (cos2θ − 1) ~ [(z2 − x2) + (z2 − y2)]/r2 

                              f±1  ~  sin 2θ exp(±iφ) ~ (yz ± izx)/r2 

                              f±2  ~  sin2 θ exp(±i2φ) ~ [(x2 − y2) ± ixy]/r2                       (4) 
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In an octahedral site, the xy and (yz ± izx) orbitals only overlap the 

neighboring O-2pπ orbitals whereas the [(z2 − x2) + (z2 − y2)] and (x2 − y2) orbitals 

only overlap the O-2s, 2pσ orbitals. The resonance integrals bca ≡ (fm, H’φO) ≈ 

εmO(fm, φO) describing the energy of charge transfer to the empty M-3d orbitals 

from the same-symmetry sum of near-neighbor oxygen orbitals φO contain both an 

overlap integral (fm, φO) and a one electron energy (εmO) that are larger for σ-

bonding than for π-bonding. Therefore, the antibonding states of a σ-bond are 

raised higher in energy than those of a π-bond and, as a consequence, the cubic 

symmetry of the octahedral site raises the 2-fold-degenerate pair of σ-bonding e 

orbitals, the [(z2 − x2) + (z2 − y2)] and (x2 − y2) orbitals, above the 3-fold-

degenerate set of π-bonding t orbitals xy, (yz ± izx) by an energy ∆c and quenches 

the orbital angular momentum associated with m = ±2. 

 

If the empty 3d orbitals of a degenerate manifold lie an energy ∆Ep above 

the O-2p orbitals and ∆Es above the O-2s orbitals, the antibonding d-like states 

may be described in second-order perturbation theory to give the crystal-field 

wave functions 

ψt = Nπ (ft − λπφπ)            m = 0, ±1 

ψe = Nσ (fe − λσφσ − λsφs)     m = 0, 0                              (5) 

provided the covalent-mixing parameters are λπ ≡ bπ
ca/∆Ep « 1 and λσ ≡ bσ

ca/∆Ep « 

1. A larger ∆Es keeps λs « 1 where eq 5 is applicable. If ∆Ep becomes too small or 

becomes negative, the perturbation expansion breaks down and an isolated MO6 

complex must be described by molecular-orbital (MO) theory. According to the 

second-order perturbation theory, the antibonding states are raised by the M−O 

interactions an energy  
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                        ∆ε =| bca |2/∆Ei                                                                           (6) 

and the cubic-field splitting is  

                        ∆c = ∆εσ − ∆επ = ∆M + (λσ
2 − λπ

2) ∆Ep + λσ
2∆Es                      (7) 

where ∆M is a purely electrostatic energy that is small and of uncertain sign due to 

the penetration of the O2- ion electron cloud by the crystal-field wave functions. 

Omitted from eqs 5 and 7 is the interaction of the ψt orbitals with the empty A-

cation wave functions, which lowers the magnitude of an effective λπ and 

increases ∆c.  

 

The cubic-field splitting ∆c is the same order of magnitude as the 

intraatomic exchange energy ∆ex, and the d4 − d7 configurations may be either 

high-spin t3e1, t3e2, t4e2, and t5e2, where ∆ex > ∆c, or low-spin t4e0, t5e0, t6e0, and 

t6e1, where ∆c > ∆ex. The covalent mixing of O-2p wave functions into ψt and ψe 

lowers the intraatomic electron-electron coulomb energies, which makes Uσ < Uπ; 

it also lowers the intraatomic exchange splitting ∆ex and increases ∆c. Therefore, 

stronger covalent mixing stabilizes low-spin relative to high-spin configurations. 

Moreover, the effective energy Ueff required to add an electron to a dn manifold to 

make it dn+1 must take into account ∆c as well as ∆ex. 

 

M-O-M Interactions 

 In the perovskite structure, the separation between next-near-neighbor M 

atoms is too large for significant M−M ψt-orbital interactions; the dominant 

interactions between d-like orbitals centered at M atoms are the (180° − φ) 

M−O−M interactions. The spin-independent resonance integrals for these 

interactions are  

bπ
cac ≡ (ψti’ H’ψtj) ≈ επλπ

2 
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bσ
cac ≡ (ψei’ H’ψej) ≈ εσλσ

2 cos φ                            (8) 

where λπ varies with the acidity of the A cation as well as with φ. In the absence of 

a localized spin on the M atoms, the tight-binding bandwidths for these 

interactions are 

Wπ  ≈ 2zbπ
cac and Wσ  ≈ 2zbσ

cac                                       (9) 

 where the number of like nearest neighbors is z = 6 for an MO3 array. Because λσ 

> λπ and φ  is small, it follows that  

                                            Wσ > Wπ                                                               (10) 

A Wπ < Ueff relationship can leave a tn manifold localized in the presence of a Wσ > 

Uσeff relationship that transforms localized e orbitals into an antibonding σ* band 

of itinerant electron states. This situation arises in the RCoO3 family at higher 

temperatures. 
 

Where a ∆Ep ≈ 0 is formed, the perturbation expansion leading to eq 5 is 

not applicable. In this case, the covalent mixing of M-3d and O-2p states is so 

extensive that band theory must be used. Nevertheless, covalent mixing gives the 

antibonding orbitals d-like symmetry and raises them to the top of the O-2p bands. 

What changes at the crossover ∆Ep ≈ 0 is the spectral weight in the antibonding 

bands from primarily M-3d to primarily O-2p character. Where this happens in a 

single-valent semiconductive oxide, the energy gap from the top of the filled bands 

to the lowest unoccupied redox energy has been referred to as a charge-transfer 

gap ∆ as opposed to an intraatomic Ueff. However, where the spectroscopist 

identifies a ∆ as against a Ueff, further oxidation of a perovskite MO3 array does 

not normally introduce holes into bonding or nonbonding O-2p bands, but into a 

strongly hybridized antibonding band of d-like symmetry. As is illustrated in the 

La2-xSrxCuO4 system, a ∆Ep ≈ 0 can manifest itself in the formation of molecular 
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orbitals in hole-rich metal−oxygen clusters or by the formation of itinerant 

electrons in antibonding π* or σ* bands of M-3d parentage. 

 

2.3 Thermal Conductivity 

The thermal conductivity coefficient, κ, of a solid is defined with respect to 

the steady-state flow of heat down a long rod with a temperature gradient:4 

                                          
dx
dTκ−=Q                                                     (11) 

where Q is the flux of thermal energy, or the energy transmitted across a unit area 

per unit time; κ is the thermal conductivity coefficient of the solid. 

 

In conducting solids, possible heat carriers are charge carriers (electrons or 

holes), lattice thermal excitations (phonons), and magnetic excitations (magnons). 

Thus, thermal conductivity behavior reflects properties of these quasiparticles and 

the interactions among them. From the kinetic theory of gases, the thermal 

conductivity of any type of heat carriers could be described by:   

                                           lCT v

−

= νκ
3
1)(                                               (12) 

where Cv is the specific heat per unit volume,  
_

ν  is the average velocity of the heat 

carriers, l is the carrier mean free path which is the average distance the heat 

carriers travel before experiencing a collision. The mean free path depends on the 

velocity and the relaxation time τ, l=ντ. Thus the above equation is  

τκ
2

3
1

3
1)(

−−

== vClvCT vv                                      (13) 

In a single phase, 
_

ν  is essentially the velocity of sound. Therefore, thermal 

conductivity is determined by the specific heat and mean free path of heat carriers. 
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A major problem in analyzing thermal conductivity data is determining the 

contribution of each quasiparticle. Generally, the heat transport via electrons, 

phonons and magnons occurs in parallel. Thus 

meph κκκκ ++=                                         (14) 

where κph, κe and κm are the contributions from phonons, charge carriers and 

magnons, respectively. 

 

2.3.1 Phonon thermal conductivity 

  In general, the behavior of the phonon thermal conductivity is determined 

by the scattering of phonons by phonons, other quasiparticles (charge carriers 

and/or magnons), and structural defects. In order to identify the dominant 

mechanisms of phonon scattering and to estimate their relative importance, one 

general way to analyze the experimental data is to use the Debye approximation 

for the phonon density of states and the relaxation approximation for calculating 

thermal conductivity. This model assumes the same group velocities and relaxation 

rates for phonons of different polarizations. The phonon thermal conductivity is 

thus presented as: 

dxT
e

exTkkT
T

x

x
BB

ph
D ),(

)1(
)(

2
)(

/

0 2

4
33

2 ωτ
νπ

κ ∫
Θ

−
=

h
                (15) 

where kB is the Boltzmann constant, ω is the frequency of a phonon, ΘD is the 

Debye temperature, τ(ω, T) is the corresponding relaxation time and x=
TkB

ωh . 

Generally, different mechanisms of phonon scattering are supposed to act 

independently according to Matthiessen’s approximation: 
111111 ),( −−−−−− +++== ∑ pdpmpeppiT τττττωτ                               (16) 
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where subscripts pp, pe, pm, pd indicate the phonon-phonon, phonon-electron, 

phonon-magnon, and phonon-defect interactions, respectively.  

 

Phonon-phonon interactions are usually described by so-called three-

phonon processes, which are restricted by the following selection rules:5 

     321 ωωω hhh =+  

     q1+q2=q3+g                                                  (17) 

The first equation describes the so-called N-process where energy and momentum 

are conserved. The latter is the so-called Umklapp process or U process where the 

reciprocal lattice vector is g ≠ 0. 

 

Since energy and momentum are conserved, N-processes do not contribute 

to thermal conductivity. However, these processes can affect thermal conductivity 

indirectly by enhancing or modifying the effect of other scattering mechanisms 

like the phonon-defect scattering. In contrast to N-processes, the large changes in 

crystal momentum in U processes make it possible for these processes to be an 

effective source of thermal resistivity.  

 

The probability of U processes is temperature-dependent. At any 

temperature T, only thermal phonons with energy TkB≈ωh  are present in an 

appreciable number and can be involved significantly in different interactions with 

other quasiparticles. U processes play a dominant role at high temperatures 

(T ), but are of little importance at low temperatures (T<<ΘDΘ≥ D), where only N-

processes can take place at an appreciable rate.  
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This temperature dependence leads to different temperature dependences of 

phonon thermal conductivity of a rather perfect, non-metallic crystal in different 

temperature ranges. At sufficiently high temperature (T DΘ≥ ), the lattice specific 

heat is Cp=3NkB according to the Debye model. Therefore, the temperature 

dependence of κph is determined solely by that of the phonon-phonon scattering 

rate. The dominant contribution to thermal resistvity in this temperature range is 

from U processes. Since the total number of phonons is proportional to T in this 

temperature range, the scattering rate, τpp, should increase with temperature as τpp 

∝ Tn  with n=1 for the three-phonon processes. More elaborate theoretical 

calculations give 

2

3

G
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∝                                              (18) 

where a3 gives the volume occupied per atom, Ma is the atomic weight, γG is the 

Gruneisen constant. The 1/T law can be considered a good approximation for the 

lattice thermal conductivity of a fairly perfect crystals at T > ΘD. 

 

As temperature decreases below ΘD, the probability of a U process drops 

sharply and the relaxation time τpp and κph increase exponentially with decreasing 

temperature according to  

)/exp( bTT D
x

ph Θ∝κ                                   (19) 

until the phonon mean free path begins to be determined by imperfections or 

boundaries of the sample. When the temperature is low enough (T<<ΘD) and the 

mean free path is temperature independent, the temperature dependence of κph is 

determined by that of specific heat, which is proportional to T3. 
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Crystal defects are effective phonon scatters. Possible defects in 

consideration are grain boundaries, dislocations, stacking faults, point defects and 

interfaces due to phase inhomogeneity. The scattering effect of these defects 

depends on the relation between their dimensions and phonon wavelength. Among 

all the defects, the point defects are considered to be the most important scattering 

source for thermal transport. Possible point defects are impurity atoms, lattice 

vacancies, isotopes and interstitial atoms. The point defects introduce small 

perturbations of mass, force constant, and nearest neighbor distance, causing 

elastic phonon scattering. In general, the relaxation rate is thought to be 

proportional to T4. At low enough temperatures, the phonon wavelength becomes 

so long that scattering by point defects is negligible; while the scattering becomes 

appreciable at higher temperatures.  

 

2.3.2 Electronic Thermal Conductivity  

From the general expression for thermal conductivity, the electronic 

thermal conductivity is: 

                      lCeVlVCT FFee
2

3
1

3
1)( ==κ                                                  (20) 

where Ce is the electronic specific heat and VF is the fermi velocity. 

 

Since the same scatterers determine the resistance to both the charge and 

heat transport of electrons, a relationship is expected between the electrical and 

thermal conductivity; this relationship is the famous Wiedemann-Frantz (WF) law. 

0L
T
e =

σ
κ

                                                      (21) 

where L0 = 2

22

3e
kBπ  is called the Lorenz number. 
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The above law forms the basis for the separation of the electron and phonon 

contributions to thermal conductivity during analysis of experimental data. 

However, the following limitations are important in using the equation: 

(1) this equation may be used to subtract the electronic contribution for the 

total thermal conductivity to obtain the lower bound of the phonon 

contribution; 

(2) it will not be true unless Ef >> kT; 

(3) it depends on the validity of the relaxation time approximation. 

 

Generally, this law is true at the lowest temperatures where the electron-defect 

interaction is dominant and at high temperatures (T > ΘD). In the intermediate 

temperature range, a violation of the WF law takes place because the electron-

phonon scattering rate has different temperature dependence for thermal 

conductivity and electrical conductivity: 6 , while .       51
)( )( TTep ∝−

στ 31
)( )( TTep ∝−

κτ  

              

When an electron with wave vector k is scattered by a phonon into the state k’, 

the electron either absorbs or emits a phonon of wave vector q. These collisions 

are determined by the following rules as for phonon-phonon interactions: 

k’ = k ± q + g 

           εk’ = εk ± qωh                                                 (22) 

The electron-phonon collisions could be considered as quasi-elastic since the 

maximum phonon energy k DBΘ  is much smaller than the electron energy εF. At 

low temperatures, T<<ΘD, the inelastic collision (∆ε ~ kT) has a collision rate 

proportional to T3, which gives . However, this collision rate is not 

effective for electrical resistance since at low temperatures the collision should be 

31
)( )( TTep ∝−

κτ
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a N-process (g=0). The probability for an electron to gain a large scattering angle 

is proportional to (T/ΘD)2
 . Therefore, the effective rate for the electron-phonon 

relaxation for electrical resistance is . 5231
)( )/()( TTTT Dep ∝Θ∝−

στ

+

Tk

mx

x
B dxTl

e
ex

2

2
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2.3.3 Magnon thermal conductivity 

 

With a Boltzmann-type approximation, the thermal conductivity by spin 

waves is:7 

∫=
JBm

m T
akn 2/

0

22 π

π
κ

h
                        (23) 

where x=ε/kBT, lm is the magnon mean free path and ε is the magnon energy. If 

several independent scattering mechanisms have to be considered, lm could  be 

presented as: 

∑ −− = ,(),( 1
,

1 TlTl imm εε                                                           (24) 

where ls,i(ε,T) corresponds to an independent scattering chanel. This is analogous 

to the case of phonons.  

 

Although the spin-lattice interaction reduces both κph and κm since both 

quasiparticles are involved in the scattering process, not all magnon contributions 

to the thermal conductivity could be observed. Recently, magnon thermal 

conductivity has been widely observed in low-dimensional systems.8,9  

 

The energy provided by a heater generates only phonons, and the spin-

phonon interaction is needed for an energy transfer from the lattice to the spin 

 

18



system. The effective magnon thermal conductivity, km.eff, which is accessible in a 

coupled spin-lattice system, is:7 

ph
sample

sample

ph

m
phmeffm AL

AL
κ

κ
κ

κκκ −++= −1
, )

2/
)2/tanh(

1)((  

2/1
11

11
1 )( −−

−−
−

+

+
=

mph

phm
mp CC

A
κκ

τ                                                          (25) 

where Lsample is the sample length, τmp is the spin-lattice relaxation time. For very 

short spin-lattice relaxation times (τ-1-> ∞), km.eff = km. In the opposite case of a 

very weak spin-lattice interaction, however, km.eff=0  and the thermal transport by 

magnons could not be observed regardless how large the intrinsic km of the sample 

is.  
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Chapter 3 Experimental Methods 

 

In this chapter, a description of the technical aspects of experiments 

performed in this work will be given. First, I will briefly review those standard 

experimental techniques widely used in most solid-state physics labortaries such as 

electrical resistivity, thermoelectric power, magnetization, as well as structural and 

phase analysis by x-ray powder diffraction.  Then, I will go into details on the 

single-crystal orientation, thermal conductivity measurement, and single-crystal 

growth by Traveling Solvent Floating Zone (TSFZ) technique, which are less 

familiar to solid-state scientists. Special efforts were exerted on the crystal growth 

of incongruently melting compositions. A description of the TSFZ technique, 

image furnace, and the general process of single crystal growth will be given. The 

effect of process parameters on the crystal growth of incongruently melting 

compositions will be discussed explicitly with La2-xSrxCuO4 as an example. 

Crystal growth of congruently melting compositions is not so complicated and 

tends to be composition specific; thus it will be discussed in the corresponding 

chapters. The last part of this Chapter includes the crystal growth of some 

compositions that are not covered in my dissertation. I believe this summary will 

be necessary and of great help for future reference.   

 

3.1 Electrical Resistivity Measurements 

Low-temperature resistivity measurements in the interval 4 K < T < 320 K 

were performed with a four-probe technique on specimens with a rectangular 

geometry having typical size of 0.5 × 0.5 × 3 mm3. Four pieces of copper wire are 

attached to the surface of the specimen via an Indium pad or silver epoxy; the 
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inner two copper wires pick up the voltage while the other two apply a small 

current. The specimen is mounted on a small piece of mica glass with a very small 

amount of thermal compound. The whole assembly is put on a round thin sheet of 

copper with a copper cap to shield it. The cooling system is a closed-circle 

refrigerator with He gas as refrigerant. A Lakeshore silicon diode temperature 

sensor is put on the cooling head. Temperature is monitored and controlled by a 

Lakeshore temperature controller Model 340. Current is provided with a Keithley 

Model 224 Current Source and voltage is recorded with a Keithley 181 nano-

voltage meter. Data are recorded under GPIB control of these instruments with a 

personal computer. To eliminate the contribution of the contact potential, opposite-

direction currents are applied at each measuring point.  

 

This four-probe method with rectangular specimen has been found to be 

accurate for samples with resistivity higher than 10-3 Ωּcm; some uncertainty will 

be encountered for  ρ ≤ 5 × 10-4 Ωּcm. The error mainly comes from the 

measurement of sample size and/or contact size.      

 

3.2 Thermopower Measurements 
Thermoelectric power measurements were performed on a laboratory-built 

system diagramed in Fig. 2. Specimens are mounted between two brass heater 

stages, each controlled independently by a Lakeshore Model 304 Temperature 

Controller with DT-470 sensing diodes. The stage is sheltered in a styrofoam 

canister and submerged into a liquid-nitrogen dewar. A liquid-helium dewar is 

used when low-temperature (5 K-90 K) thermopower is measured. Computer 

control commands the temperature controllers to a target temperature, and 

measures of voltage across the brass stages ∆V0 and temperature difference ∆T0 
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are made. The temperature controllers are then programmed to ±1 K about the 

different target values, and again the voltage of metallic stage ∆V1 and the 

temperature difference ∆T1 are measured. Without considering the contribution to 

the thermoelectric power from the copper leads, the thermoelectric power of the 

specimen is:  
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However, after making correction for the copper-lead contribution, the 

thermoelectric power of the specimen becomes  
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where αCu is the thermoelectric power of the copper lead.  

 

                                  Figure 2.  Schematic diagram for the measurement of thermopower 
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3.3 Magnetic Measurements 
Magnetic properties are measured with a Quantum Design (SQUID) 

magnetometer in the temperature interval 2 K < T < 400 K at magnetic fields from 

–5 T to 5 T. Measurement of magnetic properties with this device is quite common 

in solid-state labs. I do not wish to discuss more details here. However, I would 

like to comment on the measurement of samples with small magnetic response. 

Usually, a quartz tube or Gelatin capsule is used as sample holder. But the 

contributions from the holders are too large for samples like cuprates at normal 

states having magnetization of ≤ 10-5 emu even when a relatively large piece of 

sample is used. In this case, a uniform, slim, pure copper wire may be used as the 

sample holder.  

 

 3.4 X-ray Powder and Laue Diffraction 
X-ray powder diffraction was used to determine the crystal structure and 

Laue back diffraction to determine crystal quality and the orientation. Crystal 

structure measurements were performed on a Philips PW 1729 powder X-ray 

diffractometer equipped with a pyrolytic graphite monochromator and Cu Kα 

radiation (λ = 1.54187 Å). Samples were ground into fine powder and coated onto 

a glass slide with amyl acetate. Silicon was used as the internal standard and 

counts vs 2θ were recorded between 10-80° at 0.02° intervals at a rate of 10 s/step. 

The data were later analyzed with the program JADE. The accuracy of the lattice 

measurement is estimated to be ± 0.001 Å.  

 

Laue back diffraction was performed on a similar x-ray generator with data 

collected by a Fuji image plate (IP). The Fuji imaging plate consists of a 

radiosensitive layer of phosphor crystals on a polyester backing plate. The unique 
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design makes it reusable and easy to handle. When exposed, the IP accumulates 

and stores the irradiated radio-active energy.  

 

Images are then recorded by the FUJIFILM Bio-imaging Analyzer BAS-

1800II. When the exposed IP is inserted into the IP reader and then scanned with a 

semiconductor laser beam, it emits luminescence in proportion to the recorded 

radiation intensity. This luminescence is detected by a photomultiplier tube and 

converted into electrical signals. Image data are recorded as digital values on the 

hard disk for further analysis. To achieve optimum results, the IP should be read as 

soon as possible after exposure. The image recorded on the IP is read as high-

resolution digital data at up to 50 µm per pixel (20 pixels/mm). 

 

After recording images by the IP reader, the IP was exposed evenly to the 

light within the IP eraser; thus the IP could be reused repeatedly. It usually takes 

20 minutes to completely erase the image before the IP can be reused. 

 

Because the IP can be used repeatedly by uniformly exposing it to light to 

erase images after they have been read, the cost is low. Moreover, the image 

process can be performed significantly faster than the conventional x-ray film 

methods. The advantages of the BAS-1800II can be summarized as follows: 

• Ultra-high resolution compare to a conventional x-ray film image;  

• Proprietary reusable imaging plate featuring high sensitivity, wide dynamic 

range, excellent linearity and high resolution; 

• Reading accomplished in under 3 minutes; 

• High resolution and sharpness compared with other filmless systems; 

• Linearity superior to any similar system;  
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• Ease of installation and operation; no darkroom, film processor, chemicals 

and plumbing required. 

The digital images are saved in a computer and could be edited with Image 

Gauge 3.46, which can adjust the contrast, brightness, size, color of the images. 

Crystal orientation was then performed with OrientExpress. OrientExpress is a 

shared software, which is available at 

http://www.ccp14.ac.uk/tutorial/lmgp/orientexpress.htm and could be used to 

orient a single crystal of known unit-cell dimensions from a single Laue 

photograph. A typical window of OrientExpress while orienting is shown in Fig. 3. 

The key processes of the orientation are: 

(1) Select the Data, Keyboard option via the menu to enter the data on your 

sample, (Cell, system, lattice type). The data can also be retrieved from a 

saved *.dat file containing the necessary information by using the Data, 

File menu; 

(2) Center and scale the image under the Origin, and Scale menu options. Use 

circle to minimize the error. Choose measure to scale the image by 

measuring the distance between the two marks on IP; 

(3) After centering and scaling, select the Measure coord menu option and 

choose spots by clicking on them with the mouse. When you click on a 

spot, a thief window will come up to help you click on the center of the 

spot. The chosen spots must have Miller indices as small as possible (often 

lying at the crossing of zonal lines).  
(4) After selecting enough spots (4 to 6 is the best), save the coordinates using 

the Save coord menu option and select Indexing search from the menu 

and index the pattern. The program will automatically index the pattern. 

Sometimes there are than 30 options; choose the reasonable one that fits 
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the pattern best. The default values for h, k, and l are from –2 to +2. 

Therefore, sometimes you need to change these values if you choose some 

spots with large Miller indices; 

 

 

                              Figure 3 A typical window of OrientExpress while orienting crystal 

 

(5) After indexing, OrientExpress then gives further options for simulation and 

re-orientation that you can explore. This includes calculation of angles to 

reorient the crystal, which is the most important part of the orientation. The 

window for the calculation is shown in Fig 4. 

(6) Rotate the crystal according to the above calculation, take another picture 

to double check the orientation, then cut the crystal along the desired 

direction with diamond saw (South Bay Technology). It is important to 
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have a sample holder which is transferable between the setup of Laue back 

diffraction and the diamond saw. 

 

                

                    Figure 4 The window of calculation from OrientExpress while orienting crystals 

 

3.5 Thermal Conductivity Measurements 
 

3.5.1 Methods for determining thermal conductivity 

The heat transport in a homogeneous medium is described by the Fourier-

Kirchhoff equation:10 
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where β=κ/ρC is the thermal diffusivity, ρ is the mass density, C is the heat 

capacity, Q(
→

r ,t) is the density of volume heat sources. Based on the dependence 

of Q(
→

r ,t) on time, measuring techniques for determining thermal properties can be 

divided into three groups: 

1. the steady-state methods: the heat sources and the temperature do not 

depend on time Q=f(
→

r ), ∂T/∂t=0; 

2. pulse methods: the time dependence of heat sources are described by the 

Dirac or Heavyside distribution; 

3. modulated methods: the heat sources are periodic in time. 

 

The steady-state methods demand quantitative evaluation of temperature 

gradients and the corresponding heat fluxes. These methods allow direct 

determination of the thermal conductivity κ. The pulsed method is based on a 

simple principle: The front sample surface is heated by a short light pulse and the 

temperature evolution with time of the back surface is registered. The 

characteristic time of this process is directly related to the thermal diffusivity of 

the sample; this method can measure thermal diffusivity. In the modulated method, 

the sample is periodically heated. Measuring the propagation of the thermal wave 

can also permit the determination of thermal diffusivity. Measuring techniques 

utilizing thermal wave propagation can be realized in different configurations and 

one important technique is the so-called “3-ω method” which measures the 

periodic temperature changes caused by periodic heating for determining the 

thermal conductivity. In this technique, a single metal line is used as both the 

heater and the thermometer; the surface of the sample is heated at frequency 2ω by 
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an a.c. driving current of frequency ω; a small component at 3ω of the voltage 

drop across the metal line is used for evaluation of the temperature oscillations.  

 

Steady state techniques allow the determination of thermal conductivity 

while pulsed and modulated techniques give the possibility of determining the 

thermal diffusivity.  

 

3.5.2 Thermal conductivity measurement by the steady-state method 

A steady-state longitudinal heat flow method was used to measure thermal 

conductivity in my work. This method has been long established and has produced 

some of the most consistent, highest accuracy results reported in the literature. It is 

the method of choice at cryogenic temperatures because radial heat losses in the 

axial heat flow developed through the specimen from the electrical heater is 

minimal at low temperatures. The principle of the measurement lies with passing a 

heat flux through a known sample and an unknown sample and comparing the 

respective thermal gradients, which will be inversely proportional to their thermal 

conductivities.  As shown in Fig. 5, thermal conductivity can be obtained with the 

following equation for adiabatic conditions 
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where κ is the thermal conductivity, q is the heat flow, ∆x is the distance between 

thermal couples on reference ( r ) or sample (s), ∆T is the temperature difference 

along the heat flowing direction across a distance ∆x on reference (r) or sample (s), 

A is the cross section area of reference ( r) or sample (s).  
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The heater is a piece of Al2O3 single crystal with a thin layer of sputtered 

Pt on the surface. Heat flow is controlled by the current applied to the conducting 

Pt thin film. The reference is a piece of constantan alloy with uniform diameter of 

0.19 mm2. Differential thermal couples are glued to the reference with Lake Shore 

silver epoxy or Stycast epoxy (part No. ES-2-20); superglue is used to glue the 

thermal couples onto the sample. The thermal couples consist of a copper wire of 

99.99% purity and 0.0005 inch in diameter, and a constantan wire with 0.0005 

inch diameter from Omega. The resolution of the thermocouples is 0.1 K.  

                               
        1. Thermal sink     2. specimen     3. reference  4. heater and Al2O3 single crystal 

        5. Differential thermal couple (Cu-constantan)   6. Copper wire   7. connector  

        8.  connector to heater   9. 4-pin connector in the cool head 

     Figure 5 Schematic diagram of sample installation for thermal conductivity measurement 
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The sample was enclosed by a radiation shield of Cu that was thermally 

anchored to the cold head. The whole sample chamber was evacuated to 1x10-6 

Torr by a tubor pump (Edwards, EXC 120). The temperature range for the 

measurement is from 4 K to 320 K. The cooling system, temperature monitor and 

controller, current supply, and voltage pickup are all the same as those used for 

electrical resistivity measurement. 

 

Specimens measured are usually cylindrical bars with the typical size of 

0.5×0.5×(2~3) mm3.  However, the configuration of a specimen is influenced by 

the magnitude of the thermal conductivity. When the thermal conductivity is high, 

a longer bar of sample is better to obtain more reliable results. It is quite 

straightforward to understand this: When the specimen conductivity is high, the 

heat flux is usually fairly high so that, relatively speaking, heat losses from the 

large lateral surface area of the specimen are small; a long specimen in the 

direction of flow helps establish a reasonably high temperature gradient that can 

then be accurately measured. If  the specimen conductivity is low and the heat flux 

correspondingly low, only a relatively small thickness is required to generate a 

large, accurately measurable gradient. With this low specimen heat flux, lateral 

losses are of concern; thus a plate-type specimen itself tends to minimize these 

spurious flows since the lateral surface area is small.  

 

The inevitable lateral heat loss will cause measuring errors. While at low 

temperatures (below room temperature) and high vacuum, also with the protection 

of a Cu shield, the heat loss is minimized and not a major problem. The measuring 

error in my experiment mainly comes from the geometrical measurement of the 

specimen, the measurement of the distance between thermocouples on both the 

reference and specimen.   
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3.6 Crystal Growth 

        by Traveling Solvent Floating Zone (TSFZ) Method 

 

3.6.1 General Description 

A monophasic, high-quality, large single crystal enables a reliable 

measurement of physical properties, many efforts have been put on single-crystal 

growth. For all high-Tc superconductors which melt incongruently, (i.e. 

decompose before melting,) direct crystallization from the melt (melt growth) such 

as occurs in the Bridgman method or the Czochralski method cannot be used 

because it results in some other phases. Therefore, solution growth has been well 

developed to grow crystals of cuprates. In solution growth, the constituents of the 

materials to be crystallized are dissolved in a suitable solvent, and crystallization 

occurs as the solution becomes critically supersaturated. Among solution growth 

methods, the most popular two for the crystal growth of the high-Tc 

superconductors are the flux method (slow cooling method) and the TSFZ 

method.11 

 

However, single crystals grown by a flux method always show several 

drawbacks: (1) contamination due to chemical reaction between the melt and the 

crucible material, such as Al2O3 or gold, or due to the incorporation of materials 

used as melt; (2) low-homogeneity of the as-grown crystals since the composition 

of the liquid phase changes as the crystal grows; (3) small crystals with typical 

thickness of the c-axis less than 0.1 mm and (4) a small yield of the growth.  
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Most disadvantages could be overcome by the TSFZ technique. The 

general process for a crystal growth is schematically demonstrated in Fig. 6. The 

first step is to melt the starting materials, usually named “solvent” for the growth 

of incongruent melt compositions, and to connect the feed and seed (ceramic rods). 

The solvent is in between and attached to the bottom tip of the feed before starting 

the growth. When the molten zone is stable, the feed and seed begin to move 

downward simultaneously, but at different speeds. The seed will move much faster 

than the feed. Then gradually, a slim neck will form. This process is usually called 

necking. The necking is critical to obtain a large single domain crystal. Finally, 

gradually increase the feed speed and a large, single domain crystal is obtained. 

During the growth, the solvent composition is maintained unchanged because the 

solute exhausted by the crystallization is continuously supplied from the feed. 

 

Compared with other methods, the TSFZ method has the following 

advantages: 

(1) no crucible necessary, no contamination from the crucible; 

(2) can control the gas atmosphere and pressure easily; 

(3) large temperature gradient on the crystallization process; 

(4) large crystal, especially large enough for the measurement of physical 

properties along c-axis for high-Tc cuprates; 

(5) steady-state process of the crystal growth. 
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    Figure 6 Schematic diagram demonstrating the process of a crystal growth 

 

3.6.2 Image Furnace 

The image furnace used in the experiment is NEC SC-M35HD. Fig. 7 

shows the most important part of the furnace and demonstrates how high 

temperature is obtained. The furnace has two ellipsoidal reflectors that share a 

common focal point. At the other focal point of each ellipsoidal reflector, there is a 

Halogen lamp. The light from the Halogen lamp is reflected by the inner surface of 

the ellipsoidal sphere and then focused at the common focal point. A seed material 

rod and a feed material rod are placed in a quartz tube. The gap between the two 

rods is just placed at the common focal point where the temperature can be as high 

as 3000 °C, depending on factors such as the sample color, lamp power, and the 

voltage level applied on the two Halogen lamps. When growing, the two material 

rods rotate in opposite directions and move synchronously downwards. The feed 

rod melts at the focal point; the melt crystallizes after moving out of the high- 
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temperature zone. The whole molten zone is shielded by a quartz tube; thus proper 

atmosphere and pressure can be easily controlled. The crystal-growth status can be 

monitored on a small screen through an optical lens. 

 

                 

                                     Figure 7 The core part of an image furnace 

 

3.6.3 Phase Diagram of La2O3-CuO 

A phase diagram can provide rich information that is valuable for crystal growth. 

An analysis of the available phase diagram is the first step for a successful crystal 

growth. Here, I will use the phase diagram of the La2O3-CuO system12 shown in 
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Fig. 8 as an example to show what information one can learn for the purpose of 

crystal growth. From this diagram, we can easily have the following information: 

 

(1) La2CuO4 melts incongruently at 1327 °C, and decomposes to La2O3 and a 

liquid above this temperature. This indicates that the grown crystal may 

have La2O3 precipitate if a too high power is applied to melt the feed. The 

melting point, combined with the evaporating property of CuO, can give us 

a basic idea of what percentage of extra CuO is necessary to compensate 

the evaporating loss during growth at high temperatures. 

(2)  La2CuO4 coexists with a liquid phase containing 75 mol % to about 90 

mol % CuO in the temperature interval 1075 °C <T< 1327 °C. This 

indicates the right temperature range for the crystal growth. A molten zone 

stable in the above temperature interval enables a stable crystal growth. 

The above compositional range of the liquid phase is the right composition 

for the solvent. With more than 90 mol % CuO in the solvent, CuO will 

precipitate in the crystal. With too little CuO (<75 mol %), a higher power 

is necessary to melt the solvent and La2O3 may precipitate.   

(3)  From the phase diagram, possible inclusions or precipitates could be 

predicted before the growth. Possible inclusions are La2Cu2O5, La2O3, 

CuO. The prediction is quite consistent with experimental results. The 

reported impurities in La2CuO4 crystals are La2O3, CuO, LaCuO2, and 

LaCuO3;12 no La2Cu2O5 has been found in a grown ingot by any 

researcher. 
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                                             Figure 8 The La2O3-CuO phase diagram in oxygen (Ref. 12) 

 

3.6.4  Influence of key process parameters 

       Although the growth condition for optimum size and quality varies 

strongly with composition and from one system to another, the following 

discussion will still be a good example and instructive for the growth of other 

incongruent melting compositions.  

 

        That LSCO melts incongruently means the composition of the melt is 

different from those of the original rods and the grown crystals. This 

compositional difference causes a solute diffusion at the solid-liquid interface. The 

diffusion process takes place very slowly, thus limiting the growth to a slow rate. 

The driving force for the diffusion is the supersaturation, which is proportional to 

 

37



the temperature gradient at the solid-liquid interface. A sharp temperature gradient 

can greatly lift the supersaturation level and thus enhance the driving force for the 

growth. 

 

1. high quality feed rod 

 For a successful crystal growth, the feed rod should be dense, uniform, and 

have the right composition. A uniform rod has nearly constant diameter, density 

and homogeneous chemistry, which is critical to keep the melten zone stable. 

 

During crystal growth, some components with low melting point in the 

molten zone may penetrate along the cavities or grain boundaries in the sintered 

feed rod to the cooler part. This penetration can be attributed to a capillary 

phenomenon because of the cavities among the fine particles in the feed rods. 

Through these cavities, some of the solvent penetrates up to the cooler part of the 

feed rod until the temperature is too low to keep the solvent in a liquid state. Fig. 9 

shows an SEM microstructure of a feed-solvent boundary quenched from a regular 

crystal growth. It clearly demonstrates the penetration of some low-melting-point 

compositions into the feed. Penetration certainly changes the composition of the 

molten zone. Usually, this change will not terminate the growth unless the 

penetration is so serious that ring-like ditches form due to the formation of some 

new phases like La2-xSr1+xCu2O6 other than La2-xSrxCuO4.  

 

Ditches would appear periodically on the feed rod about 4-5 mm above the 

molten zone depending on the power. The ditches usually have a ring structure as 

shown in Fig. 10. These ditches would suck the solvent into the feed rods thus 

preventing the smooth traveling of the molten zone. In the worst case, the feed rod 
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breaks at the position of a ring ditch. With the formation of impurity phases, both 

the composition of the feed rod and that of the solvent will change. Thus it is hard 

to keep the solvent stable for the crystal growth. The penetration could be 

controlled by using a well-sintered feed rod and by controlling the temperature 

gradient of the molten zone. 

 

                       

Figure 9  The SEM photograph of the feed-molten zone boundary showing the penetration of 

solvent into the feed rod 
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   Figure 10 Schematic diagram of a ring-like ditch due to solvent penetration 

 

A dense feed rod could be obtained by using fine particles, higher sintering 

temperatures, longer dwelling time at sintering temperature, higher hydrostatic 

pressure when making the feed rod. In addition, the following two techniques are 

frequently used: 

(1) adding extra CuO in the feed rod. The melting point of CuO is 1083 °C. 

Extra CuO will lower the sintering temperature thus enhancing the rod density. 

Extra CuO is also important to compensate the evaporation loss of CuO during 

the crystal growth.  

(2) Pre-scanning the feed rod. Prescan is an effective way to densify the feed 

rod if it does not change the composition or the phases in the feed rod. The 

process is quite simple. When the solvent attached to the bottom of the feed 

rod is molten, pass the molten zone through the feed rod at a relatively high 

rate, usually 10~20 times the regular growth rate.  
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    2. Solvent 

The starting materials of the solvent can shorten the time it takes to reach a 

stable growth. The composition and amount used determines the starting power for 

crystal growth.  From the phase-diagram, the proper content of CuO in the solvent 

should be in the range 75%~90%mol. Fortunately, it was found that the growth of 

LSCO can self-adjust the composition of the molten zone to make it deviate from 

the starting one. The self-adjustment is performed by precipitating extra 

components as inclusions in the grown crystal (see Fig. 11) or as a residue on the 

crystal surface.  

 

 

                                  

Figure 11 CuO inclusion in an ingot grown at low power using a feed with more than 

necessary extra CuO 

 

A solvent with the right composition makes possible a stable crystal 

growth. Moreover, the quality of the as-grown crystals is closely related to the 
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amount of solvent used. With too much solvent (>200 mg), the crystal can be 

grown smoothly at a relatively low power, but with poor quality. With too little 

solvent (<20 mg), a high power is necessary and a longer time is necessary for the 

solvent to self-adjust to the proper composition. In the worst case, the proper 

composition is never reached before the end of the crystal growth. A proper 

amount is found to be around 80 mg. This amount varies a little depending on the 

diameter of the rod, the density of both the feed and seed.  

 

For Sr-doped compositions, another question that needs to be considered is 

what Sr content in the molten zone is suitable for the growth in order to obtain a 

crystal with nominal Sr content. To answer this question, the molten zone for a 

stable crystal growth was quenched and the composition was analyzed with EDX. 

The result shows that the molten zone has La2O3/CuO = 22/78, and the Sr content 

is about 1.5~2 times that in the feed rod.  

 

3. Sharpness of the temperature distribution around molten zone 

The sharpness of the temperature gradient could be improved by covering 

part of the quartz tube with Al foil or by covering part of the ellipsoidal mirror 

with Indian ink. As shown in Fig.12, a steeper temperature gradient will reduce the 

penetration, which would lead to a clear boundary between the molten zone and 

the feed rod. From my experience, this is important for those compositions with 

low melting point or serious penetration. 
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Figure 12 Schematic diagram of the relation between 

the temperature gradient and the penetration 

 

4. Power Level 

The right power level depends on the Sr content, density and diameter of 

the feed, solvent composition and amount, growth rate, oxygen partial pressure, 

and sharpness of the temperature gradient around the molten zone. The right power 

could be chosen by controlling the size of the molten zone. Since the molten zone 

is held by the surface tension, the maximum zone length is: 

                     
ρ

σ
g

h ×= 80.2max                                                                    (5) 

where σ is surface tension, ρ is the density of the liquid, and g is the gravitational 

acceleration. Generally, a zone length of ~3 mm is good for a stable crystal 

growth.  
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For a successful crystal growth, the power level MUST be kept constant. 

From the phase diagram, one can see that any power change, i.e. temperature 

change, will change the composition of the liquid phase that is in equlibrium with 

La2CuO4. Thus a self-adjustment of the molten zone takes place. It seems this 

adjustment always involves the precipitation of La2O3. Fig. 13 shows the 

decomposition of a crystal after exposing it to air for about 40 h. During the crystal 

growth, the power was changed by 2%, 0.8% and 0.4%, respectively.  

 

                          

Figure 13 The as-grown crystal decomposes at positions 

where the crystal growth power is changed after exposing to air 

 

5. Growth rate 

To obtain a high quality crystal, the growth rate should be quite low for 

incongruent compositions, usually about 0.5~1 mm/h. The growth rate is mainly 

restricted by the slow solute diffusion process at the solid-liquid (feed-molten 

zone) boundary. It is also affected by the temperature gradient around the molten 

zone because the temperature gradient determines the degree of supersaturation of 

 

44



the molten zone. A growth rate lower than 0.40 mm/h will change the La/Sr ratio 

in the grown crystal due to the evaporation loss of CuO from the molten zone 

while a fast growth will yield a crystal of poor quality. 

 

6. Gas Flowing 

Gas flowing at a certain pressure is necessary:  

(1) to carry evaporated components out of the furnace. Because of the low 

growth rate, it usually takes about one week to grow one single crystal. If 

the evaporated component, mainly CuO, condenses on the inner surface of 

the quartz tube, the power will have to be raised; the molten zone will not 

be stable any more; 

(2) to provide the necessary PO2 to obtain the right phase, structure. For 

underdoped compositions, PO2=0.21 atm is enough for a stable crystal 

growth while for overdoped ones, PO2 = 1~2 atm is necessary to keep the 

molten zone stable.  

 

3.6.5 Detailed procedure for crystal growth of La2-xSrxCuO4 (0.05 ≤ x ≤ 0.25) 

     The detailed procedures that have been successfully used to obtain high 

quality single crystals of La2-xSrxCuO4 (0.05 ≤ x ≤ 0.25) are summarized as 

follows: 

1. Starting materials:  La2O3 , SrCO3,  and CuO all having 99.99% 

purity  were used to  synthesize the feed rods, seed rods and solvent. 

La2O3 was baked at 1000 ºC for 20 h before weighing.   

2. Making feed and seed: The feed and seed rods for the crystal 

growth of La2-xSrxCuO4 and La2CuO4 were prepared by solid-state 

reaction. The starting materials were mixed in the mole ratio; an extra 
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3% CuO over the mole ratio was added to the starting mixture for the 

feed rod in order to enhance the rod density and to compensate the Cu 

evaporation during crystal growth.  The mixed starting materials were   

pre-fired at 900oC for 12 h followed by sintering at 950°C for 60 h with 

four intermediate grindings.  The powder was pressed to a 6-mm-

diameter × 100 mm rod under about 4000 atm hydrostatic pressure. The 

rods were finally sintered at 1200°C for 20 h in oxygen. This procedure 

has been proven to be critical to obtain rods that have sufficiently high 

density.   

3. Making sovent: The solvent was made from starting materials of 

La2O3, SrCO3 and CuO in the mole ratio (La2-xSrx):Cu=22:78 that were 

mixed and pre-fired at 900°C for 12 h.  The product was ground; the 

ground powder was pressed hydrostatically into a rod and sintered at 

920°C for 15 h. A disk with mass 80-100 mg cut from the rod was 

melted at the end of the feed rod. 

4. Flushing the chamber with the right gas: Hang the feed at the 

bottom of the upper shaft and fix the seed at the top of the lower shaft. 

Both rods must be well centered. Then the quartz tube is mounted. If 

gases other than air are used for the crystal growth, flush the chamber 

at a high flow rate for at least half an hour. Special attention should be 

paid if some explosive gases like H2 or CO are used. If high pressure is 

necessary, adjust the gas outlet valve to apply pressure ONLY after the 

long enough gas flushing. 

5. Stabilizing the molten zone: Turn on the cooling water and setup 

the program to raise the power until the solvent melts. Then connect the 

feed and solvent. The feed and the seed rotate at a speed of 30 rpm in 
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opposite directions to ensure homogeneity of the melt. Wait at least 

half an hour for the melt to be homogeneous. During this process, it 

may be necessary to raise the power since part of the feed is melted and 

goes into the solvent.   

6. Neck forming: When the molten zone is stable, start the motor and 

set the lower shaft to move downward at the speed of 0.5 mm/h. This 

speed is the one for the crystal growth. The upper shaft will move 

downward, and the speed will increase gradually from 0 to 0.2 mm/h. It 

is better to keep the moving speed of both the feed and seed constant 

after neck forming.  

7. Crystal growth: After the neck forming, keep everything constant. 

The crystal may grow gradually. Sometimes, it is necessary to change 

power. It is suggested to change power with program. However, I 

found there is no difference between the program and manual adjust, 

because the result is the same: any power change will change the 

molten zone composition no matter how slow it is. 

8. Clean the furnace and quartz tube: When the crystal is long 

enough, gradually lower the power to zero, turn off the flowing gas, 

and take the crystal out. If there is evaporation during the crystal 

growth, the furnace must be cleaned to protect the shafts. There may 

have been some deposition on the inner surface of the quartz tube. 

Usually, the depostion can be easily removed with delicate task wipers. 

But sometimes bubbles may burst out of the melting zone and deposit 

on the inner surface of the quartz tube. Do NOT try to remove those 

black dusts mechanically. Put the whole quartz tube in diluted chloride 

acid instead. 
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9. Crystal characterization:  A shining fracture surface is always a 

good sign of a well-crystallized sample. Besides the visual 

characterization, x-ray back Laue diffraction is necessary to determine 

the domain size, possible twining; Both twining and multidomains will 

give a diffraction pattern as shown in Fig 14. The phase(s) needs to be 

characterized by X-ray powder diffraction.  

                        

Figure 14 X-ray laue pattern of a crystal that is not well crystallized 

and contains more than one domain 

 

Fig. 15(a)  shows a high quality crystal of La1.87Sr0.13CuO4 with ~5 mm × 

diameter and about 7 mm in length. Fig 15(b) shows part of the crystal cleaved to 

give two flat surfaces. The growth direction is determined to be [110], which is a 

common feature of the LSCO system. 
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a 

 
 

                               

 
b 

 
 

Figure 15 (a) the as-grown single crystal with Sr content x=0.13, 

and (b) part of the crystal cleaved into pieces with flat surfaces 

 

It remains very difficult for me to grow crystals with 0.01 ≤ x ≤ 0.04 for 

La2-xSrxCuO4. I have tried the growth with different solvents (La2O3/CuO ratio 

varies from 15/85 to 40/60), different feeds (fired at temperatures from 1000°C to 
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1280°C, different extra CuO from 0.5% to 5 %), different atmospheres (PO2 varies 

from 10-3 atm to 3 atm), and different growth rates. But the growth either fails due 

to the formation of serious ditches, or yields crystals with wrong hole content even 

after a long-time anneal in flowing argon. The formation of ditches is the most 

serious problem during the growth. So far, I still have no idea why this happens. 

 

3.6.6 Characterization of LSCO single crystal 

 

Here, I will present results of x-ray powder diffraction, Laue diffraction, 

and chemistry analysis. Lattice parameter, superconducting transition temperature, 

Tc, and other physical properties will be presented in Chapter 4. 

 

An x-ray powder diffraction experiment was performed on each single 

crystal with a regular scan (10~80°, 0.05° per step with a dwelling time of 3 

seconds). All diffraction peaks could be indexed with the space group Pbnm. To 

further check the possible impurities of the crystals, diffraction peaks in the 2θ 

range of 22~35° were observed in more detail. A step of 0.02° and an acquisition 

counting time of 80 s were chosen.  The strongest peaks in the x-ray pattern of 

possible impurities, like La2O3, La1-xSrxCuO3, and La2SrCu4O8 , sit in the scanned 

2θ range. The pattern of as-grown La1.87Sr0.13CuO4 was shown in Fig. 16. No 

impurity peaks were observable. 
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Figure 16 XRD pattern of La1.87Sr0.13CuO4 crystal 

at an extremely slow scan in the 2θ range 22-35° 

 

Elemental profiling along the length of as-grown La1.87Sr0.12CuO4 single 

crystal was accomplished by electron microprobe analysis based on wavelength 

dispersion spectroscopy (WDS). A four-spectrometer Camera SX50 equipped with 

a PGT energy dispersive system was employed for this purpose. The crystal was 

sliced along its growth direction with a diamond saw and was mounted in epoxy 

and polished. A thin layer of graphite (~150 Å thick) was deposited onto the 

polished surface just before the analysis. For accurate determinations of cation 

contents, several previously well-characterized standards, LaPO4, SrCO3, Cu were 

employed. The measurement was performed every ~1.3 mm along the length 

direction. As shown in Fig. 17, La and Cu keep constant in the whole crystal. 

While, Sr content is less than that of the nominal composition at the initial part of 

the crystal; it increases gradually and reaches the nominal content after about 1.5 
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cm growth. The (La+Sr)/Cu ratio is 2.036, which is close to the stoichiometry 

ratio. 

                                  

                                

                                

Figure 17 Elemental profiling of as-grown La1.87Sr0.12CuO4 along the length direction.  The 

dashed  line shows the Sr content of the nominal composition. 
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                              (a)                                                                      (b) 

Figure 18 (a) X-ray Laue pattern of a random direction of as-grown crystal, and (b) after 

orientation along [100], the piece 1.5 mm away still gives the right orientation and very good 

Laue pattern. 

 
Details of the domain structure of the grown crystal were investigated by 

the x-ray back-Laue diffraction. As shown in Fig 18(a), the Laue pattern of a 

random orientation shows clear, round spots implying very good crystallinity. 

After orientation with OrientExpress along [100], the piece cut from the ingot ~1.5 

mm away from the oriented surface still shows the same orientation and very good 

diffraction spots, signaling a large single domain in the ingot.  

 

3.6.7  Growth of other compositions not included in this dissertation 

 

Besides La2-xSrxCuO4 (0.05 ≤ x ≤ 0.25), La2-x-yNdySrxCuO4, RCoO3 (R=La, 

Pr and Nd), and RVO3 (R=rare earth and Y), I have also tried growth of other 
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compositions that are not included in my dissertation. Some are successful, while 

others are not. I would briefly introduce what I have done, and hope it will be a 

good reference for future students. 

 

        La1-xBaxCuO4 

 

Ba has a smaller solubility than Sr in La2CuO4. Single crystals with x<0.11 

have been successfully grown with the TSFZ technique.13 However, no one has 

obtained crystals with x=1/8, which is of great interest due to the stripe formation 

that occurs in La2-x-yNdySrxCuO4. In our lab, Prof. Zhou has obtained single 

crystals with x up to 0.09. Based on his experience, I tried the growth of 1/8 

composition by narrowing the molten zone, i.e. sharpening the temperature 

gradient, and apply high oxygen pressure up to 3 atm. The rods were made with a 

similar process as for La2-xSrxCuO4. The molten zone was stabilized at PO2=2.5 

atm. The obtained ingot is a single crystal surrounded by a thick layer of ceramic 

materials with dull color, as shown in Fig. 19. X-ray diffraction shows the 

surrounding layer is a mixture of La2O3, BaO and CuO; the core part has 214-

phase as the majority and La2O3 as the minority phase. After exposing in air for 3 

days, the whole ingot decomposes into gray powders. The analysis implies that no 

real stable growth state is reached; the molten zone self-adjusts during the growth 

all the time by pushing out extra BaO.   
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Figure 19 Schematic diagram of the cross section 

for as-grown La2-xBaxCuO4 (x=1/8) ingot 

 

         La2-xSrxCoO4 

 

  It has been postulated that with increasing Sr doping the system goes from 

antiferromagnetic to ferromagnetic insulator and the spin state of Co(III) goes 

from high spin state (t4e2 , S=2) to intermediate spin state (t5e1, S=1).14 So far, 

there is no systematic study of magnetic properties for this system due to the 

difficulty to obtain oxygen stoichimetric single crystals and those with a small 

amount of doping (x<0.30).  

I succeeded to grow high-quality single crystals with 0 ≤ x ≤ 0.15 with the 

step 0.10. The powder was prepared by the Pechini method. La(NO3)3.6H20, 

Sr(NO3)2, and Co(NO3)2.6H20 were used as starting materials. Dissolve the above 

materials in water, keep in mind that the molar ratio of citric acid:ethylene glycol 

should be 1:1, the molar ratio of the citric acid/ethylene glycol mixture to the 
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nitrates should be 4:1. Slowly evaporate the solution until a gel residue is formed 

that is pink in color. Dry the residue at 170 °C and it will change to light-brown 

color. Grind this residue and place it into alumina crucibles to fire at 750 °C × 20 h 

in air.  After firing, the residue should be black in color. Make pellets and set to 

fire under argon (x<0.30), air (0.30<x<1.0) or oxygen (x>1.0) at 1200 °C for at 

least 6-10 hrs. Check phases with x-ray. If necessary, grind, make pellets and refire 

at even higher temperatures until no obvious impurities are detected by x-ray 

powder diffraction.  

Crystals with 0 ≤ x ≤ 0.30 were grown in flowing argon. Flowing air is 

used for compositions with 0.40 ≤ x ≤ 0.70. For compositions with x>0.80, higher 

oxygen pressure is necessary to stabilize the molten zone: PO2=1 atm for 0.80 ≤ x 

≤ 1.0, PO2≥2 atm for 1.20 ≤ x ≤ 1.50. Growth rate was chosen to be ~4 mm/h. A 

slim neck will greatly improve the crystal quality. The parent compound grown in 

flowing Ar has more oxygen than 4.0 and needs further anneal in flowing mixture 

CO/CO2=1/99 at ~900 °C. Crystals with 0.10 ≤ x ≤ 0.50 has stoichiometric oxygen 

content based on TGA results while other compositions are oxygen deficient and 

need a further anneal at high oxygen pressure.  

 

      PrBa2Cu3O7    (Pr123) 

 

Pr123 has always been reported to be nonsuperconducting. However, a 

single-crystal grown by TSFZ technique has been found superconducting by Zou 

et al15 although no other labs have reproduced the experiment. I first followed their 

procedure, and then changed some growth conditions in order to stabilize the 

molten zone. The rods were fired at 900 °C in flowing O2 with Pr123 powders 
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synthesized by both solid state sintering and pechni method. The phase diagram 

indicates that the growth is possible only in a narrow temperature range from 906 

°C to 971 °C, which makes the growth harder than La214. The experiments I 

carried out are summarized in Table 1. I failed to get any piece that is 

superconducting even after the anneal according to the procedure reported by Zou 

et al.  

 

Table 1 The experiments carried out on the growth of Pr123 

 atmosphere Extra 

CuO 

Feed 

Rod 

Growth 

Rate 

Result 

1 N2 1 %mol Both* 0.50 mm/h decompose 

2 O2 1 %mol Pechini 0.50 mm/h Bubbles in MZ** 

3 Ar+2%O2 1 %mol Both* 0.50 mm/h MZ Stable, 

nonSC# 

4 Ar+2%O2 0 %mol Pechini 0.50 mm/h MZ stable, ingot 

decompose later 

5 Ar 1 %mol Pechini 0.50 mm/h decompose 

* both: powders synthesized by both solid state sintering and pechni method are used, respectively 

** MZ: molten zone                # nonSC: nonsuperconducting 

 

Ca2-xY2+xCu5O10   (Ca225) 

 

The growth of Ca2-xY2+xCu5O10 is a work done in cooperation with Prof. 

John Markert of the Department of Physics. No phase diagram is available for this 

system. The only useful information is that it melts incongruently. The growth is 

characterized by its low melting point. No satisfactory single crystals with large 
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domain size have been obtained from my point of view although two compositions 

with x=0 and x=0.50 have been used for further property measurement. The 

problem is there are many microcracks parallel to the growth direction thus the as-

grown ingot appears to be composed of many needle-like domains.  

 

Two kinds of feed rods were used. The first was made by Dr. J.H Choi in 

Prof. Markert’s lab. I would like to name it “fully-fired” since Dr. Choi fired the 

powder again and again until a phase pure to x-ray diffraction was obtained before 

making the rod. I made those “partially-fired” rods in Goodenough’s lab. CaO, 

Y2O3, and CuO were used as starting materials. The mixture with proper ratio was 

fired at 850 °C and 950 °C×15 h to synthesize “partially-fired” powders. The rods 

were finally fired at 1000 °C×10 h in flowing oxygen. The rods I made were 

partially fired because there were still some impurity peaks in the x-ray spectra.  

 

The as-grown crystal with x=0 had a similar temperature dependence of 

magnetization as in a previous report.16 The x-ray diffraction shows the presence 

of a hint amount of Y2O3. No significant difference was found for the crystal 

growth with fully or partially fired rods. The growth as well as key process 

parameters are summarized in Table 2. 
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  Table 2 The experiments carried out on the growth of Ca225 

 atmosphere Feed Rod Extra 

CuO 
Growth 

Rate 

Result 

X=0 Air fully 0% 0.50 mm/h Needle-like 

X=0 Air partially 0% 0.50 mm/h Needle-like 

X=0 Air partially 0% 0.30 mm/h Needle-like 

X=0 Air partially 1% 0.50 mm/h Needle-like 

X=0 O2 partially 0% 0.50 mm/h Needle-like 

X=0 O2 partially 0% 0.30 mm/h Needle-like 

X=0 Air partially 1% 0.75 mm/h Needle-like,worse 

X=0 O2 partially solvent 0.50 mm/h Needle-like 

X=0.50 O2 fully 0% 0.50 mm/h Needle-like 

X=1.0 PO2 up to 

3atm 

fully 0% 0.50 mm/h Bubbles in MZ 

X=1.0 Air fully 0% 0.50 mm/h Bubbles in MZ 
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Chapter 4 Thermal Conductivity in Doped-La2CuO4 

 

4.1 Introduction 

 

4.1.1 Phase Diagram of LSCO 

The system La2-xSrxCuO4 (LSCO), 0 ≤ x ≤ 0.3, is the simplest system of the 

p-type copper-oxide superconductors; it has no charge reservoir layer between the 

rock-salt LaO sheets and therefore the fraction of holes in the CuO2 sheets is given 

unambiguously by p = x provided the oxygen stoichiometry is maintained. Also, 

La2-xSrxCuO4 has the same parent compound as La2CuO4+δ. Moreover, it spans the 

entire compositional range of interest from the parent compound at x=0 to the 

overdoped, metallic regime at x = 0.27. In addition, stoichiometric single crystals 

can be grown by the floating-zone method in an infrared image furnace. It has, 

therefore, been extensively and intensively studied in a search for the origin of the 

high-Tc phenomenon in the copper oxides. 

 

A tentative phase diagram for the system La2-xSrxCuO4  is shown in Fig 

20.17 A complete solid solution for 0 ≤ x ≤ 0.3 exists above about 325 K. The Néel 

temperature TN ≤ 325 K of the parent phase is seen to drop sharply with increasing 

x, long-range antiferromagnetic order being replaced by antiferromagnetic spin 

clusters by x ≤ 0.02. The Cu–O–Cu interactions within a CuO2 sheet are much 

stronger than the Cu–O–O–Cu interactions between sheets, so considerable short-

range magnetic order within a sheet is present below a temperature Tmax > TN, 

where Tmax is the temperature at which the magnetic susceptibility shows a broad 
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maximum. In two-dimensional (2D) systems, long-range magnetic order below TN 

commonly occurs at a significantly lower temperature than Tmax. The decrease in 

Tmax with increasing x in Fig. 20 is less precipitous than the decrease in TN, falling 

to Tc near x = 0.23. Any 2D short-range magnetic order of localized spins in the 

CuO2 sheets has collapsed in compositions with x > 0.23. 

 

                                      Figure 20 Phase diagram for the system La2-xSrxCuO4 (Ref. 17) 

 

Substitution of a large Sr2+ ion for La3+ and its oxidation of the CuO2 

sheets makes the 2D tolerance factor t2D increase with x. Consequently, the 

orthorhombic (O) to high-temperature tetragonal (HTT) structural transition at Tt, 
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decreases with increasing x from Tt ≈ 430 K in the parent phase to cross the 

superconductive critical temperature Tc at x ≈ 0.21. Hydrostatic pressure stabilizes 

the tetragonal phase, demonstrating by a dt2D/dP > 0 that the (Cu–O) bond length 

is abnormally compressible and therefore the presence of a double-well potential 

for the equilibrium (Cu–O) bond length in the CuO2 sheets. 

 

The transport properties of the system La2-xSrxCuO4  divide the phase 

diagram into three parts with dividing lines at compositions near x = 0.10 and 0.22. 

In the compositional range 0 ≤ x ≤ 0.10, the resistivity varies nearly as ρ-ρi ~T in 

the range Tρ < T < Tl. Above Tl , the ρ versus T curve bends toward the 

temperature axis, i.e. dρ/dT decreases with increasing T , and below Tρ the 

resistivity increases with decreasing temperature; the resistance drops 

precipitously to zero below the superconductive critical temperature Tc < Tρ  in the 

range 0.05 ≤ x ≤ 0.10. In the range 0.10 < x < 0.22, a (ρ -ρi) ~ T is found for all 

temperatures T > Tc below the decomposition temperature of the solid. In the 

compositional range x > 0.22, the critical temperature Tc drops with increasing x, 

falling to zero by x ≈ 0.27, and above Tc the ρ (T ) curves exhibit a power-law 

behavior.  

 

4.1.2 Motivation 

 

The segregation of spins and holes into stripe like arrangements appears to 

be a common feature of doped Mott insulators. These so-called stripe correlations 

seem to be of particular importance in understanding the electronic phase diagram 

of high-temperature superconductors, where a competition between a static stripe 

phase and the superconducting phase is widely discussed. Such a competition is 
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expected to be reflected by the dynamics of stripes, i.e., static stripes suppress 

superconductivity while some form of mobile stripes may be associated with fully 

developed superconductivity. Indeed, there is growing experimental evidence for 

such a scenario. While many experiments give evidence towards static stripes of 

holes and spins, signatures of stripe fluctuations currently only comprise magnetic 

correlations. A direct observation of fluctuating charge stripes, however, is still 

missing. A promising alternative approach to study stripe dynamics involves 

phonon heat transport which, is an indirect probing method. Since charge stripes 

lead to lattice distortions, a sensitivity of the phonon heat transport to the stripe 

dynamics.  

 

The low-temperature orthorhombic/high-temperature tetragonal 

(LTO/HTT) phase of La2-xSrxCuO4 ( 0 ≤ x ≤ 0.3) has served as a prototype for the 

high-Tc copper-oxide superconductors because of its relatively simple structure 

and the ability to access the entire range of superconductive compositions.  

Substitution of Sr by Ba or of La by a smaller rare-earth such as Nd or Eu can 

stabilize a low-temperature-tetragonal (LTT) phase that is distinguishable from the 

HTT phase, see Fig. 21; cooperative rotations of the CuO6/1.5 octahedra are about 

[100] and [010] axes in alternate (001) planes in the LTT phase, but no long-range 

cooperative rotations are found in the HTT phase.  The rotations in the LTT phase 

tend to stabilize itinerant, hole-rich stripes in every fourth Cu-O-Cu row of a CuO2 

sheet.  At x = 1/8, static stripes in the LTT phase suppress the superconductive 

critical temperature Tc to near zero18.   

 

There are abundant evidences for the strong electron-lattice coupling in 

high-Tc superconductors. The thermal conductivity κ(T) has been measured19 on 

ceramic samples of the insulating LTT phase with x = 1/8 doping; it showed a 

 

63



typical phonon contribution, i.e. a low-temperature peak in κ(T) followed by a 

nearly 1/T law with increasing temperature.  Disappearance of the phonon peak in 

superconductive ceramic samples with the LTT structure and x ≠ 1/8 reinforced 

the argument that suppression of the phonon contribution to κ(T) is a characteristic 

feature of the high-Tc copper-oxide superconductors.  However, a systematic 

investigation of thermal conductivity of doped LSCO single crystals with high 

quality and carefully controlled oxygen stiochiometry is still missing. I have 

undertaken such a study in order (1) to better distinguish the superconductivity in 

the LTO phase from that in the LTT phase, (2) to probe the role of stripe dynamics 

in the superconducting LTO phase, and (3) to probe the peculiar electron-lattice 

interactions associated with fluctuating stripes.   

 

Since Ba has a smaller solubility in La2CuO4 than Sr, it has long been a 

problem to grow La2-xBaxCuO4 single crystals with x=1/8. I have tried to grow 

crystals of this special composition as described in Chapter 3, but I failed to obtain 

any useful pieces. Thus I choose Nd-doped LSCO, which shows an LTO/LTT 

transition at low temperatures for comparison with LSCO compositions having 

only the HTT/LTO structural transition in the investigated temperature range. 
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Figure 21 Schematic diagram of possible structures in doped LSCO (a) HTT, (b) LTO, and 

(c) LTT. The upper patterns are the top-views of the crystal structures, and depict how to tilt 

CuO6 octahedra to make either LTO or LTT out of HTT respectively.  

 

4.2 Crystal Characterization 

 

The crystal growth has been thoroughly discussed in Chapter 3. Before 

measuring physical properties, as-grown crystals should be annealed in order to (1) 

relieve the stress formed in the crystal growth, cutting or polishing, (2) 

homogenize the crystal, and (3) tune up the oxygen content. Physical properties 

are sensitive to the oxygen stoichiometry in LSCO. Different anneal processes 

have been reported as summarized in Table 3. 
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Table 3 The annealing process reported for LSCO 

         Ref             sample and composition                              anneal process 
  
          1                   Single crystal, 0.06≤x≤0.25               PO2=1 bar, at 900°C for 100 h 
          2                   single crystal, x≤0.05                         850C for 20h in air,  
                                                                                         then 400°C for 20 h in flowing Ar 
 
                                                x=0.08 and 0.10               800°C for 40 h in air and then              
                                                                                         rapid quench to room temperature  
          3                    single crystal x=0.09 and 0.13           500-600°C for 5-10 days 
                                                                                            under 10-20atm O2 
________________________________________________________________________ 
         4                  single crystal x=0.13                        900°C for 75 h, and then 600°C for                             
                                                                                       12 h in 1 bar O2 
________________________________________________________________________ 
 
           5                    single crystal, x≤0.05                      900°C for 20 h, and then 400°C  
                                                                                         for 50 h in flowing Ar 
 
                                                0.06≤x≤0.14                     900°C for 20 h, and then 400°C  
                                                                                         for 72 h in flowing Air 
 
                                                0.14≤x≤0.20                    900°C for 20 h, and then 400°C  
                                                                                         for 72 h in flowing O2 
 
                                                0.20≤x≤0.25                     900°C for 20 h, and then 400°C  
                                                                                         for 50 h in PO2=2atm 
=============================================================== 
 
 

The last part of the above Table shows the anneal process used in my work. 

All crystals are cooled slowly after the long-time anneal at 400°C. A quench after 

anneal has been reported to remove oxygen defects that cause additional electron 

scattering. However, this quench may induce new residual stresses in the crystal, 

which also affects physical properties. 
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The hole concentration has been established by the following 

measurements: (1) the superconducting transition temperature Tc has been 

determined from the temperature dependence of the diamagnetic signal measured 

with a SQUID in a ZFC mode; (2) lattice parameters of pulverized single-crystal 

samples were measured at room temperature by x-ray powder diffraction with Si 

as internal standard; (3) the thermoelectric power was measured within the ab 

plane (in-plane) and along the c-axis (out-of-plane); (4) in-plane and out-of-plane 

electrical resistivity was measured with a four probe method and a rectangular-bar-

shaped sample.  

 

Fig 22 shows the measured Tc as a function of Sr content. Tc is defined as 

the starting point of the superconducting transition in the χ(T) curve. Compared 

with Tc of ceramic samples (the dashed line in Fig. 22), two anomalies were found 

at x=1/8 and x=0.21, respectively. The suppression of superconductivity compared 

with ceramic samples may be due to better homogeneity of the Sr concentration in 

the single crystals than in the ceramic samples. The suppression has been 

explained to be from the competition between a stripe charge-density-wave 

(CDW) and superconductivity at the special compositions of x=1/8 and 5/24. The 

observed suppression agrees with previous reports.20 

 

Fig 23 shows the c-axis lattice parameter as a function of Sr content. The c-

axis lattice constant is sensitive to any oxygen nonstoichiometry. The systematic 

evolution of the c-axis parameter agrees with those of ceramic samples shown by 

the dashed lines. For x = 0.25, a smaller c-axis parameter and a higher Tc than 

reported for ceramic samples means oxygen deficiency for my crystal.  
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Figure 22 The measured Tc as the function of Sr doping in LSCO. 

 The dashed line shows the Tc of ceramic samples from Ref. 22 

                 

Figure 23 c-axis lattice constant of annealed single crystals at room temperature. 

The dashed line shows the results by Rice et al.21 
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Electrical Resistivity 

 

Figure 24 shows the temperature dependence of ρc for several 

compositions. The magnitude of ρc decreases monotonically with increasing Sr 

doping. The results agree with those reported by Sun et al.38 In the ρc (T) profile of 

LSCO, a clear slope change is usually observed at the structural phase transition 

temperature from the high-temperature tetragonal (HTT) phase to the low-

temperature orthorhombic (LTO) phase. For compositions with x<0.10, the phase 

transition takes place at temperatures above 300K, above the highest temperature 

our set-up can reach. For 0.10 ≤ x ≤ 0.18, the slope change is quite obvious 

although it cannot be distinguished in Fig. 24 because of the scale used. Pressure 

studies of ρc(T) on optimally doped La1.855Sr0.145CuO4 have shown that this T-

linear behavior in the tetragonal phase is determined predominantly by the effects 

of thermal expansion along the c axis and therefore ρc(T) should be considered 

essentially constant over the whole temperature range below 300 K, in agreement 

with optical conductivity data. ρab  is at least two orders magnitude lower than ρc. 

The four-probe method used in my experiment has difficulty discriminating 

resistivities less than 5×10-4 Ω.cm for reasons explained in Chapter 3. Thus ρab will 

not be shown. However, one important feature needs to be mentioned; the slope 

change due to the phase transition from HTT to LTO as observed in ρc is absent in 

ρab. 
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Figure 24 Temperature dependence of electrical resistivity of LSCO along c-axis 

 

Thermoelectric Power (TEP) 

TEP measurements have proven to be a useful probe of the character of the 

charge carriers in solids; they give reliable information for polycrystalline as well 

as single-crystal samples. In general, the TEP measurements contain three 

contributions: 

               α(T) = αs + αt(T) + δα(T)                                                                  (1) 

where αs is a statistical term that is dominant in the case of small-polaron charge 

carriers, αt(T) is a transport term that measures the mean curvature of the charge-

carrier energy dispersion curve ε(k) at the Fermi surface, and δα(T) is a low-

temperature enhancement that requires a charge-carrier energy dispersion to be 

manifest. The statistical term αs, as described by the Heikes formula, is 

temperature independent, but it varies strongly with the occupancy fraction of the 

sites over which it moves. Therefore the statistical term can be used to measure the 
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mean size of the polaronic charge carriers having a given density. The transport 

term is relativey small, but it is dominant where the charge carriers are itinerant; its 

magnitude increases linearly with temperature in a metallic system with a fixed 

number of carriers. The most common low-temperature enhancement is due to 

phonon drag, a phenomenon reaching a maximum at a temperature Tmax ~ 0.2θD, 

where θD is the Debye temperature. Zhou et al22 has argue that the TEP of the 

cuprate superconductors is dominated by the statistical term αs, in the underdoped 

compositions with p < 0.1 hole carriers per Cu atom of a CuO2 sheet and by the 

transport term in the overdoped samples with  p > 0.25. In the superconductive 

compositional range 0.1 < p < 0.25, the statistical term and transport terms both 

make important contributions to the TEP, which is consistent with an 

electronically heterogeneous superconductive phase. 

 

For ceramic samples, both an in-plane and an out-of-plane component 

contribute to its thermopower and it would be expected that the thermopower of a 

ceramic sample would be related to the intragranular thermopower and 

conductivity. The as-measured thermopower can be described as: 

                      

cab

ccabab

σσ
σασαα

+
+

=                                       (2) 

where σ is the electrical conductivity and the subscripts ab and c stand for the ab-

plane and the c axis, respectively. This would imply that the ab plane dominates 

the measured thermopower due to its high conductivity, which is known to be 

more than an order of magnitude larger than that in the c direction.  
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Figure 25 Temperature dependence of thermopower 

along ab-plane of LSCO (0.05<x<0.25). 
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       Figure 26 The temperature dependence of thermopower along c-axis of LSCO. 

              

Figure 27 Doping dependence of thermopower of ab-plane at 300 K  in comparison with 

ceramic sample from Ref. 22. 
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Fig 25 and Fig. 26 show the thermopower of well-annealed samples within 

the  ab plane and along the c-axis, repsectively. The thermopower decreases with 

increasing Sr doping. The room-temperature value of ab-plane thermopower is 

shown in Fig 27 for comparison with that of ceramic samples. The results agree 

with each other quite well, but the thermopower of the ab-plane is a little smaller 

than that of ceramic samples; the ceramic samples have a larger thermopower due 

to the small contribution from c-axis. 

 

4.3 Previous Results on Thermal Conductivity of LSCO 
 

 
Figure 28 The temperature dependence of the thermal conductivity of single-crystal La2-

xSrxCuO4 reported by Y. Nakamura. (a) in-plane thermal conductivity, (b) out-of-plane 

thermal conductivity. The increase of κab and κc at Tc for the x=0.15 sample is shown in the 

(b) inset. 
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The thermal conductivity, κ, of doped La2CuO4 has repeatedly been the 

subject of experimental research, yet no detailed understanding exists of the rather 

complicated and strong changes of the temperature dependence of κ upon partial 

substitution of Sr and/or small rare earths (RE) like Nd or Eu. Prior to discussing 

my new experimental results, I would like to review the most important results 

previously reported on the striking doping dependence of the thermal conductivity 

of doped La2CuO4.  

 

Fig 28 shows the results by Nakamura et al of La2-xSrxCuO4 (x=0.0, 0.1, 

0.15, 0.2, 0.3).  At first, we concentrate on the low-temperature phononic peak in 

the thermal conductivity of La2-xSrxCuO4. The low-temperature peak in κc evolves 

nonmonotonically with increasing Sr content. A well pronounced phononic low-T 

peak in κc is only present at x=0 and x=0.3, whereas at intermediate doping levels 

(0.1< x <0.2) a peak structure is hardly identifiable. Note that the material is a 

superconductor in this doping range whereas it is insulating and metallic at x=0.0 

and x=0.3, respectively. κab follows the same doping dependence except for a 

hump located at ~250 K for x=0. This hump has been ascribed to heat 

transportation by magnons. A small enhancement of κ at Tc has been found as is 

demonstrated in the inset of (b). 

 

Sun et al measured the ab-plane and c-axis thermal conductivities of lightly doped 

LSCO and La2Cu1-yZnyO4 (LCZO) single crystals (Fig. 29). They found that the 

low-temperature phonon peak was significantly suppressed upon Sr or Zn doping 

even at very low doping levels and that the doping dependences show clear 

differences between the Sr and Zn dopants and between κab and κc. The 

experimental observations can be summarized as follows: (1) The phonon peak in 
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κc decreases much more quickly with Sr doping than with Zn doping. (2) On the 

other hand, the phonon peak in κab is suppressed slightly more quickly with Zn 

doping than with Sr doping. (3) At high temperature, the magnon peak in κab(T) 

decreases much more quickly with Sr doping than with Zn doping; in fact,the 

magnon peak completely disappears in LSCO with x=0.01, while it is still 

observable in LCZO with y=0.04.  

 

                

 Figure 29 Thermal conductivity of lightly doped La2-xSrxCuO4 and La2Cu1-yZnyO4 single 

crystals along the ab plane and the c axis. 
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 Figure 30 Temperature dependence of the in-plane thermal conductivity κab of La2-xSrxCuO4 

(x = 0.10, 0.115, 0.13) in magnetic fields [(a)-(c)] parallel to the c-axis and [(d)-(f)] parallel to 

the ab-plane. Arrows denote the superconductive transition temperature Tc and the 

temperature Tk below which the thermal conductivity is suppressed by the application of a 

magnetic field.  

 

Kudo et al23 measured the thermal conductivity in the ab-plane of LSCO (x 

= 0.10, 0.115, 0.13) in magnetic fields up to 14 T parallel to the c-axis and also 

parallel to the ab-plane, as shown in Fig 30. Application of a magnetic field 

parallel to the c-axis suppresses the thermal conductivity at low temperatures 

below the temperature Tk, which is located above the superconducting transition 

temperature; Tk is almost independent of the magnitude of the magnetic field. The 

suppression is marked in x = 0.10 and 0.13 while it is small in x = 0.115. 

Furthermore, no suppression is observed in the 1 % Zn-substituted La2-

xSrxCu0.99Zn0.01O4 with x = 0.115. Since the temperature dependence of the 

suppression is quite similar to the temperature dependence of the intensity of the 
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incommensurate magnetic Bragg peak corresponding to the static stripe order and 

Zn substitution tends to stabilize the static order, it was concluded that the 

suppression of the thermal conductivity in magnetic fields can be attributed to the 

development of static stripe order. The present results suggest that the field-

induced magnetic order in La2-xSrxCuO4 originates from the pinning of the 

dynamical stripes of spins and holes by vortex cores. 

 

In summary, the prominent feature of the published data is the suppression 

of the low-T peak located at ~20 K in the superconductive compositions; this peak 

is recovered where the stripes become static and the superconductivity is 

suppressed. 

 

4.4 Thermal conductivity 
 

4.4.1 Thermal conductivity of the parent compounds La2CuO4 and La2NiO4 

More consistent measurements of the thermal conductivity κ(T) of the 

parent compound La2CuO4 have been reported  in recent years due to improved 

crystal quality24 25.  The in-plane κab shows a low-temperature peak and a hump 

near 250 K whereas the c-axis conductivity κc shows only the low-temperature 

peak typical of the phonon component.   As shown in Fig. 31, I have found κab is 

highly sensitive to the oxygen stoichiometry of the crystal. The Neel temperature 

TN, which is defined at the peak in χ(T), has also been found to be sensitive to the 

oxygen stoichiometry26. I have monitored the oxygen stoichiometry by a precise 

measurement of TN in these crystals.  The crystal with TN = 323-325 K shows a 

height of the low-temperature peak that is more than double that of the high-

quality crystals previously reported.  Both the low-temperature peak and the hump 
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in κab decrease in magnitude and the hump moves to a higher temperature in the 

crystal having TN = 313 K, which corresponds roughly to δ ≈ 0.002.  We have 

observed a rapid decay of both κ and TN under ambient conditions within 30 min 

after Ar annealing in some crystals of La2CuO4.  It is clear that inconsistency of 

the κ(Τ) reported for La2CuO4 is caused by the variation of oxygen content as well 

as different crystal quality.  

 

Figure 31 Temperature dependence of thermal conductivity in La2CuO4+δ single crystals 

along the ab plane and the c axis.-                                                                                                                                         

 

For the sake of comparison, the κ(Τ) of an isostructural La2NiO4 crystal was also 

measured; the result is shown Fig. 32. This crystal was annealed at 400°C for 20 h 
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in flowing Ar mixed with 5% H2 in order to remove the extra oxygen.  A TGA 

measurement showed the oxygen content was 3.97(2) per formula unit.  The DC 

magnetization is featureless below room temperature, which is below TN.  The κab 

and κc in the inset of Fig. 32 show the pronounced low-temperature peak, but the 

peak height of La2NiO4 is lower than that of La2CuO4.  No higher-temperature 

hump has been found in κab(T) below room temperature.  However, comparison of 

the κ-1
ab versus T curves for La2CuO4 and La2NiO4, both plotted in Fig. 32, 

suggests that a hump of κab may occur above room temperature in La2NiO4, which 

is consistent with its higher TN.   

 

The highly anisotropic κc(T) versus κab(T) at temperatures above 50 K in 

La2CuO4 shown in Fig. 31 is in sharp contrast with the nearly isotropic phonon 

thermal conductivity κph(T)  shown as a low-temperature peak  in κ(T)  at 20 K.  

Given the isotropic κph(T), the extra contribution at 250 K in κab is  about 20 W/K 

m, which is much higher than κ ≤ 5 W/K m in most oxides having a perovskite or 

perovskite-related structure at this temperature.  Therefore, heat-conducting 

channels other than phonons are needed to account for the extra thermal 

conductivity in the a-b plane.  In their report of κ(T) on single-crystal La2CuO4,  

Nakamura et al13  have attributed the hump centered in κab at T ≈ 250 K to spin 

fluctuations below TN.  Allen et al 27 have considered two ways magnetism can 

contribute to κ(T): 1) spins serve as an additional carrier of  heat and 2) spin 

disorder provides an extra  scattering mechanism for the other heat carriers.  These 

contributions have been shown to be either  quite small compared to the phonon 

κ(T)  or to make a minimum in κ(T) near TN as a result of so-called critical 

scattering28.  Low- dimensional, strongly coupled magnetic systems in which 

considerable short-range order exists above a long-range ordering temperature 
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were not considered in the early days.  An additional anisotropic contribution to 

κ(T) due to spin excitations has recently been demonstrated in many low-

dimensional  systems such as SrCuO2, Sr2CuO3,  (Sr, Ca)14Cu24O41, and CuGeO3
29

 

30
 
31 .  It is important to note that all crystals that exhibit a highly anisotropic κ(T) 

at higher temperatures due to low-dimensional spin excitations also show a well-

defined, nearly isotropic low-temperature peak from phonons.  

 

 

Figure 32 Temperature dependence of 1/κ in  La2NiO4 and La2CuO4 single crystals along the 

ab plane and the c axis.  Inset: temperature dependence of thermal conductivity of La2NiO4 

along the ab plane and the c axis. 
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The interstitial oxygen in La2CuO4+δ introduces not only a structural 

distortion, but also holes in the CuO2 sheets that perturb the magnetic coupling and 

lower TN.   As a result, both the low-temperature peak and the hump at 250 K in 

κab(T) are reduced.   Sun et al 17 have tested the relation between the structural 

distortion and the hump in κab(T) due to spin excitations by partially substituting 

Eu for La in the parent compound La2CuO4.  Eu substitution essentially suppresses 

the low-temperature peak whereas the hump due to spin excitations is reduced 

only a little.  The strong spin excitations, which are evidenced by a κab(T) >> κc(T)  

below room temperature, seem to have little to do with the phonons in their 

crystal.  

 

4.4.2 Thermal Conductivity in La2-xSrxCuO4 (0.05 ≤ x ≤ 0.22) 

 

I found that the magnitude of the low-T thermal conductivity depends on 

the experiment. Besides the geometry of the sample, there are three more factors 

(see Fig. 33) that may be important in my experiment: (1) how the sample is 

connected to the sink, (2) how the thermocouples are adhered to the surface of the 

sample, and (3) what current is used to generate heat flux. As explained in Chapter 

3, the sample could be connected to the sink by superglue or silver epoxy, the 

thermocouples could be attached to the sample by either superglue or stycast. Fig. 

34 shows the temperature dependence of κab and κc of an x=0.08 crystal measured 

under different conditions. It is obvious that the factors mentioned above would 

affect the magnitude of the low-T peak.  The technique used to attach the 

thermocouple and connect sample and sink do not affect the thermal conductivity 

too much. However, a small heating current yielded a low-T peak of larger 

magnitude; but when a large heating current was used, the low-T peak was usually 
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smaller in magnitude. This may be due to a temperature shift from the base for 

both the reference and the sample since a large temperature gradient is generated. 

However, in all cases, the temperature dependence is the same. Therefore, I have 

tried to measure all samples under the same conditions; and in the analysis of the 

data, I paid more attention to the temperature dependence of κ(T). 

 

 

         
          1. heater    2. reference    3. sample    4. sink    5. thermocouple 

 

Figure 33 Thermal conductivity measurement and possible factors that may affect the 

measuring results.   
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Figure 34 In-plane and out-of-plane thermal conductivity of an x=0.08 crystal measured 

under different conditions. (a) sample was connected to sink with superglue or silver epoxy, 

(b) thermocouples were attached to sample with either superglue or stycast. 

 

              Fig 35(a) shows κ(T) along c-axis of some underdoped compositions. 

Compared with the weak hump in previous reports, a low-T peak at around 20 K is 

quite obvious; the magnitude of this peak decreases with increasing Sr doping. 

With increasing temperature, κc decreases following a 1/T law until a structural 

transition from the LTO to the HTT phase takes place at Tt; above Tt, κc has a 

positive temperature dependence, which is a typical behavior of a glassy phase. 

The solid arrows show Tt determined from the κc(T) curve; with increasing Sr 

doping, Tt drops to a lower temperature. Here Tt is chosen as the temperature 

where the slope change of κ(T) happens. Tt defined from the κ(T) curve agrees 

very well with other reports. The inset shows the ZFC magnetization curve of the 

corresponding compositions which derives Tc. However, no anomaly was found in 

the κc(T) curve at temperatures around Tc.  
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Figure 35 Out-of-plane thermal conductivity of underdoped compositions for LSCO. Inset 

shows the ZFC magnetization measured in a 35-Oe magnetic field. Solid arrows in (a) 

indicate the HTT/LTO structure transition temperature Tt. Solid arrows in (b) indicate Tc. 
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κc of some overdoped compositions with 0.19 ≤ x ≤ 0.22 shows a quite 

different temperature dependence (see Fig. 35(b)). The low-T peak is absent for 

compositions with x>0.21 and is small in magnitude for x=0.19 and x=0.20. κc(T) 

shows an almost temperature-independent value at T > 150 K. Below 150 K, κc is 

suppressed and decreases with decreasing temperature to ~50 K where an upturn 

(x=0.19 and 0.20) or a slope change (x=0.21 and 0.22) of κc takes place. The 

temperatures where κc shows an upturn for x=0.19 and 0.20 are close to Tt defined 

from other measurements. It is interesting that κc of these two compositions shows 

an observable low-T peak at temperatures where the LTO phase is stable.  

 

The measured κc is at least 2 orders larger than the electronic contribution 

κe estimated from the electrical resistivity with the Wiedemann-Frantz law. 

Therefore, phonons are the dominant heat carrier in determing κc for this quasi-2D 

compound. 

 

For x ≤ 0.10, shown in Fig 36(a), κab shows a phonon-like behavior as does 

κc. But κab differs from κc by having a sharper drop with increasing temperature in 

the range T < 80 K, and by having a larger magnitude at 20 K. The latter implies 

that the ab plane is more thermally conductive than the c-axis. This is true for the 

whole doping range investigated. The sharper drop signals an extra scattering 

mechanism in the ab plane that is absent along the c-axis. The κab of the 0.12 ≤ x ≤ 

0.15 samples provides more clear evidence for this extra scattering source by 

showing a dip at T~50 K and a weak hump at T~100 K. The electronic component 

κe in the ab plane is much larger than that along c-axis, but it contributes only a 

few percent to the total κab and decreases with decreasing temperature as estimated 
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from the Wiedemann-Frantz law. Thus κe itself cannot be responsible for the 

observed difference of temperature dependence and magnitude.  

 

For 0.12 ≤ x ≤ 0.15, the Tt determined from κab(T) agrees with those 

determined from κc, which signals the crystals are homogeneious since the 

samples used for the in-plane and out-of-plane thermal conductivity measurements 

were from different parts of the ingot. Above Tt, κab shows a positive temperature 

coefficient as does κc. The low-T peak is smaller in magnitude for the 0.12 ≤ x ≤ 

0.13 samples compared with that of the x=0.10 and x=0.15 samples; compared 

with κc, κab  shows an obvious dip at 40~80 K and a weak hump centering at ~100 

K. This is direct evidence that an extra scattering mechanism suppresses κab in the 

interval Tc < T < 100 K. As indicated by arrows in Fig 36 (b), κab shows an upturn 

with decreasing temperature at temperatures coinciding with Tc. It seems the low-

T peak for these compositions comes from an enhancement of the phonon 

contribution in the superconductive phase.  

 

For 0.19 ≤ x ≤ 0.22, κab shows a similar temperatrue dependence as κc, but 

with a larger magnitude. The dashed line in Fig 36 (c) shows the κe for x=0.22 

estimated from the electrical resistivity by the Wiedemann-Frantz law. κe cannot 

account for the dip at T~50 K or the drop of thermal conductivity below 150 K 

with decreasing temperature. The similar temperature dependence of κab and κc 

implies that the same scattering mechanism exists in both the ab plane and along 

the c axis at T<150 K for the overdoped compositions.   
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                                         Figure 36 In-plane thermal conductivity of LSCO 
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(1) HTT and LTO phase 

The structural transition from HTT to LTO in LSCO has been well studied. 

This structural transition is induced by the mismatch between the mean 

equilibrium La, Sr-O bond length and the equilibrium Cu-O bond length in the 

CuO2 planes; this mismatch places the in-plane Cu-O bonds under a compressive 

stress. The bond-length mismatch increases with decreasing temperature because 

of a smaller thermal expansion of the equilibrium Cu-O bond length; and below a 

transition temperature Tt , the compressive stress on the CuO2 planes is relieved by 

a cooperative rotation of the CuO6 octahedra around a tetragonal [110] axis, which 

lowers the symmetry from tetragonal to orthorhombic. In the LTO phase, the 180° 

Cu-O-Cu bonds of the CuO2 planes are buckled to (180°-φ), transforming the 

planes to sheets. Sr doping shortens the equilibrium Cu-O bond lengths and 

increases the mean La, Sr-O bond length. Therefore, the bond-length mismatch is 

reduced and the LTO-HTT transition temperature Tt decreases monotonically with 

increasing x and crosses Tc at x = 0.20. 

 

If Sr is replaced by Ba or La by other rare earth elements with smaller sizes 

like Nd or Eu, the LTT structure is induced at low temperatures. The thermal 

conductivity of the LTT phase has been hot topic. My results on the thermal 

conductivity of Nd-doped LSCO, which are discussed below, verifies that (1) 

phonons are well established in the LTT phase, and (2) the thermal conductivity 

shows a step-like jump at the LTO/LTT transition temperature; the LTT phase is 

more thermally conductive than the LTO phase. The above observation agrees 

with those investigations in Eu-doped LSCO. However, little attention has been 

paid to the difference of thermal conductivity between the HTT and the LTO 
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phases and no anomaly has been reported at Tt where the structural transition from 

the HTT to the LTO phase takes place. 

 

As highlighted by solid arrows in Fig. 35(a) and Fig. 36(b), both κab and κc 

show an obvious slope change at Tt for 0.10 ≤ x ≤ 0.15. And strikingly,  both κab 

and κc show a glass-like behavior at T > Tt. From Fig. 4.16 (a) and Fig. 4.17 (a, b), 

κ(T) in the LTO phase is phonon-like, although κab is suppressed by some 

unknown scattering mechanism. Thermal conductivity at low temperatures reflects 

the quality of the materials, while at high temperatures, κ(T) reflects the intrinsic 

character of the phonons. A Neutron-diffraction experiment32 has found non-tilted 

octahedra and flat CuO2 planes in the HTT phase. However, XAFS 

measurements33 at the La site have determined that the local tilting of the CuO6 

octahedra persists in the LSCO phase well into the HTT phase and that the 

temperature induced LTO to HTT phase transition is an order-disorder transition, 

i.e., the tilting of the CuO6 octahedra becomes disordered and may fluctuate in the 

HTT phase; the disordered state results in the average zero tilt measured by 

diffraction techniques. The XAFS results could well explain the different 

temperature dependence of κ(T) in the LTO and HTT phases: the glass-like κ(T) 

in HTT phase comes from fluctuating disordered CuO6 tilting; the cooperative 

tilting of the CuO6 octahedra in the LTO phase revives a phonon thermal 

conductivity. For overdoped compositions with x > 0.20 where the HTT is stable 

even at lowest temperature, κ(T) shows a glass-like behavior in the whole 

temperature range with only a small enhancement at Tc.  
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(2) Anisotropy in different doping ranges 

One distinctive property of cuprate superconductors is that they are 

extremely anisotropic. For example, the magnitude of ρc(T) is orders of magnitude 

larger than ρab(T) due to the confinement of charges into CuO2 planes34. The 

thermal conductivity of the underdoped compositions of LSCO shows anisotropic 

behavior by a sharper drop of the low-T peak of κab for x ≤ 0.10 and by a small 

low-T peak of κab for 0.12 ≤ x ≤ 0.15. The holes introduced into the CuO2 layers 

by Sr doping play an important role in determining the magnitude and temperature 

dependence of in-plane thermal conductivity. 

 

0.05 ≤ x ≤ 0.10 
In this compositional range, the HTT/LTO structural transition temperature 

Tt is above room temperature (295 K for x = 0.10). A temperature independent 

thermopower extends from high temperature down to TF; α2(T) drops linearly with 

decreasing temperature in the range Tc < T < Tρ; below Tρ, ρ(T) deviates from a 

linear dependence on T and α2(T) decreases more rapidly with decreasing T. A 

temperature-independent thermopower α(T) signals polaronic conduction having a 

thermopower dominated by the statistical component  

                                                                                                         

                                                                      (3) 

where β is the spin-degeneracy factor and the fractional hole occupancy of sites 

available to a single-hole polaron is c = pN/N* = pn for N Cu atoms and n Cu 

centers inside the polaron. A fit of room-temperature thermopower gives 

N/N*=5.3, which indicates that in this compositional range at T > TF, the holes are 

not small polarons, but occupy single-hole correlation bags extending over five or 

six Cu centers. Within the bags the electrons occupy molecular orbitals. The 

])1(ln[
c

c
e

−
=

βκα

 

91



correlation bags do not collapse to small polarons due to the lowering of the 

kinetic energy of the cluster electrons and an elastic energy gain associated with 

cooperative pseudo-Jahn-Teller distortions of several Cu centers from square to 

rhomboidal Cu-O bonding within the polarons. Such a picture calls for Cu-O 

bond-length fluctuations at T > TF. Fig 37 shows the temperature dependence of 

αab
2(T) and 1/κab(T) for 0.05 ≤ x ≤ 0.10 below 320 K. The thermal conductivity 

shows a small upturn with increasing temperatures at T ≈ 260 K, which is far 

below the HTT/LTO structural transition temperature Tt in samples x=0.05, 0.06, 

and 0.08. From Fig. 37(e), the upturn of κab could be correlated with TF defined 

from αab
2(T). The glass-like κab at T > TF could be explained by the existence of 

correlation bags.  

 

Below TF, a spinodal phase segregation takes place. In LSCO, there are no 

mobile ions, and the spinodal phase segregation can only be accomplished by 

cooperative oxygen atom displacements that segregate hole-rich and hole-poor 

regions. This phase segregation increasea the volume fraction of the parent phase, 

which has been determined to be thermally conductive. However, the coexistence 

of two phases and the possibility of bond-length fluctuations in the hole-rich phase 

would reduce the phonon contribution to κ(T). For 0.05 ≤ x ≤ 0.10, κab deviates 

from the normal 1/T law behavior; but it is not fully suppressed, which implies that 

heat conduction through the parent phase percolates. 

 

It should be mentioned that Tt rather than TF is presented in Fig 37(e) for x 

= 0.10; also αab
2(T) for this sample is not temperature independent around room 

temperature. The above facts imply that the x = 0.10 should not be described by a 
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one-hole correlation bag model. Instead, by x = 0.10, the one-hole correlation bags 

begin to overlap and condense into multihole bags. 

 

Figure 37 Temperature dependence of  αab
2(T) and 1/κab(T) (a-d). (e) shows TF defined from  

αab
2(T) and 1/κab(T) . For x=0.10, Tt was shown instead of TF.  
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0.12 ≤ x ≤ 0.15 

In this compositional range, κab shows an obvious suppression in the 

interval Tc < T < 150 K that is absent for κc. αab(T) increases with decreasing 

temperatures and reaches a maximum at T ≈ 150 K. This large enhancement 

appears at temperatures that are too high for phonon drag by acoustic phonons. 

The coexistence of this enhancement term and an important statistical term signals 

the existence of a single crystallographic phase containing two electronic phases: 

hole-rich and hole-poor. Goodenough has argued that the electrons or holes near 

the Fermi energy in the CuO2 sheets of the superconductor compositions are 

thermodynamically distinguishable not only from those in the parent compound, 

but also from those in the more deeply oxidized compositions that are 

conventional metals. For 0.12 ≤ x ≤ 0.15, the phase segregates into the 

antiferromagnetic and superconductive phases. This superconductive phase is 

characterized by locally cooperative bond-length fluctuations that would define 

fluctuating multihole bags and localized-electron regions. Where the 

superconductive phase is dominant, a suppressed thermal conductivity is expected, 

as observed for κab. 

 

 With decreasing temperature, the localized-electron and itinerant-electron 

regions order progressively. Ordering into a commensurate charge-density wave 

(CDW) may compete with ordering of the superconductive state. Near the 

composition x=p=1/8, the competitive commensurate CDW phase consists of 

itinerant-electron stripes in every fourth Cu-O-Cu row. This CDW opens up a gap 

at the Fermi surface to suppress superconductivity. The suppression of Tc at x = p 

= 1/8 is the so-called “1/8 anomaly”. In the LTT phase, the holes are ordered and 

pinned into static stripes that completely suppress Tc at x = p = 1/8. The small 
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suppression of Tc in the LTO phase at x = p = 1/8, as observed in my experiment 

and demonstrated in Fig. 22, has been attributed to dynamic stripes in analogy to 

the picture for the LTT phase, although so far there is no direct evidence for the 

existence of dynamic stripes. Dynamic stripes could serve as an extra scattering 

source for the phonon thermal conductivity. However, fluctuations in the tilting of 

the CuO6 octahedra in this compositional range can also be expected. 

 

0.19 ≤ x ≤ 0.22 

As shown in Fig. 36(c), the electronic component of the thermal 

conductivity, κe, contributes a large fraction (~30%) to the in-plane thermal 

conductivity. Whereas κe along the c-axis is still negligible compared to the 

measured κc.  This difference can well explain the magnitude difference of κab and 

κc for the overdoped compositions.  

 

Both κab and κc show a suppression of the phonon contribution below about 

150 K in the LTT phase; phonons are restored below Tt. In view of the XAFS 

evidence for tilting fluctuations of the CuO6 octahedra above the LTO-HTT phase 

transition, it is probable that the observed suppression of κ(T) is due primarily to 

these structural fluctuations rather than to bond-length fluctuations. Fig. 36(c) 

indicate an enhancement of  κab below Tc.  No obvious anomaly was observed at Tt 

for κab, which would imply that there is also a suppression of κab due to bond-

length fluctuations. However, κc for x = 0.19 and x = 0.20 shows an upturn with 

decreasing temperature at Tt.  

 

 It is also worth noting that κab for x=0.21 shows a small low-T peak 

compared with the shoulder in κc. Considering the suppression of Tc at this doping, 
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it is most likely that it is induced by a special phase segregation at this composition 

rather than by chemical nonstoichiometry. 

 
(3) Enhancement at Tc 

In YBa2Cu3O7-δ, the thermal conductivity was found to show a sharp rise at 

Tc and a large enhancement in the superconducting state. The thermal conductivity 

has been found to rise above its normal-state value at T<Tc, and reach a material 

dependent maximum at Tmax with 0.4<T max /Tc<0.8.  However, in LSCO, the 

anomaly in κ(T) at Tc is hardly observable can be seen in Fig. 35 and 36. My 

results show that the increase at Tc is observable only when the magnitude of the 

low-T peak is relatively small. Fig. 36 (b) and (c) clearly demonstrate the anomaly 

of κab at Tc. The Tc enhancement is hard to be observed along the c axis. 

Compared with YBa2Cu3O7-δ, Tc of LSCO is much lower than that of  YBa2Cu3O7-

δ; the phonon population is highly reduced at this low temperature. Therefore, the 

enhancement should be smaller in LSCO due to the limited population of heat 

carriers compared with that of YBa2Cu3O7-δ at Tc. Both phononic and electronic35 

mechanisms have been proposed to explain this enhancement, but there is 

currently no consensus regarding its origin. A phononic explanation ascribed the 

enhancement to a reduction in phonon-carrier scattering as the charge carriers 

condense in the superconducting state.36 The electronic mechanism entails a 

dramatic enhancement in the quasiparticle lifetime, τqp, in the superconductive 

state, so as to overcome a decreasing number of quasiparticle excitations.  
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4.4.3 Thermal Conductivity in Stripe-ordered Cuprates and Nickelates 

 

In contrast to LSCO, hole-doped crystals of La1.60-xNd0.4SrxCuO4 undergo a 

LTT/LTO transition at Tt = 70 to 80 K for 0.12 ≤ x ≤ 0.20.  Ordering of stripes in 

every fourth Cu-O-Cu row has been observed in all these compositions in the LTT 

phase37.  The stripe ordering in the LTT phase revives the low-temperature peak 

from the phonon contribution.  Moreover the jump at Tt in both κab and κc, shown 

in Fig. 38, indicates a higher thermal conductivity in the LTT phase than that in the 

LTO phase.  For the crystal x = 0.12, the κLTO and the jump ∆κ at Tt are precisely 

the same as that previously reported14.  A much higher height of the low-

temperature peak means our crystal had a better quality.  The upper bound of the 

thermal conductivity from the electronic contribution κe(T) was calculated with the 

Wiedemann-Franz law from the temperature dependence of resistivity, see the 

lower part of Fig. 38.  An enhanced electric conductivity, and therefore κe, with 

increasing x apparently accounts for a monotonic increase with x of κab  in the 

LTO phase and the LTT phase near Tt  for x= 0.12, 0.15 and 0.20.  The electronic 

contribution becomes negligible in κc because of quasi 2D conduction in these 

crystals.   It is important to note that following the low-temperature peak, κc 

decays continuously as temperature rises up to Tt  whereas κab shows a minimum 

at T ≈ 70 K.  This minimum in κab (T) is not easily visible for the x=0.12 crystal 

because the transition at Tt = 70 K intercepts this evolution with temperature.  It 

becomes more clear as Tt moves to higher temperature in the crystals x = 0.15, 

0.20 and the crystal La1.48Eu0.4Sr0.12CuO4 that has been reported  to have a Tt=125 

K38.  The data provide clear evidence of an extra contribution to κ(T) at higher 

temperatures in the LTT phase as would occur for a "hump" in κab(T) if the LTT 

phase extended to higher temperatures.  
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Figure 38 Temperature dependence of the thermal conductivity in single crystal La1.60-

xNd0.40SrxCuO4 with x=0.12, 0.15, and 0.20 (a) in the a-b plane and (b) along the c axis. The 

lower part of (a) shows the electronic contribution ke in the ab plane from our electrical 

resistivity data via the Wiedemann-Franz law. Inset: detail of the low-temperature peak in 

κ(T) for x=0.20; the solid line is a fit to the phononic κ (T) of Debye formula. 

 

In La2-xSrxNiO4, a semiconductor-semiconductor transition takes place at 

Tco where the charge orders into stripes39.  For the crystal x = 0.33 in which a 
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maximum  Tco was reported in La2-xSrxNiO4,   Tco  also marks   a transition from a 

glassy κ(T), which is nearly temperature independent, to a phonon-like κ(T),  see 

Fig. 39, though it is not as abrupt as the ∆κ at Tt in La1.48Nd0.4Sr0.12CuO4.  The 

κ(T) for the x=0.5 crystal  features the phonon component of the conductivity 

without an anomaly in κ(T) below room temperature.  

 

Figure 39 Temperature dependence of the thermal conductivity in La2-xSrxNiO4 (x=0.33 and 

0.50) in the ab plane and along the c axis. Inset: Enlarged representation of the data in the 

vicinity of the charge-ordering temperature TCO . 
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The fluctuating stripe phase confirmed by XAS8 in underdoped La2CuO4 is 

consistent with the coexistence of hole-rich and hole-poor regimes that are 

associated with local structural distortions.  Neutron diffraction has shown that the 

stripes become static in the LTT phase of La1.60-xNd0.4SrxCuO4 over the entire 

range 0 < x < 0.25, which covers the superconductive compositions and the 

insulating phase near x=1/816.  The minimum hole doping xmin to induce 

superconcutivity in the LTT phase is determined by the average size of the rare-

earth ion Ln and the y in the double-rare-earth system La2-y-xLnySrxCuO4.  An xmin 

= 0.17 has been reported in the ceramic samples La1.84Eu0.15Gd0.01SrxCuO4
12 

whereas it is as low as 0.14 in La2-y-xNdySrxCuO4
11.  The buckled CuO2 sheets and 

the size variation of the A site reduces Tc and narrows down the doping range of 

the superconductive compositions40.  On the other hand, reduction of the average 

A-cation size stabilizes the LTT phase; Tt’ rises with increasing y.  The mismatch 

between the mean A-O and B-O equilibrium bond lengths is relieved with 

increasing hole doping x.  The LTT/LTO phase boundary located near x = 0.2 

varies little on changing y.  

 

Structural distortions and ion-size variations also suppress κ(T). A 

significant reduction in both κab(T)  and κc(T) relative to that of La2CuO4  has been 

reported in La1.8Eu0.2CuO4
17, which undergoes a transition on cooling through Tt’ 

from the LTO phase to an LTO2 phase that evolves with hole doping to the LTT 

phase.  However, a step in κ(T) at T= Tt’  indicates that the LTO2 phase is more 

thermally conductive than the LTO phase in Eu-substituted La2CuO4.   A jump ∆κ 

of κ(T) at Tt’  found in our crystals  of La1.60-xNd0.4SrxCuO4 (x = 0.12, 0.15 and 

0.20), see Fig. 40, can be used to signal stabilization of a single LTT phase below 

Tt’. Comparison of κ(T) in La2CuO4 and    La1.48Nd0.4Sr0.12CuO4 indicates that the 
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insulator phase with static stripes in the LTT phase has a lower thermal 

conductivity. A large and complicated unit cell or a  superlattice structure  

normally results in a small and glassy κ(T), a phenomenon that has been used to 

develop thermoelectric materials in which  a low κ(T) is desired41.  

                   

Figure 40 Doping dependence of the thermal conductivity jump ∆κ/κ at Tt’ in single crystals 

of La1.60-xNd0.40SrxCuO4 . The dashed lines are guides to the eye. 

  

The Meissner effect, Fig. 41, demonstrates the existence of bulk 

superconductivity in the crystals of La1.60-xNd0.4SrxCuO4, x = 0.15 and 0.20.  

Nevertheless, a low-temperature peak of κ(T) in the crystals manifests a phonon 

component.  Moreover, the profile of the low-temperature peak can be fit to the 

Debye formula of thermal conductivity. The fitting parameters are in line with 

those of the parent crystal and the x = 0.125 insulator.  From the documented data 

available to us, these are the first p-type cuprate superconductors to show a strong 

phonon contribution dominating κ(T) in the normal state.  The phononic κ(T) 

found in the superconductive crystals is surprising; it indicates that bond-length 
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fluctuations, which severely suppress phonons, may not be involved in 

superconductive pairing in the LTT  phase.  Although it is not always required to 

have a low-temperature peak in κ(T) in order for conventional electron-phonon 

interactions to mediate formation of superconductive Cooper pairs19, the 

observation of a phonon component in κ(T) might revive the BCS pairing 

mechanism in this particular case.  Recent results from angle-resolved 

photoemission have demonstrated unambiguously the existence of strong electron-

phonon interactions in the normal state of the cuprates42.  Moreover, an electron-

phonon interaction appears to be responsible for the superconductivity found in 

MgB2.  A Tc as high as 39 K in this compound hints that a mechanism based on 

conventional electron-phonon interactions might be able to account for an even 

higher Tc.  

 

                

Figure 41  Zero field cooling magnetization of La1.60-xNd0.40SrxCuO4 single crystals with x = 

0.12, 0.15, and 0.20 measured in a 35-Oe field applied along the c axis. 
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An additional feature of our κ(T) results is the evidence for a contribution 

to κ(T) at higher temperatures from low-dimensional spin excitations in the LTT 

phase. Since the hump centered at T ≈ 250 K in La2CuO4 is suppressed by the 

introduction of holes in La2CuO4+δ, this observation suggests that the hole-poor 

stripes in the CuO2 sheets of the LTT phase contain few holes. We therefore 

conclude that for all x > 1/8 in the LTT phase, the holes are located in the 

itinerant-electron stripes that order into every fourth Cu-O-Cu row.  An xmin > 1/8 

would then mean that the static metallic stripes carry the Cooper pairs in the LTT 

phase, which would require a coupling between metallic stripes across localized-

electron stripes three Cu-O-Cu rows thick.  It is too early to tell whether spin 

excitations in the localized-electron stripes support or compete against formation 

of Cooper pairs.  However, we note that the maximum Tc in the LTT phase of 

La1.60-xNd0.4SrxCuO4 is only half as high as the maximum Tc of the LTO phase in 

La2-xSrxCuO4, which places it in the range of conventional BCS superconductors.  

 

Baberski et al have reached  an almost opposite conclusion  from their 

thermal conductivity measurements on polycrystalline samples La1.84-

xEu0.15Gd0.01SrxCuO4
12.  The κc(T) reported recently43 from single crystals of La1.8-

xEu0.2SrxCuO4 also seems to be consistent with their argument.  The experimental 

results from Baberski et al could be summarized as follow: 1) The step ∆κ at Tt 

reduces with increasing hole doping x; the ∆κ becomes invisible in the 

superconducting compositions x ≥ 0.17.  2) The low-temperature peak, which is 

well-recognized for the compositions near x = 1/8  in the LTT phase, disappears in 

the compositions x ≥ 0.17.  These findings led them to conclude that high-Tc 

superconductivity occurs in the LTT phase if the stripes become dynamic.  

Although the argument is very intriguing, it holds mostly for the measurements on 
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Eu- substituted La2-xSrxCuO4.  A large A-site cation-size variation may also 

suppress the low-temperature peak.  The disappearance of a ∆κ at Tt in the 

superconductive compositions x ≥ xmin in this system means that the bulk LTT 

phase is not stabilized as a single phase at low temperatures.   Moreover, there is 

no proof from neutron diffraction to show that the LTT phase exists in these 

compositions.  

 

The concept of a quantum critical point has been put forward in recent 

years to explain the complicated phase diagram of La2-xSrxCuO4
44. A quantum 

critical point corresponds to a composition where a phase change occurs at T = 0 

K.  As the temperature rises, the critical point develops into a regime where there 

are phase fluctuations.  Since high-Tc superconductivity occurs at the crossover 

from localized to itinerant electronic behavior, phase fluctuations are expected in 

the normal state.  The crossover has also been found in mixed-valent La1-

xSrxMnO3 and single valent RNiO3 (R = La-Lu).  The common feature in the La1-

xSrxMnO3, RNiO3, and the LTO/HTT phase of La2-xSrxCuO4  is a collapse of κ(Τ) 

in a narrow range of either doping or of the overlap integral in the normal state of 

the phase diagram13 45 46 .  Ordered stripe phases appear to be an alternative  

solution  to phase fluctuations at the crossover. Hall-effect measurements have 

confirmed the 1D conduction  in the stripe ordered phase47.  Phonons are restored 

in the ordered stripe phase, which makes possible conventional BCS pairing.  On 

the other hand, the physical properties in the superconductive state, such as the 

isotope effect48, seem not to distinguish the superconductive mechanism in the 

LTT phase from that in other high-Tc cuprate superconductors.  

 

The nickelates La2-xSrxNiO4 have been well-known for charge ordering and 

stripes.  For x = 1/3, charge ordering on cooling through Tco marks a transition 



from  polaronic conduction at high temperature to an insulator18.  Hess et al49 have 

reported a transition from a glassy κ(T) to a phononic κ(T) at Tco in the x = 0.33 

crystal.  An almost identical κc(T)  has been found in our crystal of  x = 0.33; 

however, the κab(T) is higher than κc(T) at low temperatures.  Both κc(T) and 

κab(T) are peaked at 20 K in our crystals whereas the peaks are at 25 K in the 

report by Hess et al. The x = 0.5 crystal undergoes a charge ordering at 340 K that 

is different from that found in the x = 0.33 crystal18.  The resistivity changes 

smoothly on crossing TCO = 340 K 18.   Even though our κ(T)  measurement on this 

crystal could not be carried out above room temperature, the phononic κ(T) 

supports charge ordering in this composition.  

 

4.5 Conclusions 

 

A systematic study of thermal conductivity on crystals of doped cuprates 

and nickelates leads to the following conclusions: 

(1) Spin excitations are responsible for an extra contribution to κab(T) in 

stoichiometric La2CuO4 and La2NiO4.  How well the spin excitations carry 

heat depends on the crystal quality. The low-temperature peak and the 

spin-excitation contribution have been found to be sensitive to the 

oxidation state of the CuO2 sheets.  

(2) The c-axis thermal conductivity in the LTO phase of underdoped LSCO 

shows a typical phonon behavior whereas the in-plane thermal 

conductivity is suppressed by bond-length fluctuations.  

(3) A step of ∆κ at Tt marks the restoration of phonons in the LTT phase, and 

the phononic κ(T) at T < Tt is consistent with the observation of static 

stripes in the LTT phase of La1.60-xNd0.4SrxCuO4.   
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(4) Suppression of the thermal conductivity in a temperature interval above the 

LTO/HTT phase transition is primarily determined by fluctuations in the 

rotation of the CuO6 octahedra. 

(5) The anisotropic behavior of κ(T) shows that suppression of the thermal 

conductivity by bond-length fluctuations occurs mainly in the ab plane. 

(6) Restoration of the phonon contribution to the thermal conductivity below 

Tc is consistent with an ordering of the bond-length fluctuations by 

hybridization of the electrons and phonons to form heavy itinerant vibrons. 

(7) Thermal conductivity is a useful probe to signal the presence of 

mechanisms that suppress phonons. 
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Chapter 5 Bond-length Fluctuations and the Spin-state 

Transition  in RCoO3 (R=La, Pr and Nd) 
 

RCoO3 is distinguished from other RMO3 (M=transition metal) perovskites 

by a spin-state degree of freedom. In this chapter, I present my results on (1) 

stabilization of low spin-state Co(III) by replacing La with other rare-earth ions 

having smaller sizes, (2) ferromagnetism associated with surface Co(III), and (3) 

the suppression of phononic thermal conductivity by a spin-state transition. I will 

first begin with a review of previous work. 

 

5.1 Introduction 

The thermally driven spin-state transition in the perovskite LaCoO3 has 

been an interesting topic since the 1950’s.50 Goodenough originally proposed that, 

in lieu of an intermediate spin (IS) t5e1 state that could undergo a 

disproportionation reaction 2t5e1 = t5e0 + t5e2, the system would find it 

energetically more favorable to stabilize high-spin (HS) t4e2 states where the 

nearest neighbors can be in the low-spin (LS) t6e0 state; such an ordered 

configuration could achieve the extra covalent bonding in a LS CoO6 site without 

costing the energy U required to create Co(IV) and Co(II) ions. A  neutron-

diffraction study has indeed shown that the Co remains Co(III) to higher 

temperatures. 51 However, the paramagnetic susceptibility χ(T)  showed that 

below 35 K the cobalt are all predominantly in their LS state and the higher spin 

states are thermally excited above 35 K. Goodenough 52 had also argued that the 

observed ferromagnetic saturation moment of 1.5 µB  in metallic La0.5Ca0.5CoO3 is 

due to stabilization of the IS state by a transformation of localized σ -bonding e 
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states into an itinerant electron σ*  band. These ideas were applied to LaCoO3 and 

to the system La1-xSrxCoO3. 1 The model assumed the HS/LS ratio approached 

unity at 300 K; and between room temperature and a smooth transition to the more 

conductive phase near 500 K, HS-rich regions with itinerant σ*  electrons of e-

orbital parentage would form, the volume fraction of the conductive HS-rich phase 

growing to beyond its percolation threshold in an insulator matrix of ordered HS 

and LS Co(III). 

 

In 1995, Potze et al 53 revived interest in a LS-IS-HS three-spin-state model 

for LaCoO3. In the three-spin-state scenario, Co(III) ions are thermally activated to 

the IS state from LS state around 100 K, and then from the IS state to a mixed state 

of IS and HS in the interval 300 K <T< 600 K before, at higher temperatures, 

undergoing a transition from localized e electrons to itinerant electrons in a narrow 

σ* band of e-orbital parentage.  LDA + U 54 and Hartree-Fock 55 calculations 

derived that the IS state is energetically favorable compared with the HS state at 

low temperatures. With an IS electronic configuration of t5e1, a Jahn-Teller 

distortion is expected because of the orbital degeneracy of the eg state. Yamaguchi 

et al 56 observed a phonon-mode change in their Raman spectra during the spin-

state transition of LaCoO3 that signaled local lattice distortions typical of Jahn-

Teller distortions that remove an e-orbital degeneracy. A subsequent pair density 

function (PDF) analysis of pulsed neutron data by Louca et al 57 confirmed the 

presence of local lattice deformations. These findings provide convincing evidence 

for stabilization of an IS state with localized e electrons by dynamic, local Jahn-

Teller site distortions. The LS-IS-HS model has also been successful to fit the 

magnetic susceptibility, thermal expansion, specific heat and elastic modulus of 

LaCoO3. 58,59,60 
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Since the spin-state transition from LS to a higher spin state, either IS or 

HS, is associated with an electronic transfer from a t orbital to an e orbital, bond-

length fluctuations are expected to be associated with the thermally excited spin-

state transitions. Bond-length fluctuations have been shown to suppress the 

phonon contribution to the thermal conductivity.61 Therefore, thermal conductivity 

becomes a natural probe of spin-state transitions. One motivation of this Chapter 

was to determine whether bond-length fluctuations associated with IS/LS (or 

HS/LS) fluctuations and/or dynamic, local Jahn-Teller distortions at IS Co(III) 

suppress the phonon contribution to the thermal conductivity. Since long-range 

orbital ordering does not suppress thermal conductivity in LaMnO3, 62 the data 

would also provide an independent check on whether a long-range, static orbital 

ordering at IS Co(III) occurs below room temperature. As far as we know, the 

dynamic lattice response to the spin state transition has not been reported. The 

results show that phononic thermal conductivity is suppressed in the temperature 

range of thermal excitation to a higher Co(III) spin state for three RCoO3 single 

crystals (R=La, Pr and Nd). If a static, long-range orbital ordering is present, it 

must coexist with spin-state fluctuations. 

 

All investigators have noted a Curie-Weiss paramagnetic component of 

unknown origin that persists to lowest temperatures. This component has been 

ascribed to impurities and to surface Co(II), but there has been no systematic 

investigation to distinguish these proposals. In view of the universal observation of 

this component, it seems unlikely that substitutional impurities are its origin. 

However, the argument about the origin of the low-temperature paramagnetism 

cannot persuasively explain the obvious discrepancies in magnetic susceptibilities 

that have been reported in the interval 5 K<T<140 K. Senaris-Rodriguez et al 

observed the regrinding and refiring process affects the magnetic susceptibility of 
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LaCoO3; they attributed this effect to possible Co(II) on reconstructed surfaces. 

However, the regrinding and refiring process cannot preclude a variation of the 

oxygen stoichiometry or a change of the La/Co ratio due to the evaporation of Co 

ions when firing at high temperatures. Since we were in possession of a single 

crystal and have also observed that the particles of cold-pressed samples are 

cracked so as to create a larger surface area that is removed only by annealing at 

higher temperatures, we have studied the low temperature susceptibilities of (1) a 

single crystal, (2) a powder ground from the crystal, and (3) a cold-pressed pellet 

from the ground powder. These varied treatments provide samples of widely 

different surface areas per unit volume and therefore allow probing the influence 

of surface effects on the low-temperature susceptibility. 

 

Another related question that needs to be clarified is the origin of a 

nonlinear M-H curve and hysteresis loop first found by Menyuk et al in both 

precipitated powder and ground single crystals in view of the absence of any long-

range magnetic order of the bulk LS Co(III).63 Menyuk et al concluded they were 

observing isolated ferromagnetic regions dispersed in a nonmagnetic matrix, but 

the nature of the ferromagnetic phase was not identified. Androulakis et al reported 

two ferromagnetic phases, one with a Tc < 10 K and the other with 20 K< Tc <100 

K that they suggested were cause by the presence of Co(IV) ions associated with 

La3+-ion vacancies.64 In this chapter, we report a temperature dependence of the 

magnetic susceptibility below 150 K that contains contributions from three 

sources: (1) the thermally activated LS to IS transition in the interval 35 K <T< 

150 K, (2) a ferromagnetic phase having a Curie temperature Tc ≈ 85 K detected at 

low magnetic fields, and (3) the universally observed low-temperature Curie-

Weiss paramagnetism. Surface Co(III) ions were argued to retain a higher spin 
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state. Possible mechanisms responsible for the observed ferromagnetism are 

discussed. 

 

5.2 Experiment 

Single crystals of RCoO3 ( Ln = La, Pr, Nd) were grown by the traveling 

solvent floating zone (TSFZ)  method. The precusors were made by the Pechini 

method with La(NO3)3.6H2O, Co(NO3)2.6H2O, precalcined Pr6O11 and Nd2O3 as 

raw materials. The content of crystal water in La(NO3)3.6H2O and Co(NO3)2.6H2O 

was determined by TGA before weighing. Pr6O11 and Nd2O3 were dissolved in 

nitric acid before mixing with cobalt nitrate solution. The precusors were dried at 

200°C  and then decomposed at 500°C . The obtained black powders were then 

pressed into pellets and sintered at 1000°C  for 24 h in air with intermediate 

grinding.  The resulting powder was hydrostatically pressed into a rod with a size 

of 5-mm-diameter× 80 mm and sintered at 1150°C  for 15 h in air. Single crystals 

were grown in an NEC Image furnace equipped with two halogen lamps. The 

growth rate was kept constant at 1.5 mm/h in 3 atm oxygen atmosphere. High 

oxygen pressure is necessary to keep the melting zone stable and to get the 

perovskite phase. The feed and seed rods were rotated in opposite directions at the 

speed of 30 rpm during the crystal growth to homogenize the melting zone. Black, 

shining single crystals were obtained with a typical size of 4~6-mm-diameter ×  5 

mm length. 

 

A small piece from the ingot was ground into fine powders for the 

determination of the lattice parameters by x-ray powder diffraction with Si powder 

as internal standard. To investigate the magnetic properties of surface Co ions, a 

part of the as-grown LaCoO3 single crystal was ground into a fine powder, and 
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then a part of the powder was cold-pressed (CP) into a dense, 3-mm×diameter 

pellet 1-mm thick by a technique reported elsewhere.65 The particles of a CP 

sample are cracked, introducing more surface area; but a high-temperature anneal 

heals the cracks and yields a dense polycrystalline sample having transport 

properties of an isotropic material that are nearly equivalent to those of a single 

crystal. Thermoelectric power was measured in air in the temperature interval 100 

K<T< 800 K with a home-made device. Magnetic susceptibility data were 

obtained with a SQUID magnetometer (Quantum Design) in the temperature range 

5 K<T< 400 K. Fine copper wire was used as sample holder; it has a magnetic 

response as small as 10-7 emu. Thermal conductivity was measured between 4 K 

and 330 K by a steady-state heat-flow technique with a systematic error less than 

20%. The systematic error mainly comes from the uncertainty in measurement of 

the sample size and the distance between the thermocouples. 

 

5.3 Magnetic Properties 
 

5.3.1 Spin-state Transition in RCoO3 

All three compositions are single phase as determined by x-ray powder 

diffraction. The Laue pattern (Fig. 42) shows clear, round spots signaling a high 

quality crystal. As-grown LaCoO3 is a slightly distorted perovskite that could be 

indexed with  
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                            Figure 42 Laue diffraction pattern of as-grown PrCoO3 crystal 

 

rhombohedral ( R3
_
c ) structure while PrCoO3 and NdCoO3 are orthorhombically 

distorted (Pbnm) at room temperature. Lattice parameters (see Fig. 43) at 300 K 

are consistent with previous reports.66 The thermoelectric power curvesα(T ) of 

single crystals of PrCoO3 and NdCoO3 are shown in Fig. 44. Theα(T ) of 

polycrystalline LaCoO3 from Ref. [46] is also shown for comparison. Below 100 

K, α(T )  is not measurable because of the high resistance of the samples. The step 

at 300 K is due to a change in the measurement apparatus. The high value of α  

below 300 K (>550 µ V/K) implies a near stoichiometric oxygen content; α(T )  

decreases more dramatically with increasing temperature in the interval 300 

K<T<600 K and reaches a small, positive and nearly temperature-independent 

value of ~20 µ V/K at T>600 K.  
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Figure 43 X-ray diffraction pattern and lattice parameter of RCoO3 at room temperature 
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Figure 44 Temperature dependence of the thermoelectric power in single-crystal PrCoO3 and 

NdCoO3. The thermopower of polycrystalline LaCoO3 after Señarís-Rodríguez is from Ref. 

50. The step at room temperature is due to a change in measurement apparatus. 
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The magnetic susceptibility of our LaCoO3 crystal (Fig. 45) agrees very 

well with previous studies.7 The susceptibility shows an abrupt increase with 

increasing temperature in the interval 35 K<T<100 K and then roughly exhibits a 

Curie-Weiss behavior at temperatures above 120 K. The sharp increase beginning 

at 35 K corresponds to the population increase of higher-spin-state Co ions, either 

IS or HS. The sharp minimum at 35 K and the Curie-Weiss-like behavior at 

temperatures below 35 K have previously been attributed to impurities 45 or to 

localized spins associated with the surface and/or lattice defects. 46 However, a 

nearly identical low-temperature behavior of χ(T) has been found by all 

investigators on both polycrystalline and single-crystal samples, and a similar 

behavior occurs at relatively higher temperatures in the CoO3 array of the PrCoO3 

and NdCoO3 samples (see Fig. 45), which suggests that this may be an intrinsic 

phenomenon in these cobaltates. 

 

The measured susceptibilities of PrCoO3 and NdCoO3 are dominated by 

the signal from the magnetic Ln3+ ions as shown in the inset of Fig. 45. To obtain 

the susceptibility variation associated with the spin-state transition in the CoO3 

array, we subtracted the polynomial fit of the χ(T)  curve for LnAlO3 compounds 

from the χ(T) of the corresponding LnCoO3. The core electron diamagnetism of Al 

and the van Vleck paramagnetism are negligible compared with the susceptibility 

of the CoO3 array. This method appeared to be successful in the study of LnNiO3 

perovskites. 67 Subtraction of the Ln3+ contribution to χ(T) gave the curve for the 

CoO3 array of Figure 45. It shows a minimum at 200 K and 300 K for PrCoO3 and 

NdCoO3, respectively. Below these temperatures, χ(T) for the CoO3 array shows 

roughly a Curie-Weiss behavior as does LaCoO3 below 35 K.  The LS state has 
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been reported to be stabilized by substitution of a smaller rare earth for La in 

LaCoO3 up to the temperature T≈500 K where the transition from an insulating to 

a conductive state takes place.68 Substitution of a smaller Ln3+ ion for La3+ 

increases the chemical pressure on the Co-O bonds, an effect that is reflected in the 

change from rhombohedral to orthorhombic symmetry of the lattice; this pressure 

stabilizes the LS configuration as does hydrostatic pressure. 69 Therefore, the 

systematic shift to higher temperatures in the minimum of χ(T)  as the radius of the 

Ln3+ ion decreases is interpreted to reflect stabilization of the LS state to higher 

temperatures; the minimum in χ(T) would be an upper limit for the onset 

temperature of excitations to higher-spin states. The temperatures defined by the 

minimum in χ(T) are similar to the onset temperatures defined by infrared 

spectroscopy.70  
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Figure 45 Temperature dependence of the molar magnetic susceptibility of single- crystal 

LnCoO3 (Ln= La, Pr, and Nd) measured at 500-Oe. Contributions from magnetic Pr3+ and 

Nd3+ were subtracted. Inset: Measured magnetic susceptibility before the subtraction. 

 

The susceptibility of a system with a non-magnetic ground state and a 

magnetic excited state can be described in units of emu/mol by Van Vleck’s 

kT~ H formula ∆ 9 
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where NA is the Avogadro number, µB  is the Bohr magneton, and kB is the 

Boltzmann constant; H∆  is the energy splitting of the two states, S and ν  are the 

total spin and the orbital degeneracy of the excited states, g is the spectroscopic 

splitting factor. Although this calculation assumes the enthalpy H∆  is independent 

of temperature and does not include excitation to the HS state, the susceptibility of 

LaCoO3 could be fit well below room temperature with an orbitally non-

degenerate IS state as the excited state after subtracting the low temperature Curie-

Weiss-like contribution. Our fit for LaCoO3 gives a H∆  of 180 K, in agreement 

with a previous report.9 A similar fitting with equation (1) shows H∆  increases 

significantly to 1095 K and 2750 K for PrCoO3 and NdCoO3, respectively. In an 

attempt to fit χ(T) with a LS/HS scenario, we could not get a reasonable fitting 

with a fixed g equal to 2. Instead, g values of 0.93, 1.43 and 3.72 are necessary to 

improve the fitting for LaCoO3, PrCoO3 and NdCoO3, respectively. From this 

point of view, our data support excitation from the LS to the IS state. 

 

5.3.2 Ferromagnetism from Surface Cobalt in LaCoO3  

To investigate the influence of surface/volume ratio, the magnetic 

properties of a powder and of a CP pellet were measured to compare with that of a 
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piece of bulk crystal. Since the same bulk single crystal was used to prepare all 

three samples, any differences between the magnetic susceptibilities of the three 

samples cannot be attributed to substitutional impurities, but they could reflect the 

spin state of surface cobalt because of the large difference in the surface/volume 

ratio of the samples. Moreover, X-ray powder diffraction did not reveal the 

appearance of any phase other than LaCoO3 although the peaks of the CP sample 

were clearly broadened compared to those of the ground powder, see Fig. 46. This 

peak broadening reflects the smaller particle size of the CP pellet and possible 

residual strains in the CP sample. To eliminate any influence of internal strains 

resulting from the CP process, the powder and the CP pellet were annealed at 400 

°C for 15 h in flowing oxygen; at this temperature, little if any sintering occurs. 

 

The temperature dependence of the magnetic susceptibility χ(T) of the 

single crystal was first compared to that of the ground powder and the CP pellet; a 

χ(T) curve of the CP pellet was then taken after the 400 °C × 15 h anneal and after 

the 1000 °C × 4 h anneal. The data were taken with a SQUID magnetometer 

(Quantum Design) from 5 K to 320 K in a field of 500 Oe in both field-cooled 

(FC) and zero-field-cooled (ZFC) modes. Above 140 K, the χ(T) curves of all 

samples have the same magnitude and temperature dependence and were similar to 

those reported in the literature; below 140 K, the χ(T) curves differed significantly 

from one another as is shown in Fig. 47. 
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Figure 46 Peak broadening in the x-ray diffraction pattern of CP LaCoO3 sample compared 

with the powder sample 

 

Four features of Fig.47 are to be noted: (1) the single-crystal data exhibit a 

minimum susceptibility χmin at a temperature Tmin ≈ 26 K and a divergence of the 

FC and ZFC curves below 70 K. The sharp decrease of χ(T) on cooling in the 

interval Tmin <T< 80 K (note logarithmic scale) reflects the transition from IS to 

LS Co(III) in the crystal bulk. (2) The ground powder, on the other hand, shows a 

divergence of the FC and ZFC curves below 85 K; the ZFC curve has a lower Tmin 

and a χmin 4 times larger than that of the single crystal while the FC curve shows 

evidence of a weak ferromagnetism setting in 
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Figure 47 Temperature dependence of magnetic susceptibility of LaCoO3 single crystal (24 

mg, bulk crystal), ground powder (powder), unannealed CP pellet (CP), and CP pellet 

annealed at 400°C (CP 400 Ann) and 1000°C (CP 1000 Ann) measured at 500 Oe in zero-

field-c cooling (ZFC, solid) and field-cooling (FC, open) modes. 

 

below 85 K. The curve changed little after a 400 °C anneal. (3) The CP pellet 

shows a much stronger ferromagnetic response of the FC curve and the ZFC curve 

has a Tmin shifted to 0 K; the ferromagnetic Curie temperature is Tc ≈ 85 K. The 

magnitude of the ZFC χ(5 K) jumps to 97×10-3 emu/mol compared with 2.51×10-3 

emu/mol for the single crystal and 6.93×10-3 emu/mol for the powder. The anneal 

at 400 °C changes the FC and ZFC by a minimal amount. (4) after the anneal at 

1000°C, the magnitude of the ferromagnetic component is sharply decreased for 

the CP pellet. The thermoelectric power of the annealed sample α≈350 µV/K was 
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close to that for the single crystal at room temperature; any change of the bulk 

oxygen content as a result of grinding into a powder, forming a CP pellet, and 

subjecting to anneals at 400°C and 1000°C was negligible. Therefore, we may 

conclude that the dramatic change in χ(T) below 85 K of the CP pellet before and 

after the 1000 °C anneal reflects a change in the surface/volume ratio of the 

sample. 

 

To confirm this conclusion, SEM photographs of the several samples were 

taken and compared. Fig. 48 presents the surface images of the CP pellet after an 

anneal at 400°C (a and b) and at 1000°C (c and d). The irregular grain size of the 

CP pellet annealed at 400°C does not change noticeably from that of the 

unannealed CP pellets and is similar to the particle size of ground powders. 

However, many microcracks (see Fig. 48 b) can be seen in some large individual 

particles in the CP pellet; these microcracks are not present in the particles of the 

ground powders and they were not significantly removed from the CP pellet 

annealed at 400°C. These microcracks increase greatly the surface/volume ratio of 

the CP pellet. After annealing at 1000°C, the microcracks are removed and grain 

connectivity was observed (see Fig. 48c & d). A reduction in surface/volume ratio 

is clearly evident. Another direct evidence for surface involvement in the 

ferromagnetism is the dependence of χ(T) on the size of the single crystal. As 

shown in Fig. 49, the larger the size of the crystal, the smaller the χmin.  
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                        (a)                                                             (b) 

   
                        (c)                                                              (d) 

Figure 48 SEM photograph for CP pellet annealed at 400°C for 15 hr (a and b) and at 1000°C  

for 4 hr (c and d). Curves in (b) highlight the microcracks. 
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Figure 49 The temperature dependence of magnetic susceptibility of LaCoO3 bulk single 

crystals with different sizes measured at 500 Oe in ZFC (solid curve) and FC (dashed curve) 

mode. No FC mode was measured for the 66-mg sample. 

 

To demonstrate the existence of a ferromagnetic component in the χ(5 K), 

M-H hysteresis loops were taken over the range -5 T <H< 5 T; they are displayed 

in Fig. 50. They illustrate a dramatic increase in the remanence, Mr, and coercivity, 

Hc, with increasing surface/volume ratio. Saturation of the magnetization has not 

been reached in any of the samples, which signals a paramagnetic phase from the 

bulk in addition to the presence of ferromagnetic regions on the surface.  It is 

noticed that M(5 K, 5 T) = 0.20 µB / f. u. for the CP pellet is about 20 times that of 

the bulk single crystal, which is also direct evidence for the creation of more 

localized spins with increasing surface/volume ratio. 
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Figure 50 M-H hysteresis loops at T=5 K of bulk single crystal (a), ground powder (b) and CP 

pellet (c). Inset in (a) highlights the low remanence and coercivity for bulk single crystal (24 

mg). 

 

Fig. 51 shows FC and ZFC χ(T) curves for a 24-mg single crystal 

measured with different applied magnetic field strengths H. The separation 

between the FC and ZFC curves below 85 K decreases and the magnitude of χmin 

drops as H increases; the FC and ZFC curves for H > 1 T (not shown) overlap over 
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the entire interval 5 K < T < 300 K . Below 120 K, three contributions to χ(T) can 

be identified: 

                        χ(T) = χpara + χsst + M/H                                                          (2) 

where χpara is a Curie-Weiss paramagnetism, χsst is from the well-studied LS to IS 

transition on the bulk Co(III) ions, and M is a field-dependent magnetization of the 

ferromagnetic regions having a Curie temperature Tc ≈ 85 K and a temperature 

dependence described by the Brillouin function. The first two terms of eq. (2) are 

field-independent whereas the third term saturates at high field. Since the 

divergence of the ZFC and FC curves is caused by the third term, it is expected 

that the FC and ZFC curves overlap at sufficiently high magnetic field. In low 

enough fields, the ferromagnetic contribution is comparable with χpara and χsst or 

may even be dominant where the surface/volume ratio is large. 

 

Figure 51 Temperature dependence of magnetic susceptibility of bulk single crystal (24 mg) 

in ZFC (solid) and FC (open) modes at different magnetic fields. 
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  5.3.3 Discussion 

Our experiments have clearly identified the existence of unpaired localized 

spins at the surface of LaCoO3 particles and a ferromagnetic coupling to give 

ferromagnetic surface regions with a Tc ≈ 85 K. Both the magnitude and the 

temperature dependence of χ(T) depend on the surface/volume ratio of the sample 

and the applied magnetic field, which can well account for the discrepancies in the 

reported low-temperature χ(T) behavior of LaCoO3. 

 

 

The spin-state in LaCoO3 is determined by the competition between the 

crystal field splitting energy ∆c and the Hund exchange energy ∆ex. In the bulk, a 

small (∆c-∆ex)>0 stabilizes the LS state as the ground state at low temperatures. 

The spin-state transition can be induced not only by thermal energies of the order 

of a few meV, but also by any structure or chemistry change that influences the 

balance between ∆c and ∆ex. It has been predicted theoretically71 and verified 

experimentally that the substitution of La by other rare-earth ions with smaller 

radius will stabilize the LS state to higher temperatures because chemical pressure 

increases ∆c. A fivefold coordinated Co(III) ion on an ideal surface has a smaller 

∆c than an octahedrally coordinated bulk Co(III) ions, which stabilizes higher spin 

states at surface cobalts even at the lowest temperatures.72  

 

Fivefold, square-pyramidal oxygen coordination introduces a tetragonal 

site symmetry that favors the IS state since it removes the e-orbital degeneracy of 

that state. This fact has been demonstrated in RBaCo2O5+δ, which  is an oxygen-

deficient perovskite with rare-earth R3+ and Ba2+ ions ordered into alternate (001) 
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planes; the oxygen of the R3+ planes are removed, which leaves Co(II) and IS or 

HS Co(III) in square-pyramidal sites.73  

 

With large surface/volume ratio, LaCoO3 could lower the surface energy 

by either surface reconstruction or by adsorption of oxygen or moisture. A surface 

energy calculation by atomistic computer simulation technique has found that 

surface reconstruction can lead to up to 76% reduction in the surface energy of low 

index surfaces for LaCoO3. 74 The reconstruction involves atomic displacement 

and rearrangement of CoO6 and CoO5 units. It is reasonable to expect the bond-

length and/or symmetry change during the surface relaxation, and this effect could 

extend to several atomic layers into the bulk. As the result, higher spin states are 

possible for Co(III) ions on the surface.  

 

Although a surface reconstruction can reduce the surface energy, oxides 

normally adsorb water at the surface oxygen vacancies; this bound water is present 

as surface hydroxyl anions OH-. Oxide surfaces exposed to the atmosphere adsorb 

H2O and/or O2 to lower their surface energy. Bound water that releases a proton to 

a neighboring O2- ion to form surface OH- ions would not change the valence state 

of the Co(III) ions. If H2O from the air is chemically absorbed on the surface, 

some surface Co(III) are coordinated with five oxygen and one OH- ion. This 

coordination is somewhat similar to that in Sr2CoO3Cl where IS or HS Co(III) ions 

are coordinated by five oxygen and one Cl- ion.75  Therefore, the adsorption of 

H2O can be expected to double the concentration of surface Co(III) ions in a 

higher spin state without changing the valence state of cobalt. On the other hand, 

the chemical adsorption of an oxygen atom at a fivefold coordinated site would 

oxidize two surface cobalt to Co(IV) t5e0 with S=1/2. Therefore, some localized 
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spins could be stabilized on the surfaces of LaCoO3 no matter whether the surfaces 

are ideal, or adsorb moisture and/or oxygen.  

 

Given the presence of localized surface spins, we must next consider the 

possible magnetic couplings that can lead to a surface ferromagnetism. The LS 

Co(III):t6e0 ions with S=0 are diamagnetic. In lightly Sr-doped LaCoO3,  LS 

Co(IV):t5e0 ions with S=1/2 are known to create ferromagnetic clusters having IS 

cobalt configurations t5σ*n (n<1) in which the e electrons are no longer localized, 

but occupy molecular σ* orbitals of e-orbital parentage; these superparamagnetic 

clusters have a Tc ≈ 220 K. 76 Although oxidation of Co(III) to Co(IV) at the 

surface by adsorption of O2 could explain the observed ferromagnetism by the 

double exchange interaction in  t5σ*n (n<1) clusters, a Tc ≈ 85 K is much lower 

than a Tc ≈ 220 K. Nevertheless, in order to find the evidence of surface oxidation, 

we ground pieces of single crystal in flowing O2, flowing wet Ar, and in air, 

respectively, into fine powders with similar particle size and distribution; the 

magnetic susceptibility was measured immediately after grinding. The χ(T) of all 

three samples showed a similar temperature dependence, although the magnitude 

varied somewhat due to different particle size and distribution. This result argues 

against the oxidation of surface Co(III) to Co(IV) to give the observed 

ferromagnetism. Moreover, the unchanged thermopower of the CP pellet after 

annealing at 1000 °C for 4 h further rules out the double exchange mechanism as 

the origin of the observed ferromagnetism. 

 

Given a large cluster of surface cobalt ions having IS Co(III), the 

ferromagnetism could be induced by a vibronic e -O-e0 superexchange between IS 

Co(III), but this coupling requires a dynamic Jahn-Teller distortion. Alternatively, 

1
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a static Jahn-Teller orbital ordering like that in the (001) planes of LaMnO3 at 

neighboring IS Co(III) on the 2-D surface could give ferromagnetic e1-O-e0 

interactions. Antiferromagnetic ordering between surface HS Co(III) could give a 

weak canted-spin ferromagnetic moment. Our data do not provide an unambiguous 

distinction between these three alternatives. 

 

Here, I would like to tentatively discuss the origin of the Curie-Weiss-like 

magnetic susceptibility below the low-temperature transition to the LS state. The 

minimum of χ(T)  for LaCoO3 at 35 K varies in magnitude in different reports, 

and single crystals show a smaller minimum than ceramic samples. The χ(T)  

below 35 K has been postulated to signal the population of impurities, oxygen 

nonstoichiometry, or Co(II) associated with reconstructed surfaces. An impurity 

amount  <1% has been obtained by Zobel et al by fitting χ(T)  with  χ=p/T+χ0 and 

assuming a large-spin cluster with S=10. The fit of our LaCoO3 χ(T) data with the 

above equation gives an even lower impurity concentration than that reported by 

Zobel et al. There is no convincing evidence that substitutional impurities are 

present. Alternatively, an intrinsic, homogeneous moment giving a small µeff  and 

a Weiss constant θ near zero could arise because the LS and IS states have an 

energy separation ∆H>kT that is small enough to admit the introduction of virtual 

excitation to the IS state. In this case, it is necessary to mix into the LS ground 

state some IS character. 

 

Fig. 52 shows the temperature dependence of χ(T)  and 1/ χ(T)  for 

LaCoO3 measured at 1 T and 50 Oe in the interval 2 K<T< 50 K. χ(T) is smaller at 

1 T than at 50 Oe since the ferromagnetic component saturates at low 

temperatures, and a linear behavior of 1/ χ(T)  below 25 K is shown. At 50 Oe, the 
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magnetization of the ferromagnetic component remains temperature dependent 

below 25 K, which causes the non-linear behavior of 1/ χ(T) . It’s obvious that 

1/ χ(T)  measured at 1 T does not cross the origin, which indicates a non-zero 

Weiss constant. This fact implies that the paramagnetic component in low-

temperature χ(T)  cannot be from isolated impurities. The other important feature 

in Fig. 52 is the slope change of 1/ χ(T)  at about 4.5 K (arrows), which may 

indicate a structural transformation. 

 

Figure 52 The temperature dependence of magnetic susceptibility c(T) and 1/c(T) of LaCoO3 

single crystal measured at 1 T and 50 Oe in the temperature interval 2 K<T<50 K. The 

arrows indicate the slope change of 1/c(T)  at 4.5 K. The dashed line is a guide of the slope 

change. 
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5.4 Thermal Conductivity and Spin State transition 
 

The temperature dependence of the thermal conductivity, κ (T ) , of LaCoO3 

is shown in Fig. 53(a). The thermal conductivity above 400 K is from Pillai and 

George.77 The κ (T ) curve shows a large, sharp peak around 20 K; it drops sharply 

with increasing temperature to a quite low, nearly temperature independent value 

up to room temperature. It is reported to increase gradually with temperature above 

300 K.19 Obviously, the thermal conductivity decay above 20 K does not obey a 

1/T law; the lattice component of the thermal conductivity is strongly suppressed 

above 35 K where the higher spin states are becoming thermally excited. 

 

In a crystal, heat may be carried by electrons, phonons, and magnons. The 

electrical resistivity of LnCoO3 has been well-characterized with an insulating 

behavior below ~500 K, 78 so the electronic contribution to κ (T ) can be neglected 

below room temperature. The magnetic contribution is also negligible in a 3D 

paramagnetic phase. Therefore, the high κ (T ) setting in below 35 K reflects the 

phonon contribution. The high value of κ (T ) at 20 K indicates that phonons are 

well-established in this temperature range. The temperature dependence of 

κ (T ) correlates with the population variation of Co(III) ions in different spin 

states. 
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Figure 53 (a) Temperature dependence of thermal conductivity, and populations of Co(III) 

ions in different spin-states for LaCoO3. The high-temperature thermal conductivity ( HT) 

after Pillai and George is from Ref. 19 measured on a polycrystalline sample. The populations 

of Co(III) ions in different spin-states after Asai are from Ref. 2. Inset: Enlarged 

representation of κ (T )  and magnetic susceptibility, χ(T) , in the vicinity of the spin-state 

transition in LaCoO3. The dashed line highlights the deviation of 1/ χ(T)  associated with 

spin-state transition. (b) Temperature dependence of κ (T )  in single-crystal PrCoO3 and 

NdCoO3. The dashed line is the fitted κ (T ) of NdCoO3 according to a 1/T law.  Inset: 

Enlarged representation of κ (T )  and χ(T)  in the vicinity of the spin-state transition in 

PrCoO3. 

 

In the LS-IS-HS model, the populations of different spin states have been 

estimated based on a neutron-diffraction experiment as shown in Fig. 53(a). 2 The 

sharp suppression of κ (T ) on heating above 35 K coincides with the appearance of 

the IS state and κ (T ) becomes almost temperature-independent at a low value 

when the population of the IS state is over 50% at about 80K. In the Goodenough 

model, the quick decay of κ (T ) above 35 K begins with the appearance of the HS 

state, and κ (T ) is almost temperature-independent in the temperature range where 

the dynamic, short-range-ordered LS:HS state dominates. The inset of Fig. 3(a) 

clearly demonstrates the suppression of κ (T )  and the variation of χ(T)  with 

temperature due to the spin-state transition. The κ (T ) data do not resolve whether 

the higher spin states initially excited are high-spin (HS) coordinated by LS 

nearest neighbors or IS states stabilized by local Jahn-Teller distortions. But no 

matter which model is correct, we can conclude that the transition from the LS to 

the IS/HS state suppresses phononic thermal conductivity. 
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The κ (T ) suppression due to the spin-state transition could also be 

demonstrated in PrCoO3 and NdCoO3 (Fig. 53(b)). Our susceptibility 

measurement of PrCoO3 suggests T∆S≈∆H around 200 K, where ∆S is the entropy 

change of IS/HS state . The κ (T ) curve around this temperature, as shown in the 

inset, unambiguously illustrates the thermal conductivity response to the spin-state 

transition. The κ (T ) curve begins to drop near 140 K, which is somewhat lower 

than the temperature Tmin where χ(T) shows a minimum. The κ (T ) curve of 

PrCoO3 approaches a value similar to that of LaCoO3 near room temperature. A 

smooth change of κ (T ) near 200 K reflects the spin-state transition. The sharp drop 

of κ (T ) with increasing temperature below 50 K in PrCoO3 has an origin other 

than the spin-state transition of the CoO3 array; it is probably associated with 

disordering of the Pr3+-ion spins. The phonon contribution to κ (T )  of NdCoO3 is 

retained to higher temperatures. κ (T )  begins to be suppressed and deviate from a 

1/T law above 150 K whereas its magnetic susceptibility shows a broad minimum 

near 300 K. The minimum in χ(T)  occurs where T∆S≈∆H and is shifted further to 

higher temperatures as ∆H increases than is the onset of the transition to the IS 

state. Therefore, the temperature difference between the minimum in χ(T)  and the 

onset of the suppression of  κ (T )  increases with ∆H . Comparison of the κ (T ) and 

χ(T)  data for LaCoO3, PrCoO3, and NdCoO3 shows that κ (T )  is a more sensitive 

probe of the onset of the spin-state transition than is χ(T)  for the CoO3 array; the 

low-temperature paramagnetism obscures this onset in the χ(T)  data of LaCoO3, 

but not in the χ(T)  of PrCoO3 and NdCoO3. 

 

The spin-state transition from LS to either IS or HS involves the electron 

transfer from a t orbital to an e orbital. This transition brings in an ionic size 

change of the octahedral-site Co(III) ion. The ionic radius of LS Co(III) was fitted 
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to be 0.545 Å, while IS and HS Co(III) have larger radii with values of 0.56 Å and 

0.6 Å, respectively.10 A thermally driven transition of the spin state will produce a 

random distribution of variable bond lengths, which in turn suppresses the 

phononic thermal conductivity. 

 

 

 

Since both IS and HS Co(III) are Jahn-Teller ions in an octahedral site, the 

suppressed κ (T ) due to the mixture of LS/IS (or HS) would be further reduced if 

the Jahn-Teller deformations associated with the IS/HS states are dynamic. On the 

other hand, a modest restoration of κ (T ) is expected in a temperature range where 

the concentration of IS Co(III) is high enough for static, cooperative Jahn-Teller 

distortions as is seen in LaMnO3.79  

 

 

The space group R3
_
c  of the rhombohedral LaCoO3 is not compatible with 

a cooperative Jahn-Teller distortion. A recent observation80 of a lowering of the 

symmetry of LaCoO3 from R3
_
c  to the subgroup I2/a accommodates a long-range-

ordered Jahn-Teller distortion as well as octahedral-site rotations about a cubic 

[111] axis. The parameter ∆  to describe the bond length variation in the MO6/2 

octahedra due to the orbital ordering is defined as ∆ =
1
6

(
dn

< d >n=1

6

∑ −1)2  . A ∆  = 

3.5×10-5 for GdFeO3 represents a typical value for the distortion of an MO6/2 

octahedral site due to rotations alone in the orthorhombic Pbnm space group.81 In 

LaCoO3, Maris et al 22 found three unequal Co-O bond lengths in the temperature 

interval 90 K <T< 300 K with calculated ∆  values up to 6×10-4, which would 
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appear to point to a static Jahn-Teller ordering in LaCoO3 in the interval 90 

K<T<300 K. However, the suppression of κ (T )  over the whole temperature range 

35 K ≤ T ≤ 330 K suggests that if the orbitals of the IS Co(III) are statically 

ordered, then a minority LS Co(III) phase or a conductive Co(III): t5σ*1 phase 

must coexist with the orbitally ordered Co(III): t5e1 phase. 

κ (T )

 

Suppression of κ (T ) by a dynamic Jahn-Teller distortion has also been 

demonstrated in LaMn1-xGaxO3. 21 The substitution of nonmagnetic Ga(III) ions 

dilutes the cooperative Jahn-Teller distortion and therefore results in orbital 

fluctuations at the Jahn-Teller Mn(III) ions. The volume of orbital fluctuations 

persisting below TN increases with x and progressively suppresses κ (T ) . In the 

cobaltates, the non-magnetic LS Co(III) ions may play a similar role as does 

Ga(III) in LaGaMnO3. Both the magnitude and the temperature dependence of 

κ (T ) for LaCoO3 in the temperature interval 80 K<T<330 K are similar to those 

for LaMn1-xGaxO3 with x≥0.35, where spin-glass behavior has demonstrated the 

coexistence of an orbitally disordered phase in a matrix of an orbitally ordered 

phase. 

 

The κ (T ) of PrCoO3 below 100 K resembles that of LaCoO3 with a sharper 

suppression of κ (T ) than the 1/T decay found in NdCoO3. An almost temperature-

independent value of 4.5 W cm/K in the interval 80 K<T< 140 K is about 2 W 

cm/K larger than that of LaCoO3 and that of PrCoO3 at 330 K, which implies that 

some other fluctuations suppressing in PrCoO3 below 140 K are 

distinguishable from the spin-state transition. We note that the strong energy 

overlap of the outer-lying 4f orbital of Pr3+ with neighboring oxygen 2p levels of 
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PrBa2Cu3O7-δ results in a characteristically mixed or fluctuating valence situation 

reminiscent of heavy-fermion systems.82   

 

Optical-conductivity spectra, resistivity, and Hall coefficient measurements 

have suggested that the high-temperature transition from an insulating to a 

conductive state in LaCoO3 should be viewed as a thermally induced, 

homogeneous Mott-Hubbard transition. However, an α(T )  ≈ 20 µ V/K that is 

nearly temperature-independent above 600 K seems not to support a homogeneous 

metallic phase above 600 K. Moreover, a homogeneous transition should be first 

order, 83 so the smooth transition in ρ(T ) and α(T )  in the range 350 K < T < 600 

K is more characteristic of a mixed phase transition in which the volume fraction 

of the more conductive phase grows to beyond percolation at the transition. Such a 

phase transition is characterized by bad-metal behavior in the conductive phase 

with an elevated thermoelectric power. 

 

An abnormally large thermal expansion of LaCoO3 in the intervals 35 

K<T< 200 K and 400 K <T< 700 K signals that the excitation to higher spin states 

occurs in a two-step process. In the LS-HS model, excitation to a HS/LS ratio 

approaching unity occurs below 300 K and the excitation of additional HS Co(III) 

to create an IS phase with σ*  electrons occurs above 300 K. In the LS-IS-HS 

model, IS Co(III) are excited below 300 K and HS Co(III) are excited at higher 

temperatures, which is in agreement with analysis of the paramagnetic 

susceptibility data. However, with this latter scenario, the κ (T )  data can only 

support the suggestion that the transition to a conductive state above 600 K is due 

to an orbital order-disorder transition if the transition involves a two-phase process 

in the interval 300 K <T< 700 K as originally proposed by Goodenough;1 but the 
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matrix in which a conductive phase grows is a matrix of IS states with localized e 

electrons that are stabilized by Jahn-Teller site distortions.  

 

Since Sr substitution in La1-xSrxCoO3 creates an IS t5σ* 1-x state, it is logical 

to identify the conductive phase above 500 K with a phase in which mobile charge 

carriers occupy a σ*  band. Although a contraction of the equilibrium M-O bond is 

normally found on passing from a localized to an itinerant electronic state,25 in 

LaCoO3 the conductive phase is HS-rich and therefore has the larger lattice 

parameter. This phase is to be distinguished from the La1-xSrxCoO3-δ IS phase. 

 

5.5 Conclusions 

 

It has been confirmed that the thermal conductivity is a sensitive probe of 

bond-length fluctuations by using it to study the spin-state transition in three 

single-crystal perovskite cobaltates RCoO3 with R=La, Pr, Nd. Analysis of the 

data in conjunction with transport data and paramagnetic susceptibility leads us to 

the following conclusions: (1) the phononic thermal conductivity is suppressed at 

temperatures where the transition from LS to IS/HS state takes place. Our κ(T) 

data are consistent with both the Goodenough model and the LS-IS-HS scenario; 

they do not discriminate between the two; (2) the low-temperature Curie-Weiss 

paramagnetic susceptibility is an intrinsic property arising from a LS ground state 

bearing some IS character caused by the virtual excitation to an IS state; χ(T)  of 

LaCoO3 shows a slope change that might  indicate a structural transformation at 

4.5 K; (3) surface Co(III) ions retain a higher-spin state and give a 

ferromagnetism, which contributes to the low-temperature susceptibility in 

addition to the Curie-Weiss paramagnetism and the thermally activated LS to IS 
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transition. (4)the  LS state is stabilized to a higher temperature where La is 

replaced by other rare earth ions with smaller size. (5) the smooth insulator-metal 

transition near 500 K reflects the coexistence of a conductive phase that grows to 

beyond percolation in an IS localized-electron matrix. 
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Chapter 6: Magnetic Property and 

Thermal Conductivity of RVO3 (R=rare earth and Y) 

 
In this chapter, I present the results of experiments performed on RVO3 

(R=rare earth and Y), which demonstrate the suppression of phonon thermal 

conductivity by bond fluctuations due to spin and orbital disorder. 

 

6.1 Introduction 

In transition-metal oxides, strong correlations between spin, orbital and 

charge degrees of freedom and lattice distortion play a crucial role in a large 

variety of intriguing physical properties, such as the Mott-Hubbard transition, 

high-Tc superconductivity, and colossal magnetoresistance (CMR). The perovskite 

vanadates have been regarded as one of the most prototypical systems that show 

spin-charge-orbital coupled phenomena. The V(III): t2σ*0 configuration of the 

RVO3 family has no electron in the σ* band of e-orbital parentage, and long-range 

orbital order sets in below a TOO ≥ TN, the resulting site distortion is in a direction 

to lower the orbital angular momentum, i.e. tetragonal (c/a>1). The long-range 

orbital ordering that minimizes the cost in elastic energy places the long axes of 

the tetragonal sites in (001) planes alternating between [100] and [010] directions 

as in LaMnO3, resulting in the splitting of the V t2g orbitals into a doublet of lower 

energy and a singlet of higher energy. The doublet contains the xy orbital, which is 

always occupied, and either the zx or yz orbital. There are two ways of ordering 

the empty yz and zx orbitals as shown in Fig. 54. On traversing the c-axis, the 

orbital order within (001) planes may be either in phase to give the C-type orbital 
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order or it may be out-of-phase to give the G-type orbital order. With both types of 

orbital order, antiferromagnetic coupling between half-filled xy orbitals on every 

V(III) ion must compete with a weaker yz or zx ferromagnetic interaction within 

(001) planes between a half-filled and empty orbital in accordance with the 

Goodenough-Kanamori rules for the sign of the spin-spin interactions. The 

resulting antiferromagnetic interaction in the (001) planes is weak relative to the c-

axis spin-spin interactions in both types of orbital ordering. With G-type orbital 

order, both the yz and zx c-axis interactions are between a half-filled and an empty 

orbital and are, therefore, both ferromagnetic; ferromagnetic c-axis columns 

coupled antiferromagnetically to one another gives type-C antiferromagnetic order. 

C-type orbital order, on the other hand, gives c-axis antiferromagentic interactions 

from overlapping half-filled yz and zx orbitals with no competing interaction from 

empty orbitals; therefore, the magnetic order is type G. 

 

Figure 54 (a) Structure of C-type orbital ordering (OO) and G-type spin ordering (SO), (b) 

structure of G-type OO and C-type SO. 

 

The spin and orbital ordering has been systematically studied by specific 

heat measurement, and by other structural and magnetic measurements. For 

LaVO3, type-C spin ordering sets in below TSO=143 K; 2 K below TSO, G-type 
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orbital orders. In the other RVO3 family members (R=Pr-Lu), G-type orbital 

ordering (OO) takes place at a temperature TOO that is higher than that of C-type 

spin ordering (SO) below TSO. A transition from G-type OO and C-type SO to C-

type OO and G-type SO takes place at a lower temperature TCG in RVO3 with 

R=Dy-Lu. At Too, the orbital ordering is accompanied by a lowering of symmetry 

from orthorhombic Pbnm to monoclinic P21/a. At TCG, there is a first order 

structural phase transition to orthorhombic involving a sudden change in the unit 

cell volume. A global phase diagram of the SO and OO is shown in Fig 55. 
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Figure 55 Spin-orbital phase diagram of RVO3 over an entire region of the R3+-ion radius rR. 

Data for CeVO3 are from my work, others are from Tokura’s work.84 

 

Orbital order has been found not to suppress phonon thermal conductivity. 

The oxygen stoichiometric parent compound LaMnO3, for example, has a static 
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cooperative orbital ordering below 600 K < T < TJT≈750 K; it shows a transition at 

TJT from polaronic to vibronic conduction. If Mn is partially substituted by 

nonmagnetic Ga(III) ions, the cooperative Jahn-Teller distortion is diluted and the 

less of long-range orbital order results in the orbital fluctuations. κph was found to 

be suppressed with Ga(III) doping and is glass like for x ≥ 0.35, which 

demonstrates the effect of orbital fluctuations on thermal conductivity. However, 

the phonon scattering from Ga(III) ions and the break of lattice periodicity by 

Ga(III) ions could not be neglected. With 12 % Sr doping of LaMnO3, orbital 

ordering sets in below TOO and Zhou et al observed a significant restoration of κph 

at Too. However, they also observed that κph for compositions away from 1/8 

remains suppressed in the O’’ phase above a temperature TLO. So a charge 

commensuration as has been declared in the La2-x-yNdySrxCuO4 system may also 

contribute to the κph recovery.  

 

Orbital ordering of t2g electrons is reflected structurally to a less extent than 

that of eg electrons, but they can still have a dramatic influence on the physical 

properties. Since the RVO3 perovskites are all electronic insulators and the 

consecutive OO and SO take place in a narrow temperature range, vanadate 

perovskites offer a unique opportunity to investigate the spin-orbital-lattice 

coupling without the influence of cation doping, or phase fluctuations. 

 

6.2 Crystal Growth 

Single crystals were grown from polycrystalline RVO3 rods by the 

floating-zone method in an IR-image furnace in a flowing gas mixture of Ar + 5% 

H2.  The polycrystalline RVO3 was obtained by reducing RVO4 powder in flowing 

H2 at 1000°C with intermittent grinding.  The RVO4 powders were prepared by 
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standard solid-state reaction in air at 800°C with V2O5 and precalcined R2O3 (or 

CeO2 for CeVO4) powders as starting materials. The supply of extra V2O5 to the 

molten zone is proved necessary to compensate for severe evaporation loss of 

V2O5 during crystal growth and to lower the melting temperature. Since their 

melting points are close to the upper limit of our image furnace, the crystal quality 

of LaVO3 and CeVO3 was relatively poor in comparison with other members in 

this family. All samples were annealed at 850°C for 5 h in flowing Ar to relieve 

stresses formed during crystal growth before the thermal conductivity was 

measured. All samples were single-phase to powder x-ray diffraction and all peaks 

could be indexed with the Pbnm space group. Oxygen stoichiometry was 

monitored by thermoelectric-power measurements and by thermogravimetric 

analysis (TGA). 

 

6.3 Structure 

Room temperature x-ray powder diffraction data showed that all the 

perovskites RVO3 had a Pbnm orthorhombic lattice with the lattice constants a ≈ b 

≈ 2/c  , isostructural with GdFeO3. As shown in Fig 56, as the ionic size of the 

R3+-ion decreases from La to Lu, the unit-cell volume decreases and the ratio 

2/c  increases. 

 

The room-temperature orthorhombic Pbnm symmetry of the perovskites 

RVO3 is caused by a cooperative rotation of the VO6/2 octahedra about [110] axis 

of the ideal cubic unit cell. This distortion is induced by a mismatch between the 

equilibrium bond-lengths R-O and V-O. The tolerance factor, which is a measure 

−
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of the bond-length mismatch, is written as 
)(2 OV

ORt
−

−
= where the equilibrium 

bond-lengths R-O and V-O may be obtained at room temperature from a table of 

empirical ionic radii. A t < 1 places the V-O bonds of a cubic structure under 

compression, the R-O bonds under tension. The cooperative rotation of the VO6/2 

octahedra bends the V-O-V bond angles from 180°, thereby relieving the 

compressive stress on the V-O bonds; it also reduces half of the R-O bond lengths, 

which relieves the tensile stress on the R-O bonds. The evolution to a pseudocubic 

c/a ≈ √2 for LaVO3 within the orthorhombic phase appears to by typical where the 

transition to  symmetry is approached with increasing size of the R
_

3cR 3+ ion. 

                

                  Figure 56 Room-temperature lattice parameters of RVO3 
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6.4 Magnetic Properties 

Magnetic properties of polycrystalline LaVO3, CeVO3, YVO3 and LuVO3 

have been well studied.85 An exhaustive work has been done on magnetic 

properties of single crystal YVO3. 86  The magnetic susceptibility study in this 

Chapter is initially used only to characterize the samples and to determine TOO and 

TSO. However, the data show many peculiar features and raise several questions. 

Thus, it is worthy of a separate discussion. I will first compare my results for 

LaVO3, CeVO3, and YVO3 with previous reports and then present the 

experimental results for other compositions. 

 

The magnetic susceptibility of LaVO3 (Fig. 57) agrees very well with 

previous reports. The ZFC curve measured at 1 kOe shows a Néel temperature TN 

≈143 K. On the other hand, FC curve shows an abrupt transition at a Tt ≈ 137 K 

below which χ (T) drops sharply with decreasing temperature and changes to 

negative at about 125 K. Such a reversal of the sign of the magnetization at a 

compensation temperature Tcomp has been found in a few ferrimagnetic systems 

and Mahajan et al have suggested that the transition to P21/a monoclinic symmetry 

below Too gives rise to ferrimagnetic behavior because of different magnetic 

moments on the crystallographically distinguishable VO6/2 sites. However, the 

orbital angular momentum of a t2 configuration is not quenched, and the orbital 

ordering below Too, although in a manner that would suppress the orbital angular 

momentum, only reduces its magnitude. Therefore, a more plausible explanation is 

that the residual spin-orbit coupling below Too couples to a site axis, and the 

tilting of the VO6/2 octahedra together with spin-orbit coupling tilts the VO6/2 

octahedra to produce a canted-spin ferromagnetism. However, what is surprising is 
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that this canted-spin ferromagnetism opposes a magnetic field that is applied above 

Too, but not if it is applied below Too as was shown by Nguyen and 

Goodenough.80 This has suggested to Goodenough that the first-order character of 

the transition at Too induces a persistant molecular current responsible for the 

orbital angular momentum to be oriented in opposite to the magnetic field. 

 

 

 

Figure 57 Temperature dependence of the magnetic susceptibility of  LaVO3 measured at 1 

kOe in both FC and ZFC modes 
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Figure 58 Temperature dependence of magnetic susceptibility of YVO3 measured at 1 kOe in 

both FC and ZFC modes. (b) highlights the slope change at Too. 

 

Fig. 58 illustrates the magnetization as a function of temperature for a 

single crystal of YVO3 with random orientation. The FC magnetization of the 

single crystal increases rapidly just below the Neel temperature TN=116 K and 

then decreases monotonously after reaching a maximum. It crosses zero at T=90 K 

and becomes negative. With further decrease in temperature, the magnetization 

suddenly jumps to a positive value at T=77 K. The same behavior is also observed 

in a ZFC measurement, where the sample is first cooled down to 5.0 K without a 

magnetic field and then the field is applied and magnetization is measured upon 

warming. The result agrees with a previous report. A fit of magnetic susceptibility 

by the Curie-Weiss law gives the paramagnetic Curie temperature θ and the 

effective moment per vanadium, µeff. The obtained C value of 1.43 gives a µeff  of 

3.38 µB, which is much larger than a spin-only value of 2.83µB of V3+ (S=1). This 

considerable disagreement has been found among various results for LaVO3 which 

has been attributed to different oxygen contents in various samples and the 

temperature-independent terms in the susceptibility. However, the fit of χ(T) for 
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YVO3 does show a suppression of the orbital angular momentum accompanying 

orbital ordering. 

 

                           

Figure 59 Temperature dependence of magnetic susceptibility of CeVO3 measured at 1 kOe 

in both FC and ZFC modes. Inset highlights the slope change around the orbital ordering 

temperature 

 

The magnetic susceptibility of CeVO3 has been studied on polycrystalline 

samples; it was found that the ZFC and FC curves coincide at high temperatures 

and split below 136 K where the spin orders. The ZFC susceptibility decreases 

with decreasing temperature below 136 K and becomes negative below Tt=124 K; 

orbital ordering has been argued to take place at Tt. My measurement of a single 

crystal sample (see Fig. 59) gave a similar temperature dependence of the FC 

susceptibility. However, χ(T) differs from previous reports by three prominent 
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features: (1) the ZFC susceptibility does not become negative in the whole 

temperature range, it has almost the same temperature dependence as the FC 

curve; (2) a step-like jump in both the FC and ZFC curves is found at 134 K, 

which is characteristic of spin ordering; and (3) a slope change of χ-1(T)at 154 K 

was found as highlighted in the inset of Fig. 6.6. This slope change has been found 

for other RVO3 compositions at TOO. Thus, my results suggest that orbital ordering 

occurs at 154 K and spin ordering at 134 K. This result agrees with a specific heat 

and synchrotron x-ray powder diffraction study.87 It appears that the sequential 

order of Too and Tso is sensitive to the chemistry and may be reversed by 

controlling the oxygen stochiometry. 

                        

Figure 60 Temperature dependence of magnetic susceptibility of NdVO3 measured at 1 kOe 

in both FC and ZFC modes. Inset highlights the slope change at Too. 

 

Fig. 60 shows the temperature dependence of the magnetic susceptibility of 

NdVO3. The gradual slope change above TN = 144 K and the jump at TN of χ(T) 
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could be explained by the orbital ordering and spin ordering, respectively. 

However, it is hard to understand the dip feature centered at 24 K.  There is no 

indication of any magnetic or structural phase change below TN from specific heat 

data. Moreover, there is no evidence that Nd3+ ions acquire a long range magnetic 

ordering. The ordering of the R3+-ions moments has only been detected in those 

members of the RVO3 family with strongly magnetic rare-earth cations such as 

Er3+ or Tm3+; the ordering takes place at temperatures below 20 K (16 K for 

ErVO3 and 13 K for TmVO3).88  

 

The temperature dependence of χ(T) for SmVO3 (Fig. 61) is similar to that 

of LaVO3 except (1) χ-1(T) shows a slope change at Too~200 K, and (2) χ(T) goes 

positive  again at ~ 70 K due to the paramaganitism of the Sm3+ ions. A common 

feature of the χ(T) from the VO3 array appears to be a change in sign at 

temperatures below type-C spin ordering. However, this negative contribution may 

be covered by a strong paramagnetism from the rare-earth ions.  

 

The temperature dependence of χ(T) for GdVO3 (see Fig. 62) is similar to 

that of CeVO3. A step-like jump at 120 K signals the spin ordering temperature as 

happens in other compositions. However, there is no obvious slope change in the 

paramagnetic phase at temperatures around TOO.  The slope change may be 

completely covered by the strong paramagnetism from Gd3+ ions. 
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Figure 61 Temperature dependence of magnetic susceptibility of SmVO3 measured at 1 kOe 

in both FC and ZFC modes. (b) highlights the slope change at Too. 
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Figure 62 Temperature dependence of magnetic susceptibility of GdVO3 measured at 1 kOe 

in ZFC mode 

           

Figure 63 Temperature dependence of magnetic susceptibility of DyVO3 and YbVO3 

measured at 1 kOe in a ZFC mode. Inset demonstrates the slope change at Too. 
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The χ(T) for DyVO3 and YbVO3 (see Fig. 63) has a similar temperature 

dependence showing a slight slope change at TOO, a step-like jump at TSO, and a 

step-like drop at TCG. No difference was found between the temperature 

dependence of χ(T) measured in ZFC and FC modes. The thermal evolution of 

χ(T) in the interval TCG≤T≤TSO is opposite to that of YVO3; χ(T) increases with 

decreasing temperature below TSO, and drops suddenly at TCG, then χ(T) increases 

monotonically down to 5 K. In YVO3, after the passage from a paramagnetic to an 

antiferromagnetic regime at TSO, χ(T) increases to a maximum and then decreases 

to reach negative values at about 95 K; at T ≈ 77 K, the net moment switches again 

to positive values, χ(T) is almost temperature independent in the interval 5 K < T 

< 77 K. In polycrystalline LuVO3, where there is no net moment from rare earth 

ions, χ(T) does not become negative as happens in YVO3 over the whole 

temperature range investigated. It seems YVO3 is the only composition among 

RVO3 members demonstrating multiple reversible sign changes in the 

magnetization and a switch from G-type OO and C-type SO to C-type OO and G-

type SO at low temperatures. But one should be careful to make this statement 

since I also noted that (1) there is a big difference between the χ(T) of single 

crystals and polycrystalline samples for some RVO3 compositions and (2) the 

temperature dependence of χ(T) is field-dependent. Therefore, it is necessary to 

measure the magnetic properties of single crystal LuVO3.   

 

A fit of the χ(T) for YbVO3 by the Curie-Weiss law gives a paramagnetic 

Weiss constant θ =-30.9(2) K and an effective magnetic moment µeff =5.4(1) µB at 

temperature above TOO. This µeff  is close to the spin-only theoretical one, 5.34 µB, 

obtained through the relationship 2323 )()( ++ += YbV effeffeff µµµ , with µeff (V3+) 
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=2.83 µB (spin only, S=1) and µeff(Yb3+)=4.54 µB (2F7/2). At temperatures below 

TOO, µeff =4.9(2) µB and θ =-1.0(7) K. The generally observed slope of χ-1(T) 

change at TOO is not so obvious for DyVO3. The fit above Too gives µeff =11.55(1) 

µB and θ =-26.0(1) K.  

 

6.5 Thermal Conductivity 

 

Before presenting the thermal conductivity, κ(T),  for all compositions, 

let’s first look in detail at the thermal conductivity and other properties of NdVO3 

and YVO3,which are chosen to be representative of the two classes of RVO3 

perovskites as distinguished in Fig. 55 by whether a first-order transition occurs at 

a TCG.   

 

Fig 64 shows, for NdVO3 and YVO3, the temperature dependence of 

specific heat (from Ref 84), the magnetic susceptibility χ(T) taken with H = 1 kOe, 

the integrated Raman scattering intensity (from Ref. 84) of the peak at 705 cm−1 

for NdVO3 and 687 cm−1 in YVO3 which are correlated with a structural change 

from orthorhombic Pbnm to the monoclinic P21/a symmetry characteristic of type-

G orbital order.  The (401) x-ray peak (from Ref. 87) below TOO for YVO3 shown 

in Fig. 6.11.b is of the P21/a space group; its presence also demonstrates the 

structural change accompanying OO. Both the x-ray and the Raman-scattering 

peaks disappear abruptly on cooling through TCG implying the structure switches 

back to orthorhombic Pbnm in YVO3.  The χ(T) data show the abrupt appearance 

of a weak ferromagnetism on cooling through TN and a gradual slope change 

around Too which is quite obvious in the χ-1(T) curve shown in Fig. 60 (NdVO3) 

and Fig. 58 (YVO3).  The specific-heat data show second-order lambda anomalies 
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at TOO = 188 K and TN = 140 K for NdVO3 that correlate well with the TOO and TN 

obtained by other techniques as highlighted by the dashed vertical lines.  A similar 

correspondence is shown for YVO3.  In addition, the first-order transition at TCG in 

YVO3 is marked by an abrupt change of the weak ferromagnetism in the χ(T) 

curve, a collapse of the Raman scattering peak at 673 cm−1 and of the (401) x-ray 

peak and a specific-heat anomaly.  Given these measures of TOO, TN, and TCG, it is 

of interest to compare them with the temperature evolutions of κ(T). 

 

Fig. 64(h) shows κ(T) of NdVO3; the /κ(T) curve is also presented to 

highlight the features at high temperatures. κ(T) shows a large peak at T ≈ 20 K 

that decays following a 1/T law. Two other prominent features at higher 

temperatures are worthy of special notes: (1) at Too and Tso defined by 

magnetization, specific heat, and structural analysis, there is an obvious slope 

change, indicating a change of scattering mechanism and/or the degree of 

scattering for heat carriers; (2) more strikingly, above Too, κ(T) shows a positive 

temperature dependence, one typical behavior f heat transport of an amorphous 

solid. In addition to the above features observed for NdVO3, κ(T) of YVO3 shows 

a step-like jump at the TCG=77 K defined by other measurements.  The slope 

changes and the step-like jump take place at temperatures coinciding with Too, TN, 

TCG. This coincidence could not be explained by any other reasons but that those 

prominent features of the κ(T) curve are the results of a strong coupling between 

spin, orbital and lattice. 

 

Therefore, we can understand the temperature dependence of κ(T) for 

NdVO3 and YVO3 as follows: (1) In an orbitally disordered paramagnetic state, 

κ(T) shows a glassy behavior; (2) the OO revives the phonon thermal conductivity 
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of a paramagnetic phase; (3) the SO further restores κph in the orbitally ordered 

antiferromagentic state, where κ(T) demonstrates a typical phonon behavior; (4) 

κ(T) is characterized by a slope change at Too and Tso, respectively. (5) The first-

order transition at TCG induces a step-like jump in the κ(T) curve. This jump 

indicates that the orthorhombic phase with G-type magnetic order is more 

thermally conductive than the monoclinic phase with C-type magnetic order. The 

magnitude of the jump depends on the crystal quality. The jump has been found to 

be smaller when the low-temperature peak at T ≈ 20 K is reduced if a sample with 

more domains is measured. 

 

In the paramagnetic phase of an antiferromagnetic insulator, the phonon 

contribution dominates the thermal conductivity.  Therefore, κ(T) near room 

temperature reflects the intrinsic character of the phonons. Any suppression of 

κ(T) would reflect bond fluctuations or the degree of disorder in the lattice. In the 

magnetically ordered phase, magnons may be effective heat carriers. A significant 

spin-wave contribution to thermal conductivity has been clearly demonstrated in 

some low-dimensional compositions along a certain direction. In 3D materials, the 

spin wave contribution, if any, is not obervable. Moreover, the phonon-spin 

scattering rate has the same temperature dependence as that of phonon-phonon 

interactions. Thus, κ(T) below TN follows 1/T law even though the spin-wave 

contribution is not negligible. 
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Figure 64 Temperature dependence of the magnetization, integrated Raman scattering 

intensity of the peak around 700 cm-1, specific heat, and thermal conductivity for YVO3 (a-d) 

and NdVO3 (e-h). 
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Fig 65 shows κ(T) for all compositions investigated. The low-temperature 

maximum in κ(T) near 20 K is typical of a phonon contribution.  A large peak in 

κ(T) means the crystal quality is good.  The peaks for CeVO3 and LaVO3 crystals 

are much lower because of poor crystal quality.  All the RVO3 samples show a 

glassy behavior, i.e. dκ−1/dT < 0, at temperatures T > TOO with a partial restoration 

with decreasing temperature below Too.  YbVO3, like YVO3, has a step increase 

in κ(T) on cooling through TCG.  A first-order transition at TN in CeVO3 is 

reflected in its 1/κ(T) curve.  LaVO3 is the only member of the family with TN > 

TOO; it undergoes a second-order transition at TN = 143 K and a first-order phase 

transition at 141 K (or 138 K from ref. 84) associated with the same tetragonal (c/a 

> 1) site distortions found for the other family members with TOO > TN.  Our κ(T) 

data were not able to resolve TN and TOO of LaVO3, but they showed a sharp 

increase in κ(T) on cooling below 140 K. 

 

As noted above, two different sets of ordering temperatures have been 

reported for CeVO3.  An initial study89 on a ceramic sample reported a TN = 136 K 

and a first-order magnetostrictive distortion below TOO = 124 K.  Although these 

ordering temperatures were corroborated in two-subsequent studies84, a 

synchrotron powder x-ray-diffraction examination found a second-order 

monoclinic-orthorhombic phase transition at a TOO = 154 K and a first-order 

transition at TN = 134 K. Our susceptibility measurement supports the latter 

picture. However, there was no partial restoration of phonons in the interval TN < 

T < 152 K as occurs in the interval TN < T < TOO in other RVO3 perovskites. 
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  Figure 65 Temperature dependence of thermal conductivity of RVO3. Inset 

shows 1/κ(T) that highlights the features at high temperatures 

 

Above Too, all curves show dκ(T)/dT > 0, with almost the same slope. 

κ(T) near room temperature reflects the intrinsic property of the phonon structure 

in insulators. A dκ(T)/dT > 0 is a general behavior of amorphous solid due to a 

quenched structural disorder; while it is unusual in crystalline insulators. From 

kinetic theory, thermal conductivity of any type of heat carriers can be described 
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by the following equation  τνκ 2

3
1

3
1 vClC vv == , where Cv is the heat capacity per 

unit volume, ν is the average velocity of the heat carriers (usually assumed to be 

constant), l is the mean free path and τ is mean free time between scattering 

events. At T > θD, Cp=3NkB according to the Debye model for the lattice specific 

heat. Thus the temperature dependence of κ(T) is determined by the phonon-

phonon scattering rate, τpp
-1, without considering the electronic and magnetic 

contribution in a 3-D magnetic insulator. At T > θD, τpp
-1 increases with 

temperature since the total number of phonons is proportional to T. τpp
-1 is 

proportional to Tn with n=1 for the three-phonon process. Therefore, κ is 

proportional to T-1, which is opposite to the observed dκ/dT > 0 in RVO3 at T > 

Too. This observation shows that the phonons are destroyed above TOO as a result 

of locally cooperative oxygen displacements associated with Jahn-Teller orbital 

orderings that persist dynamically above TOO.  It is the strong electron-lattice 

coupling persisting in the orbitally fluctuating, disordered state that is responsible 

for a glass-like thermal conductivity at T > TOO.   

 

At temperatures below Too, however, dκ/dT changes sign to be negative 

for all compositions. The sign change signals the restoration of phonon thermal 

conductivity accompanying the OO; the restoration clearly demonstrates a strong 

coupling between orbital and lattice in RVO3. Although long-range orbital order 

should restore the phonons, spin-orbit coupling in a paramagnetic state forces 

retention of some orbital fluctuations.  Moreover, any exchange-strictive 

fluctuations resulting from transient short-range spin ordering would also 

contribute to destroying phonons.90  Therefore, spin disorder in the range TN < T < 

TOO prevents full restoration of the phonons.  However, the 1/κ(T) curve shows 
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that the phonons are progressively restored below TN as the spin alignment 

increases with decreasing temperature.  

 

The different temperature dependence of κ(T) below and above Too and 

Tso suggests that orbital disorder is more effective to destroy phonons than spin 

disorder. This could also be verified by the same slope of κ(T) for different 

compositions above Too. With decreasing R3+ cation size from La to Lu, a larger 

degree of the cooperative rotation of VO6 octahedra is necessary to accommodate 

the increasing bond-length mismatch. The more severe tilting of the octahedra is 

reflected in a larger deviation of the V-O-V bond angle from 180°, thus weakening 

the V-O-V superexchange interactions and increasing the charge transfer gap ∆ 

and the gap U. Therefore, the effect of spin fluctuations should be reduced 

according to the equation: 

                           )
2
11(2 24

∆
+∆∝

U
J λ                                                               (1) 

where λ=bca/∆ is the covalent mixing parameter. The same slope of dκ-1/dT for all 

the compositions at T > Too suggests that spin fluctuations are not the dominant 

factor compared with orbital fluctuations.  

 

6.6 Conclusions 

 

Oxygen-stoichiometric single crystals of the RVO3 family of 

antiferromagnetic perovskite insulators were grown by the floating-zone method in 

an IR image furnace in flowing Ar+5%H2.  Measurements of the thermal 

conductivity κ(T) of the single crystal gave clear-out anomalies at the orbital-

ordering temperature TOO, the Néel temperature TN, and the first-order transition 
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from C-type to G-type orbital order in the group of RVO3 perovskites where this 

transition occurs independent of an ordering of R3+-ion spins.  The orbital ordering 

below TOO was not discernible in the thermal conductivity of CeVO3 and LaVO3, 

but a first-order transition was sharply defined by a change in the sign of the slope 

of dκ−1/dT and a jump in κ(T). In all samples, a dκ−1/dT < 0 above TOO shows that 

strong electron-lattice coupling associated with orbital and spin disorder at the 

V(III) ions suppresses the phonons; κ(T) behaves like that of an amorphous solid.  

In the interval TN < T < TOO, a dκ−1/dT > 0 shows a partial restoration of the 

phonons, but a strong spin-orbit coupling and any exchange-strictive fluctuations 

in the paramagnetic phase reduce greatly the number of phonons.  However, at 

temperatures T < TN, the phonon contribution is more fully restored; there is little 

evidence of magnon contribution. The low-temperature κ(T) curves of the single 

crystals contribute a sharp maximum in κ(T) near 20 K typical of high-quality 

single crystals. 
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