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Preface

When one looks around, one’s apparels are found to made of many
materials, which are said to reach 50,000 varieties. Surprisingly,
these materials are composed of at most about 50 kinds of elements.
Among them, the transition metals have a high melting point, high
density, and multivalence. This book deals with oxide materials,
including the transition metal Co, but the elementary Co itself with
the 29th Clarke number exhibits ferromagnetism, as well as Ni and
Fe, and has been used as a dye and a pigment to produce the well-
known cobalt blue. There is a view according to which Co was
designated by H. Brandt in 1735, and its name stems from German
word “Kobold.” In this connection, | may add that the name appears
in a worldwide animation, Mightly Atom, created by O. Tezuka, as the
name of the brother of the main character, Atom. Moreover, Co has
been also widely used as alloys with Fe, Ni, and Cr: Ni-Fe-Co alloy is
employed as a binder between glass and metal and Cr-Co-W alloy is
dental or surgery material.

The book is motivated by the desire to describe why cobalt oxides
have drawn much interest as functional materials, together with
their peculiar physical properties partially originating from a rich
variety of valences and spin states of Co ions. The leading role of the
physical phenomena dealt with in this book is owed to the electron.
The electron, discovered by ]. ]. Thomson in 1897, is a particle that
cannot be far resolved under normal conditions and has a wave
nature as well. Wave-particle duality was evidenced by experiments
using the double split performed by C. Jénsson, P. G. Merli, and
A. Tonomura in 1961, 1974, and 1989, respectively.

In the Co oxide system, the strong correlation between electrons
generally plays a substantial role, where the conventional one-
electron approximation fails. In particular, the characteristics of
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Co ions in oxides should be focused on in comparison with other
transition metals. This book starts with the basis of one-electron
band theory and advances toward the stage of strong electron
correlation systems and furthermore progresses to cover up-to-
date topics such as huge thermoelectric power, superconductivity,
and intrinsic inhomogeneity, etc. This book would be of interest to
graduate students and researchers in the fields of physics, chemistry,
and materials science. Aside from helping readers in the pencil-
and-paper solution of problems, the discussion, which this book
aims at developing, may be useful for understanding the essence of
functional materials.

Tsuyoshi Takami
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Chapter 1

Introduction

1.1 Prologue

Cobalt oxides are known to exhibit peculiar physical/chemical
properties, as well as being suitable candidates for wide applications
such as electrode materials, thermoelectric materials, solid oxide
fuel cells, and so forth. Such properties are closely related to
versatility of the cobalt cations to adopt different valences and
spin states in the narrow energy range, which associate with the
charge and spin configuration on 3d orbitals, respectively. In this
chapter, the charge, spin, and orbital for the 3d electron system are
introduced, and then their role in the transport properties under
external perturbations is formulated.

1.2 Charge, Spin, and Orbitals

Since electrons in materials are attracted by an atomic nucleus,
their characteristics depend on the kind of elements and orbitals.
The elements generally show the tendency given in Table 1.1. The
density of conduction electrons p(r) at a distance r from a certain
atom deviates from the initial po(r), and the potential ¢(r) and p(r)
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Table 1.1 Characteristics of representative elements

Alkaline metal ~ Transition metal  Actinoid metal Rare-earth metal

Orbital s 3d 5f 4f
Element K Na,--- Fe, Co, - - - Pa,U,--- Ce,Pr,---
Extension of the

wave function large middle middle small
Characteristic itinerant itinerant/localized itinerant localized
Electron correlation weak strong midrange strong

are connected with the Poisson equation:
Vip = —4me’p(r) — po(r). (1.1)
The proportional relationship of (27/L)® : 2 = 4wk?/3 : N leads to
ke =372 (Na/ V)™ = 3o (r))", (12)

where L, kg, Nj, and V are the edge length, the radius of the Fermi
sphere, the Avogadro number, and the volume, respectively. Thus,

h 2/3
Ee+00) = 51 ) (3n7(r)” (1.3
holds, which is converted to
1 om\ 3/2 ; @ 3/2
N E3? (14 X ) 1.4
=55 (o) B (1+2) (14)

where Ef and h are the Fermi energy and the Planck’s constant,
respectively. By applying the Taylor expansion, this equation can be
written as

3¢
= 14+-—-——, 15
o) = (1437 (15)
where po = (1/372)(2m/R2)32EY?,
Insertion into Eq. 1.1 gives
Vip = —2%p, (1.6)

where A = (6re®py/Er)'/%. This equation is a function of the radius
parameter r in the spherical coordinate and is rewritten as

1d (qup(r]
r

r2 dr dr

) = A%p(r), (1.7)
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and thus it can be confirmed that its solution becomes

e’ AZexp(ir)

= (1.8)

p(r) =-
where AZ is the difference of the amount of charge. The parameter
A is called the Thomas-Fermi screening parameter. For instance, for
the Co element alone, the insertion of Ex = 7.4 eV and py = 9.1 x
10%2 /cm? gives 1/4 = 0.55 A. On the other hand, the intratomic
distance equals the lattice constant a of 2.51 A. Consequently, one
can realize how effective the screening effect is because of 1/A « a.

For strongly correlated electron systems, since the scattering
effect is less effective, three internal degrees of freedom of
electrons, that is, charge, spin, and orbital, can be attributable to
physical properties, which cannot be explained by a conventional
band picture. When such degeneracies functionate on the crystal
lattice, various electronic phases are formed. Charge is one of the
properties of an elementary particle, and its quantity takes a positive
sign or negative sign corresponding to the electron or the hole,
respectively. The spin angular momentum is the angular momentum
of elementary particles such as electrons and quarks, and complex
particles possess one of the quantum degeneracies. On the other
hand, the wave function is called orbital as a quantum dynamical
concept corresponding to an orbit for classical electrons. Both the
spin and the orbital angular momentum are ascribed to the total
angular momentum of particles.

The Schrédinger equation is written as

Hy(r) = Ey(r), (1.9)
using the Hamiltonian defined as
B .5

Now, as long as the wave function is written as ¥ (r) = f(r)Y (6, ¢),

the radial and angle wave equations are, respectively, given by
1 9 ] 1 92
—— (sinf— |+ —==—=Y(6,9)+ xY(6,.9) =0 1.11
sind 96 ( 39) sin?e 3g2 ! O A+ x¥ . ¢) (1.11)

and
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d [,d\ 2
l_<2_)+h'2" (E V()——)f(r)_o (1.12)

rzdr

where x (= (I + 1)) is a constant with no dimension. Furthermore,
by using the relationship of Y(6, ¢) = ©(0)®(¢), Eq. 1.11 is
converted to

d*®
Gt TV =0 (1.13)
and
1 d do v
— 2 (sing?% ~ Y ) =0 1.14
sinf d6 (sm dé ) N (X Sin%@ ) (1.14)

The solution of Eq. 1.13 is

D= exp(imep), (1.15)

1
V2
where v = m?.

On the other hand, Eq. 1.14 is rewritten as
d dpP m?
du)( @ ) dw * ( 1 — a)2) ( )

where w = cosf. P is called the associated Legendre function and is
specified as

PPw) = (1 — oty/2m 2L

To lP,(cu) (117)

Thus,
Yim(0, @) =C, mP/"(C059)¢(¢) (1.18)
_C,mP,"’(cose)‘/_nexp[lmqo) (1.19)

where

Coam = [~ 1) 0mV2

_ 1/2
1 {21+1(I |m|)!] [120)

V2 | 2 (+|m|)!

The wave function is finally expressed as

om = f()Y"(6, ¢). (1.21)
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Therefore, the wave function of 3d orbitals for (I, m) = (2, 0) is
calculated as

2

1 /5 _1 d
@20(r) = (_1)0\/77\/%%(1 — cos@)"dzcosg (cos?s —1)?

(1.22)
- ,/winfwcosaz -1 (1.23)
VLIPS I S
= 16nfr2(3z re). (1.24)

Please note here the relationship of x = rsinfcosg, y = rsinfsing,
and z = rcosf. A similar procedure brings about

[15 1 /15 1
$2,1(r) = Efr—zzx, Efr_zyz (1.25)
15 1., 0 [15 1
(pZ,Z:t(r) = 167 frz (X y )! 167 frzx.y' [126)

Among them, the relative probability fixed by the last wave
function, where electrons distribute, is proportional to (x%y? =)
sin*fcos?gsin®y. As shown in Fig. 1.1a, sin*6 mainly has finite values
around r /2 and 3 /27, which means most electrons disperse on the
x-y plane. What is more, the cos?gsin?¢ curve in Fig. 1.1b suggests
that electrons spread over toward a diagonal-line direction (see
also 3dy, in Fig. 1.2). Five orbitals ¢ ¢(r), ¢2,1+(r), and ¢;,2+(r) are
degenerate, but they are known to split into lower levels (tzg) and
higher levels (e;) in the case of the ideal MOg octahedron due to
the crystal field splitting. This orbital splitting can be interpreted
intuitively as follows: 3z2-r? and x?-y? orbitals in the e, level turn to
the position of 0?~ ions (see Fig. 1.2). Coulomb interaction becomes
strong due to negative charges at a close range, resulting in the eg
orbitals relatively going up compared to the t; orbitals.

More quantitatively, in the case of trigonal symmetry, the whole
electric field is

and
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V) = vy + v+ v} (1.27)
= AY(32% — r?) + A§(352* — 302%r? + 3r*) + A}(x® — 3xy))z
(1.28)

and each component is written as

> B2 -r)=a<r?>[3LZ-LL+1)], (1.29)

Z(35z4 —302%r* 4+ 3r*) = B < r* > [35L! — 30L(L+ 1)L
+25L2 — 6L(L+ 1) + 3L*(L+ 1)?],
(1.30)

and
(X —3X_y ]Z_— = <r‘ > [LZ(L +L )+(L + L )Lz]. (1.31)

Hereafter, let's calculate the detailed energy level. First we
estimate V2, including the matrix element.

020 00\ /020 00 002/60 0
006 00||00+6 00 00 0 6 0
2=]000 +v60||00 0 V60[=]|00 0 02V6
000 02||000 02 00 0 0 0
000 00/ \00O 00O 00 0 0 O
(1.32)
00012 0
000 0 12
2=(0000 0 (1.33)
0000 0
0000 O

A symmetric procedure on the matrix elements brings about

0 0000
0 0000

2=|[0o0000]. (1.34)
120000
012000
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The first and second terms in Eq. 1.31, respectively, become

2000 0 0 00120
0100 0 0 000 12
L(L2+12)=]10000 0 0000 O
000-1 0 12000 0
0000 -2/ \01200 0
0 0 0240
0 0 00 12
=]l 0 0000 (1.35)
-12 0 00 0
0 —2400 0
and
0 00-12 0
000 0 —24
(L +13)L,=[{000 0 0 (1.36)
2400 0 O
0120 0 0
Thus,
0 0 012 0
0 0 00 —12
LI+ + LB +23)L,=|0 000 0 [. (137
12 0 00 0
0 -1200 0

For easy calculation of the eigenvalue, the matrix elements are
rearranged in order of M =0, 1, —2, —1, and 2 instead of the present
alignmentof M =2,1,0,—-1,and —2.

L(LL + L)+ (I3 + 12)L, =

Here we replace —3A4% <r? >= A, 12438 <r* >= B, and
—3A3B < r* >= C. The two residual electric fields are expressed as
follows:

V) =a<rt> A)Y3M? -6) (1.39)
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Figure 1.1 Functions of (a) sin*f and (b) cos?¢p sin’yp together with sing

(dotted curve) and cosg (dashed curve).

and
V{ =p<r*> A}(35M* — 155M* + 72), (1.40)
and thereby
(24 (M =0)
A (M=1)
V) ={ —24 (M=-2) (1.41)
A (M= -1)
[—24 (M =2)
and
(6B (M=0)
—4B (M=1)
vi={B (M=-2) (1.42)
—4B (M =-1)
B (M = 2).

\



