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4 Preface 

Chapter 1 

Introduction and Scope 

The aim of this Thesis is to explore anew 
the nature of the so-called "Mott Transition" 1 

taking account of the issue t hat a nonlocal 
interaction may become important near the 
transition point from the correlated metal to 
t he Matt insulator. Before going into the spe
cialized topics described in the following chap
ters, we try to provide a perspective by giving 
here a concise introduction of the Mott transi
tion and the perovskite-type transition metal 
oxides. 

FIG. 1.1. Portrait of Sir Nevill Francis Mott, Eng
land (1905-1996) 2 He was awarded a Nobel Prize 
in 1977 with Philip Warren Anderson and John 
Van Vleck for their fundamental theoretical inves
tigations of the electronic structure of magnetic 
and disordered systems. Mott tmnsition is derived 
from his original work 1 

5 

1.1. Outline of the Mott transition 

At the center of present-day interest in solid 
state physics is the whole comprehension of 
t he electronic states of materials in the inter
mediate region between a simple m tal and 
the so-called Mott insulator, dating back to 
the long-standing controversy about the itin
erant versus localized features of electrons in 
some transit ion metal (TM) OJ<ides.a,< In 
t hese systems, t he on-site electron-electron re
pulsions U are comparable to the energies as
sociated with the overlap of atomic orbitals 
belonging to different atoms, which are char
acterized in a solid by t he one-electron band
width W. 

Electron correlation plays an important role 
in most of the scenarios describing what hap
pens in this system; the word electron con·ela
tion here signifies how much the dynamics of 
an electron are infl uenced by the occupancy of 
the one-electron states involved. 

Let us at fu·st illustrate th is point briefly. 
Imagine the system contains N independent 
sites. If electrons with spin a =I are indepen
dent of those with a = .!., according to the 
Fermi-Dirac statistics, the number of avail
able electronic configurations is 22N and thus 
t he number of available one-electron states is 
2N. On the other hand, if no doubly occupied 
or empty site configurations are allowed, t he 
number of available electronic configurations 
is red uced to 2N and thereby the number of 
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the a.va.ilablc one-electron states is N . This ex
clusion of the N one-electron states from the 
total 2N one-electron stat.es is the simplest 
concept of strong electron con·el11tions. 

Actually, the large U eliminates doubly oc
cupied states. In other words, a one-electron 
wave function can no longer be composed 
of a naive linear-combination of the atomic 
orbitals; it must incorporate the conditional 
probability, which expresses the dynamics of 
one-electron excitations in the presence of 
other electrons in the same shell. 

A well-known historical example is iO. If 
we calculate the electronic state of NiO within 
the independent electron approximation, we 
find that NiO is metallic with a partiaUy filled 
d-band. 5 However, NiO is an insulator, be
cause the electron correlat ions exclude most of 
the one-electron sites, which should be avail
able in the independent electron approxima
tion, and thus the effect of electron correlation 
forces NiO to behave as if it we.re a fully-filled 
band insu lator; i.e., charge fluctuation is com
pletely suppressed. (It should be noted that 
tl1e spin degrees of freedom are still alive.) 

Let us describe this pecu li ar in ulating state 
(the so-called Matt insulator) schematically, 
along with the Matt-Hubbard picture.6•

7 We 
imagine here that , in the half-filled system, 
the distance between the atoms is large, t,hat 
t he spins form an anti ferromagnetic array, and 
t hat the system is thus insulat ing. Then, in
roduce an additional elec ron on atom i, and 

we denote the many-electron wave function of 
this state by wf+ 1. A state in which the 

added "electron" moves wit!• wavenumber k 
can be described by the linear combination of 
wf+', i.e. , 

where a1 stands for lattice site j. These states 
form an energy band, which is called the upper 
Hubbard band (UHB). In the san1e way, if 

Cbapter 1. lntroduction 

FIG . 1.2. Portrait of Enrico Fermi, Italy 
(1901-1954) 2 He was awarded a Nobel Prize in 
1938 for his demonstrations of the existence of new 
radioactive elements produced by neutron irradia
tion , and for his related discovery of nuclear reac
tions brought about by slow neutrons; absorption 
of neutrons. ''Fermion" is named in his pioneering 
work. 

an electron is removed from the atom j, and 
iJ! jv -1. is the many-electron wave f1wction of 
this system, then 

L ik..ajw;-1 

j 

is the wave function representing the move
ment of tb.is "hole." These states form an 
energy band called the lower Hubbard band 
(LHB). 

lf we neglect the long-range electron-hole in
teraction , a metal-insulator transition occurs 
if we increase the value of a, i.e., decrease both 
the one-eleckon bandwidth Wuuu and W~.ua· 

In the extreme case (a -t oo) , the epara
tion of the energy becomes equal to the on
site electron-electron repulsion energy U, so, 
in th intermediate region , the metal-insulator 
transition is realized at 

- I ( U = 2 X W,,un + WUJm) . 

1.1. 0Htline of the Mott transitiou 

' . -. 7~--

~ ·: 
·,... I 
"~'~<'rj . ~ 

.: 'i"! 

\ 

FIG. 1.3. Portrait of Lev Davidovic Landau, So
viet Union (1908-1968) 2 He was awarded a No
bel Prize in 1962 for his pioneering theories of 
condensed matter, especially liquid helium. One 
of the most important concept in the solid state 
physics, "Landau Fermi liquid", was given birth 
by his excellent intuition and insight. 

Actually, some materials in this 

1 
U ~ 2 X (WLHB + W uua) = W 

region, such as V20 3,8 show a spectacular 
Matt transition (Matt-Hubbard transition) 
even under relatively small changes in either 
temperature, chemical doping, or pressure. 
The concepts of the Landau-Fermi liquid such 
as the Fermi surface or the quasiparticle are, 
however, believed to be still applicable even 
in tl1is metallic phase near the Mott transi
tion , although they suddenly lose meaning in 
the insulating phase, because no double occu
pancies of the same orbital state are allowed in 
the Matt insulating pha~e. Then, the only way 
to realize the Matt transition from the metal
lic phase based on the Fermi liquid theory is 
to realize the divergence of the single-particle 
mass. Thus, the following intriguing proper
ties reported so far near the Mo t transition 
boundary are conside.red to be the charac er
istics of the anomalous metallic state of the 
correlated electron system, especially, near the 
Mott transition; a large effective mass (with 
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the mass-enhancement in the range of 2 - 10), 
a large coefficient of the T 2 term in electrical 
resistivity at low temperature, a large spectral 
weight redistribution, and, in some cases, anti
ferromagnetic ordering with a small magnetic 
moment.7•9 

Brinkman and Rice were the first to de
scribe the mass enhancement in the corre
lated metaL 10 They used a method due to 
Gutzwill.er,11 by which the total energy of the 
system is minimized as a function of the frac
tion of doubly occupied sta~es. This fraction 
71 is expressed as 

where {3 is not far from unity. The mass en
hancement in th.is framework is mo~t simply 
obtained in t he following way. Given that an 
electric field E acts for time 8t, which is much 
smaller than the relaxation time, the electric 
current J j produced by NT/ carriers of each 
sign is given by 

Jj = (277Ne2Jt) E ' 
mo 

where m 0 is the free electron mass. On the 
other band, if we regard th is current as due 
to the quasiparticle with effective mass m•, it 
reads 

0 . = (Ne2Jt) E. 
J rn• 

Equating these two, we find, 

which is the famo11s Brinkman and Rice's re
sult. 

However, the adiabatic continuity, which 
is the major premise of the Fermi liquid 
theory approach , cannot be satisfi ed when 
the interaction breaks the symmetry of the 
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FIG. 1.4. Portrait of Charles Augustin de 
Coulomb, France (1736-1806).2 The famous 
"Coulomb's law" was derived from his study for 
electrostatic charges, in which he observed that 
the force between charges behaves as the recipro
cal of the square of the distance between them. 
The SI unit of electrical charge, the Coulomb, is 
named in his honor. 

pin or orbital degrees of freedom. In addi
tion , near the Mott transition boundary, the 
positive Coulomb interaction and the nega
tive band energies are of comparable magni
tude and therefore almost compensate each 
other. Hence, much smaller (long range) ex
change/correlation energy, or entropic (ther
mal) or atomic disorder contributions to the 
total free energy might produce qualitative 
changes in the nature of the many-electron 
states. From this kind of viewpoint , we in
vestigate in this Thesis t he spectral weight 
transfer and effective mass of some correlated 
electron systems. 

1.2. P erovskite-type transition metal oxides 

Most ofthe compounds wi h the general for
mula of AB03 have the pcrovskite structnre. 
The atomic arrangement in this structure was 
first found for mineral "perovskite" CaTi03. 
The unit cell of ABOa is represented by the 
A ions at the corners of a cube with 8 ions 
at the body center and the oxygen ions at the 

Chapter 1. Introduction 

center of the face~ (Fig. 1.5). The 806 oc
tahedron forms a t hree-d imensional network, 
so that, if the system is metallic, electric con
duct.ion is three--dimensional along this 806 

network. In the perovs kite-type oxides, tbe A 

+ 
Orthorhombic A803 

FIG. 1.5. Perovskite structure, AB03 . The A ion 
is surrounded by the eight BOa octahedra. The 
tilting of the BOa octal1edra changes the lattice 
symmetry from cubic to orthorhombic, tetragonal, 
or rhombohedral. 

cation is coordinated with twelve oxygen ions, 
and the 8 cation with six. Thus, the ionic 
rad.ius of the A cation is normally found to 
be somewhat larger than that of tbe 8 cation. 
Therefore, the largest number of perovskite
type compounds are described by the general 
formula A2+ B 4+0a, where the A2+ c-ations 
are alkaline-earth ions, cadmium, lead and so 
on, while t he B1+ cations are TM and some 
rare-earth ions, which are, iu general , smaller 
than the candidates of the A site. A diagram
matic presentation of tbe crystal structure 
with respect to the ionic radii of the A and 8 
at ions for A2+ 8 4+03 type compounds as well 

as the A3+ 83+03 are shown in Figs. 1.6 and 
1.7, respectively.12 The boundaries are deter
mined from room-temperature experimental 
studies. Although there are some discrepan
cies, especially for ferroelectric materials, in 
this wagram, it still holds well for many com
pounds and is very instructive. 

1.2. Perovskite-type trar1sit.ion metal oxides 

RADIUS OF a•• IONS, A 

FIG. 1.6. Classification of U1e stmcture for the 
A2+ n<+oa type compoundsu 

·'· 

h '' 

f.• '' -·· $oo '' 

·'?.!;;--. -:::,,.f---;:;;,,.-,,.~;;----;, .. ~_..,,---,"" ... "':n'. ~cit•'' 
lttoO!US Of a'' IOH!5, "' 

FIG. l. 7. Classification of the structure for the 
A3+ B3+03 type compoundsn 

If the A ion is at the body center, then 
the oxygen ions are at the edges and tbe 8 
ions are at the corners. In the I<2NiF 4 struc
ture, tbe AB03 unit cell with the A ions 
at t he body center is placed on the other 
t-ype of AB03 unit cell with the B ions at 
the body center (Fig. 1.8). (Note that we 
r.an regard the boundary of these two type 
of stacking cells as the NaCl-type structure.) 
This is often called a layered perovskite struc
ture. The 806 octahedron forms, in this 
case, a two-dimensional network, so that the 
electron ic properties of the materials can be 
anisotropic; in particnlar cases, it can even be 
two-d imensional. 

Perovskite-type transition metal oxides 

9 

FIG. 1.8. I<2NiF.1 structure: an alternation of the 
two types of AB03 unit. This structure is often 
called a layered perovskite. 

A803, with 8 a transition metal cation, pro
vide us with an ideal stage on which to study 
the electron correlations in solids. It is con
sidered to be the most important advantage 
of the perovskite structure that the 806 net
work is stable for substitutions of the A-site 
ion, which is completely ionized in most cases 
without contributing to the band for mation. 
By t his ionization of the A-site, electrons are 
left in the oxygen 2p bands and/or the TM 3d 
bands. 

Then. t here are three strategies for iuvesti
gati ng the systematic development of tbe elec
tronic states with this A80a compoundsn 

filling control Nominal number of onduc
tio.n electrons per unit formula is con
trolled by the chemical substitut.ion of an 
A ion for that of different valence. 

bandwidth control B-0- 8 bond angle can 
be changed by changing the ionic radius 
of the A-site ion. The bond-angle buck-
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ling is governed by the so-called toler
ance factor f of the perovsk ite-type com
pounds AB03 defi.ned as 

! = RA+Ro 
vlz(Ra+ Ro ) 

where RA , Ro, and Re are t he ionic 
radii of the A ion, t he 0 ion (oxygen), 
and t he B ion , respe tively. When the 
value of f is almost 1, the system is cu
bic; while for f < 1, the lattice struc
tme changes to rhombohedral and then 
to the orthorhombic Gd.Fe03 type. In 
the orthorhombic perovskite structme, it 
is known that the B- 0 - B bond angle de
creases continuously with decreasing f al
most irrespective of the set of A and B .14 

The buckling of the B - 0 - B bond angle 
reduces W , since lhe effective d-electron 
t ransfer interaction between the neigh
boring B sites is governed by t.he super
transfer process via the 0 2p state. Thus, 
t he ratio of U to W ( U is considered to be 
kept almost constant by the substitution) 
can be systematically controlled. 

dimension control By changing the crystal 
structure from the simple perovskite to 
the layered pcrovski te, we can follow how 
the electronic states change by reducing 
the network paths of the system. 

Accordingly, the perovskite-type TM oxides 
are ideal systems in which one can control the 
filling of the d band and t.he ratio U / W inten
tionally. 

Anomalous electronic properties in a metal
li phase near the Matt transit ion have pro
voked a great deal of controversy for a long 
time, and have been investigated anew since 
t he discovery of the high-Tc cuprate supercon
ctuctors with layered perovsk:itc structures. ' 5 

A number of enlightening works have been 
done so far in this fi eld, 16 especially for t he 
perov kite-type TM oxides, by controlling the 

Chapter 1. Introduction 

3d band-filling and the 3d hand width . These 
sLudies are summari>.ed in a schematic phase 
diagram shown in Fig. 1.9. 13 

The four thin lines, which connect the cir
cles representing TM cations at the B site, 
correspond to A = yJ+ , La3+, Ca2+ and 
Sr2+ U is the electron-electron repulsion en
ergy, W is the one-electron bandwidth , and 
!!. is the charge transfer energy between the 
transition metal 3d band and the oxyge.n 2p 
band. "Charge-transfer insulator" is beyond 
the scope of this Thesis but is a n impor
tant concept to understand the physics of TM 
oxides: in the charge-transfer insulator, the 
charge gap opens between the highest occu
pied one-electron state in the 0 2p band and 
the lowest unoccupied one-electron states in 
the TM 3d band, which are eliminated from 
the occupied one-electron states in TM 3d 
band by the electron correlations. Within 
a simple independent-electron theory, a ll the 
materials in Fig. 1.9 except for the dfJ band in
stLlator should be metallic. However, several 
compounds in the shaded portion are insulat
ing, i.e., Mott insulators due to the presence 
of strong electron correlations. 

Although the history of the study of 
perovskite- type TM oxides is very long, we 
h;we not yet been able to grasp a com prehen
sive view of the physics. The phase diagram 
(Fig. 1.9) can become a kind of map in order 
to dig out a gold mine; as the English saying 
goes, "a new mine of wealth in the narratives 
of forgotten Englishmen." 

1.3. Scope 

In this Thesis, two perovskite-related sys
tems are studied. One is the vanadium ox
ides, Ca1 -xSr~ \103 . We have synthesized a. 
solid solu tion of t he perovskite-type metallic 
vanadates, CaVOa , SrV03, and their solid
solut ions Ca1_,Sr, \103 , each of which holds 
nominally one 3d electron per vanadium ion. 
In the Ca1_,Sr, V03 system, as we isovalently 
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FIG. 1.9. Schematic phase diagram of AB03 for A = y >+, La3+ ,Ca2+ and Sr2+. U is the electron-electron 
repulsion energy, W is the one-electron bandwidth , and {),. is the charge transfer energy between the 
transition metal 3d band and the oxygen 2p band. 

substitute a Ca2+ ion for a Sr2+ ion , a lat
tice distortion occurs. Then, we can see how 
the electronic states change as we change the 
bandwidth systematically. 

The other is the superconducting Sr2Ru04 
with a layered-perovskite structure, which 
is the same crystal structm·e as t hat of 
La2-~Ba,Cu04. Sr2Ru04 exhibits supercon
ductivity below Tc = 1.50 K. The effect of 
low-dimensionality is studied . 

First of all, some of the experimental and 
calculational methods are reviewed in Chap
ter 2. The methods described t here are rather 
fu:ndamental and quite generally applicable to 
a variety of materials. 

In Chapter 3, we report electronic proper
ties of Ca V03_6 observed by delicately con
tTolling t he oxygen stoichiometry. Drastic 
and unconvent ional changes of magnetoresis
tance, magnetic susceptibility, and Hall ef
fect in single-crystalline Ca\103_ 0 (.5 > 0) are 
shown .. 

We d cribe the method of preparing 
single crystals of a new vanadate system 

Ca1-o:Sr, V03 in Chapter 4. The cubic
orthorhombic lattice distortion, magnetic sus
ceptibili ty measurements, electronic specific 
heat coefficient, and electric resistivity data 
are described in this Chapter 4. 

X-ray and ultrav iolet photoelectron spec
troscopy spectra of Ca1_,Sr, V03 for several 
values of x are reported in Chapter 5. The 
photocmission spectra of Ca1 _,Sr, VOa are 
different from the density of states obtained 
by band calculations using the local density 
approximation; a fingerprint of the presence 
of strong electron correlat ion. in this system. 
We also report a novel metal- insulator transi
tion, which is only realized at the surface of 
Ca,_,Srz VOa with the change of x , wltile the 
bulk remains metallic. Opt ical conductivity 
of Cal_,Sr, V03 is discussed in an Appendix, 
which gives complementary and interesting in
format ion on the electronic states of this sys
tem. 

Pbotoemission spectrum of Sr2R.u04 is de
scribed in Chapter 6. The surface deterio
ration and concomitant change of the spec-
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tral shape, results of resonance photoernis
sion spectroscopy, and evidence for significant 
spectral weight redistribution of the Ru 4d 
band are discussed in this chapter. 

In Chapters 4, 5, and 6, we also discuss the 

Chapter 1. In~roduction 

effect of noulocal electron correlations in order 
to explain the missing critical enhancement 
of the effective mass and the large spectral 
weight redistribution consistently. 

Chapter 2 

Review of Experimental Techniques and 
Calculations 

ln this chapter, some of the experimental 
and calculational methods, which were used 
in this study, are described. The sam
ple preparation methods shown in the first 
two sections were applied to tbe study of 
Ca1_.,Sr. V03 material, while the Sr2Ru04 

sam pies have been synthesized and charac
terized by Maeno's group in Kyoto Univer
sity and others. Thereby, the first section 
of sample preparation is not a general re
view but rather a recipe how to prepare the 
Ca1_.Sr., V03 material. Although especially 
the details of sample preparation techniques 
are different from material to material, the 
methods described as follows are rather f=
damental and quite generally applicable to a 
variety of materials. 

2.1. Sample Preparation 

2.1. 1. Solid State Synthe$iS 

A 'ceramic method' was employed in or
der to prepare polycrystalline samples. 4N 
CaC03 , SrC03, and V02 were used as start
ing reagents. We prepared CaO and dried 
SrC03 by preheating both the CaC03 and 
SrC03 compounds in air for 24 h at 1000°C, 
and weighed the powders while they were still 
over 100°C. We confirmed that the dried 
CaO and SrC03, as well as V02 , were all 
single phase by x-ray diffraction (XRD). The 
starting compounds, CaO, SrC03, and V02 
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were then mixed in the required molar ratio 
Ca Sr : V = 1 - x : x : 1 and then cal
cined several times at 1250 °C in flowing argon 
atmosphere(~ lOOOccfmin) with intermittent 
grindings. Because the reaction proceeds in 
the solid state, the reaction rate depends on 
the diffusion rate of the constituents through 
the product phases. As the reaction proceeds, 
diffusion paths become longer, and hence the 
reaction rate decreases. Therefore the inter
mittent mechanical grinding of the reaction 
product is important in this method. 

As the Sr concentration is increased, it is 
required to add hydrogen gas at a rate up 
to ~50cc/min. The amount of hydrogen gas 
flow for each calcination process must be con
trolled in order to avoid too much reduction 
and peroxidization. The amount of the oxida
tion was conveniently ·hecked by examining 
t.he XRD spectrum, i.e. , the lattice constants, 
of the reaction product every time after the 
intermittent grinding. This process was re
peated until completion of the reaction. 

Finally, the powder was put into rubber 
tubes and each tube was pressed under hy
drostatic pressure of 1000 atm to form a cylin
drical rod of ~ 6 rom diameter and ~ 10 em 
length. The rods were sintered at 1300°C in 
the san1e atmosphere described above. 
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FIG. 2.1. Infrared-radiation furnace (Type 
SC-N35HD, Nichiden Machinery Ltd.) with two 
1.5 kW halogen lamps as radiation sources. 

2.1.2. Floating Zone Method 

Single crystals of Cat-xSrx V03 were grown 
by the floating zone (FZ) method in an 
infrared-radiation furnace (type SC-N35HD, 
Nichiden Machinery Ltd.) with two 1.5-kW 
halogen lamps as radiation sources (Fig. 2.1). 
At first, the sintered rod is cut into two parts: 
one is~ 2 em long for the "seed" rod, which is 
held at the top of the lower shaft, and the rest 
of the sintered rod, called the "feed" rod, is 
suspended at the bottom of the upper shaft. 
If possible, it is desirable to use a piece of ex
prepared single crystal as the seed rod. Each 
rod is rotated at -20 rpm i11 opposite direc
tion·. The lamp power is raised gradually 
until both of t he rods are melted, then the 
molten zone is attached to t.he top of the seed. 
The molten zone is passed through the whole 
feed rod at a rate of ~ 1 cm/h in flowing ar
gon atmospher without any interruption or 
change of lamp power. 

2.2. Sample Characterization 

2.2.1. X-my Diffraction Measurements 

Powder x-ray diffraction (XRD) measure
ment is the most convenient method to char
acterize the samples. Each time we prepared 
san1ples, a small part or, in some cases, the 
whole of the sample was pulverized for the 
XRD measurement. The powder was attached 
on a slide by a piece of double-sided adhe
sive tape and mounted on a commercial x
ray diffractometer with Cu Ka1 2 radiation 
(Philips, PW). Tl'e wavelength)., ,;,as taken to 
be 1.54051 A for Ka1 and 1.54433 A for Ka2-
20 was swept from 10" to 120" at 0.05° step. 
All the measurements were performed at room 
tern perature. The observed XRD spectra of 
CaV03 and SrV03 were compared with the 
reported data in the Powder Diffraction File 
compi"led by the Joint Committee on Powder 
Diffraction Standards (.JCPDS). By indexing 
the h, k, l values to each peak i.n XRD spectra 
according to the JCPDS file, the lattice con
stants have been determined. Peak positions 
of the observed spectra were read off manu
ally, taking the midpoint of the fuli width at 
half maximum. 

In order to quarry single-crystalline samples 
with an appropriate crystaHographic geome
try out of the rod prepared by the FZ method, 
we took Latte photographs with a commercial 
apparatus (Philips). The observed Laue dia
grams were compared with the calculated ones 
by the "laueX" interactive program, 17 which 
allows one t,o simulate a Laue diagram from 
the knowledge of the orientation of the crys
tal, the cell parameters and the position of 
the detector. We used preliminary data of the 
atomic coordinates of CaV03 and SrV0318 

The program also does the indexing of an ex
perimental Laue diagram, evaluates the inten
sities of the Laue spots, and d.raws them as 
spots whose size is proportional to their in
tensity. After determining the geometry of Lhe 

2.3.1. Energetics of Pbotoemission Spectroscopy 

crystal axes, we cut the sample making use of 
a precision diamond saw. 

2.2.2. Quantification of StoichiometT'IJ 

The oxygen off-stoichiometry in Cat-x· 
Sr"' V03 was determined by using a Perkin
Elmer TGA-7 thermogravimetric (TG) ana
lyzer from the weight gain on heating the 
sample to around 1300 K in flowing air and 
assuming that the final oxidation state of a 
vanadium ion is +5. Neither further weight 
gain due to peroxidation nor weight loss d\le 
to the desorption of the oxygen was ob
served, after the highest-o.xidized material 
(Ca1-xSr"')2 Vz07 , which is an insulator with 
the pylochlore structure, was obtained. 

As-prepared samples contain some amount 
of oxygen defects. The result of TG measure
ments indicated that, with increasing temper
ature, the samples are abruptly oxidized at 
around 420 K. 19 Moreover, after this oxida
tion, the oxygen concentration of the sam
ples becomes stoichiometric and no further ox
idation occurs until the temperature reaches 
around 700 K. Thereby, we can easily prepare 
samples without any oxygen off-stoichiometry 
by annealing the samples in air at ~ 200 "C 
for around 24 hours. 

The stoichiometry of the ratio Ca: Sr : V = 
l - x : x : 1 was confi.rmed by the induc
tively coupled plasma atomic emission spec
trometer (SEICO, SPS7000) . The amount of 
off-stoichiometry iu the single-crystalline sam
ples were within the enor bar, i.e., less thart 
1%. 

2. 2. 3. Tran.<port M ensuremwts 

In order to perform the de-electric resistiv
ity measurement, the single crystalline sam
ples were cut and shaped into a rectang<tlar 
parallelepiped. A typical example of the di
mension of the parallelepiped was 3 x 1 x 
0.3 mm3 . Electric resistivity measurements 
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were done with a standard de four-probe 
method. Four copper leads (50 1•rn¢) were at
tached with silver paste (DuPont 4922). Mea
suring current was typically ±30 rnA which 
was applied by a constant current source. The 
data were collected on both heating and cool
ing cycles. 

In the magnetoresistance measurement, the 
sample was installed in a 31le cryostat 
equipped with a snperconducting magnet. 

2.2.4. Magnetic Measurements 

de-susceptibility measurements were per
formed using a commercial rf-SQUID mag
netometer (Quantum Design, MPMS). The 
measuring field was calibrated with a Pel stan
dard. Details of this experiment for the 
Ca1_xSr,. V03 samples are described in Sec
tion 4.3.2. 

2.2.5. Specific Heat Mensurements 

Specific beat data were obtained on both 
polycrystalline samples and Single-crystalline 
samples between -0.5 and ~ 20 K using a 
semiadiabatic heat-pulse method 20 Details of 
this experiment for the Cal-xSrx V03 samples 
are described in Section 4.3.3. 

2.3. High-Energy Spectroscopy: General 
Description 

!!.3.1. Enetyetics of Photoemission Spectros
copy 

When an electron in a material is ejected 
via the photoelectric effect by an impinging 
photon with the energy of 1iw, t.be energy con
servation rule gives us 

En+ rtw = En-1 + Ek' 

where En is the total energy of the initial It

electron system, En-l is the total energy of 
the final (n - 1 )-electron system, and Ek is the 
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FIG. 2.2. Schematic diagram of photoemission 
spectroscopy. 

kinetic energy of the the emitted photoelec
tron measured from the Fermi level of the sam
ple. According to the Koopman's theorem,21 

(En - En- 1) can be related to the binding 
energy Ea of the single-particle energy level, 
from which the electron is ejected. As we 
count the number of the emitted electrons as a 
function of the kinetic energy Ek or the binding 
energy EB , an experimental spectrum is ob
tained as schematically shown in Fig.2.2. This 
meas urement is called photoemission spec
troscopy (PES). The ob tained spectrum can 
be comparable to the one-electron energy dis
tribution fnnction in the solid. 

To consider the pbotoemissiou process 
more appropriately, the so-called "th.ree-step 
mod 1" is extremely useful,22 though .it is a 
purely phenomenological approach. The ba is 
for tllis model is shown in Fig.2.3. In tb.is 
model, the complicated photoemission pro
cess is broken up into tlu·ee. teps: the excita
tion of the photoelectron, its passage through 
the solid to the surface and its penetration 

0 Three S lap Model 
ptloiOiJ"atitot•an 

o:~ l lhe •l•c.lron 

surf on 

FIG. 2.3. PES as a three-step process: 1) pbo
toe.xcitation of an electron; 2) travel to the surface 
with concomitant production of secondary elec
trons (shaded area); 3) penetration through the 
surface barrier and escape into the vacuum. 

through the surface into the vacuum, where it 
is detected. During tbe second process, t he 
transporting electron may be scattered and 
lose energy, becomjng what is known as a sec
ondary electron. To do the third step, the 
electron must overcome the surface work func
tion, which in the simple picture, will simply 
cause the electron to lose a part of its energy, 
resulting in a rigid shift of the spectrum.. 

When the incident radiation used in a PES 
experiment is x-ray (for example, Mg Ka radj
ation with hw = 1253.6eV or A1 Ka radiation 
with hw = 1486.6 eV) the experiment is called 
x-ray photoemission spectroscopy (XPS). If 
the photon energy is ranged from several eV 
to a few hundreds eV. viz a vacuum ultravio
let regiOil, the technjqne is called ultra-violet 
photoemission spectroscopy (UPS). One of 
the widely used light sources for UPS mea
surement is a helium discharge lamp with two 
di~crete resonance lines (He I: 21.2 eV, He IJ: 
40.8 eV). Another light sou.rce is synchrotron 

2.3.2. Resonance Pbotoemission Spectroscopy 

radiation light emitted from charged parti
cles moving with a velocity close to the ve
locity of light is also used as a complementary 
tool for UPS measurement as a tunable light 
source. The synchrotron radiation light covers 
the whole of the VUV region. 

UPS is main ly used to study the valence 
band, while XPS is employed to study rela
tively high-binding enerb'Y core-levels as well 
as the valence band wit h less resolution. 

A cross-section of photoelectron excitation 
is determined by optical transition probabil
ity, i.e., dipole transition probability. This 
probability depends on both the angular mo
mentum and the energy of the atomic or
bital of the electron in the initial bound state. 
Thereby, we can obtain information on the 
dominant angular momentum character for 
each feature in the PES spectrum by compar
ing the XPS and UPS spectra on the same 
binding-energy region. 

!!. S. 2. Resonance Photoemission Spectroscopy 

PES intensity of some valence band fea
tures shows a Fano-like intensity modulation 
as a function of photon energy near the ab
sorption threshold of a core- level. This phe
nomenon is often referred as "resonance pho
toemission" (RPES), and has been extensively 
used to identify the chemical origin of valence 
band features. 23 

Ill Fig. 2.4, a schematic drawing of the RPES 
is shown. The resonance is explained as a 
quantum interference between a direct ex
citation of a valence-band electron and au
toionization (or direct recombination), giving 
a Fano-type resonance in the photoemission 
spectrum. The interaction responsible for the 
autoionization is the Coulomb interaction be
tween the electrons, w b.ich is the same inter
action as that attributed to Auger transitions. 
(It is noted that the Auger t ransition is a real 
process and dominates the core-hole lifetime 
of light elements.) Both the autoionization 
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FIG. 2.4.. Direct excitation of a valence-band elec
tron (am plitude Al) inter~ res with an autoionizar 
tion (A2) process to give a Fano resonance. 

and the Auger transit ion yield an electron in 
continuum states above the Fermi level. It is 
evident from Fig.2.4 that we consider the sec
ond order perturbation. This means that we 
must add the amplitudes for the two processes 
and then square to obtain the probabi lity. The 
two processes can interfere with one another 
resulting in greatly decreased trans ition rates 
below threshold and enhanced ones above it. 

RPES is a powerful tool for tracing the or
bital origin of valence band features by com
paring the threshold energy to appropriate 
core-level binding energies of the constituent 
atoms in th.e material under investigation. 
Moreover, for a strong resonance effect, the in
termediate state is required to be fairly local
ized. This is lhe reason why RPES is often ob
served in the transition-metal oxides and the 
rare-earth compounds. 
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2.3.3. X-ray Absorption S7Jecl.roscopy 

X-ray absorption spectroscopy (XAS) is one 
of the methods used to probe the unoccu
pied states. In an XAS measurement, elec
trons in the filled state (usually deep core
levels) are excited to the empty states in the 
solid by the impinging x.-rays. The absorp
t ion strength of the x-rays can be measured by 
the following three typical .methods: t he trans
mission mode, the fluorescence-yield mode or 
the electron-yield mode2 ' If the absorption 
strength is plotted as a funct ion of the pho
ton energy, the spectrum can be comparable 
to the energy distribution function of the un
oc upied states. 

2.4. High-Energy Spectroscopy: Experi-
mentlll 

2.4 . 1. PhotoemisBion 
Experiment 

Spectroscopy 

PES should be performed under ultra-high 
vacuum (UHV) conditions, because the mea
surement is more sensitive to the surface 
rather than the bulk of the sample as is de
scribed in Sect.2.4.3. UHV is achieved with 
turbo-molecular pumps, ion pumps, and sub
limation pumps. 

A typ ica l setup of the apparatus of PES e_x
periments is depicted in Fig. 2.5 , where the 
main chamber is connected to the electron en
ergy analyzer, and to several p11mps through 
the large pipes below the main chamber. The 
flanges on the main chamber are used for view
ports, light sources, electric feed-throughs, 
wobble-sticks, gauges, a manipulator on a 
XYZ stage, an l so on. The whole system is 
held by the trestle table, which is also a frame
work of panels of a knockdown oven used for 
baking out th chamber. 

ln our labOJ:atory setu p, two Ught-sour es 
(an ultra-vio let light source and an x-ray 
somce) and an electron energy analyzer (VG 

FIG. 2.5. Schematic picture of a typical setup 
of the apparatus of PES experiments. The elec
tron energy analyzer, the main chamber, and 
large pipes below the main chamber [or pump
ing units are depicted. There are several sizes of 
flanges on the main chamber used for view-ports, 
light sources, electric feed-throughs, wobble-sticks, 
gauges, and so on. A manipulator on a XYZ stage 
is usually mount.ed at the top of the main cham
ber. The whole system is supported by the trestle 
table, on which we construct a knockdown oven 
made of aluminum panels, for use when we bake 
out the chamber. 

Microtech, CLAM-II) followed by an electron 
detector, are equipped on the UHV chamber, 
which is made of "Mu-metal" . Mu-Metal is 
a nickel-iron alloy (77 % Ni, 15% Fe, plus Cu 
and Mo) which has extremely high magnetic 
permeability at low field strengths, and the 
M u-metal chamber can be used as a very ef
fective magnetic screen with low residual mag-

2.4.2. X-ray Absorption Spectroscopy Experiments 

FIG. 2.6. Photograph of our PES apparatus. 
The electron energy analyzer (VG Microtech, 
CLAM-II), which is seen above the h ad of the au
thor, are equipped on the "Mu-metal" UHV cham
ber. The Mg Ka x-ray source and the He discharge 
lamp are equipped below the CLAM-II analyzer. 

netic field (typically < 5 mG). 
The energy analyzer is t he spherical detec

tion analyzer, which consists of two concentric 
hemispheres. In front of the energy-analyzer , 
a preretardation stage is equipped. Ttus mode 
of operat.ion is used to decrease (increase) 
the energy of electrons without changing their 
absolute energy spread. The decreased (in
creased) energy, i.e. the energy at which the 
electrons enter the analyzer is usually called 
the pass-energy and we set the pass-energy 
5- 10eV for UPS and 50- lOOeV for XPS 
depending on the experiments. The advan
tage of the preretardation is obvious; since the 
.intrinsic resolution of the analyzer is propor
tional to the pass-energy, by retardation the 
effective resolution is enhanced. 

We carried out PES experiments using a 
synchrotron light-source (BL-llD , BL-1 A at 
the Photon Factory in the High Energy Ac
celerator Research Organization) and also a 
He discharge lamp and a Mg I<a x-ray source 
in the laboratory setup. In the experi
ment at BL-llD, we measured poly-crystalline 
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FIG. 2.7. On the top of the main cham
ber, the manipulator on the XYZ stage is 
equipped. The He-gas closed-cycle cryosystcm 
(Daikin, Cryol<elvin UV204SCLR) is incorporated 
to the manipuhttor with <lifferentially pumped ro
tary feed-tlu·ough . 

Ca1_xSrr V03 samples using the photon en
ergy corresponditlg to t he V 3p core-level 
threshold: 45 e V for off-resonance and 50 e V 
for on-resonance. RPES experiment of single
crystalline Sr2RuO, samples was performed at 
BL-1 8A, with the photon energy ranging from 
20 eV to 60 eV. Other UPS and XPS measure
ments were carried out using the commercial 
stand-alone spectrometer in the Eledrotech
n ical Laboratory. 

2.4. 2. X-ray Absorption Spectroscopy Experi
ments 

XAS experiments were performed using 
synchrotron radiation at beamline BL-2B of 
the Photon Factory, High Energy Accelerator 
Research Organization. The experi ment was 
carried out in the total electron-yield mode. 
Details of this experiment are described in 
Section 5.3.3. 
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iU.9. Sr•mplc Surface Preparation 

The mean free path of an electron in a 
solid whose kinetic energy is above tlte vac
uum level is called a 'penetration depth' or 
'escape depth.' The escape depth is strongly 
dependent on the kinetic energy of t he elec
tron, and follows what is known as the "uni
versal curve" 25 The curve is shown in Fig.2.8. 
As seen from Fig.2.8, PES experiments have a 
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FIG. 2.8. The ((universal curve11 of electron escape 
depth versus kinetic energy. 25 

very high surface sensitivity of~ 10 A or less, 
when the kinetic energies of the electrons are 
in the range of 20- 200eV. This means that 
the s urface preparation is a significant issue 
for the success of a PES experiment. 

Especially, for the transition-metal oxides 
which we study in this work, special atten
tion should be paid , because they contain 
oxygen atoms that are fairly loosely bound 
to the lattice and thereby easily escape from 
the surface. Therefore, it is obvious that 
many well-known surface-preparation proce
dures, for example, high-temperature anneal
ing or ion-beam bombardment are generally 
inappropriate, since they inevitably vary the 
surface composition by either outgassing oxy
gen from the surface region or preferentially 
sputtering the oxygen atoms so that the sur
face region becomes oxygen deficient. 

Among the other surface preparation tech
niques that have been used, in-situ scraping 
and in-situ fractming (cleaving) appear to be 
chemically the most non-destructive. In prin
ciple, both of these surface-preparation meth
ods should be C!lpable of exposing a clean 
surface. Especially, for angle-integrated pho
toemission measurements, in-situ scraping is 
most preferable. In some cases, experimen
tal caveats may easily ruin this ideal notion of 
obtaining a clean surface by in-situfractw·ing, 
because the sample is easy to cleave at grain 
boundaries, to which bulk contamination and 
impurities tend to accumulate as frequently 
observed in the oxides. 

In addition, if we bake the samples in t he 
vacuum chamber in order to get higher vac
uum, t his baking procedure depletes the sam
ples of oxygen and cha nges their character. 
We have set a fast-entry load-lock system, so 
that our samples can be int roduced into the 
chamber without baking. These precautions 
have increased the reliability of our experi
ments. 

2.1,.4- Decomposition of the surface and bulk 
spectrum 

No matter how carefully we have prepared 
the surface of the sample, since the photoe
mission technique itself is extremely surface 
sensitive, we can probe typically the first few 
tens of angstroms within the surface. This is 
well known to the entire community of surface 
scient ists who have used this very aspect to 
probe t he surface of materials, which would be 
otherwise inaccessible. On the other hand, sci
entists, who are interested in the bulk proper
ties, have also used this technique extensively 
with the tacit assumption that the electmnic 
st.ructures at the surface and in the bulk are 
very similar. This is iJl general a valid as
sumption in most materials, as has often been 
demonstrated by a good agreement between 
experimentally obtained photoemission spec-

2.5. 1. One-Particle Spectmm 

tra and calculated ones on the basi of the 
bulk electronic structures.26

•
27 

However , in some materials, the sttrface 
electronic states are intrinsically different 
from those of bulk. In this case, the suffi
ciently carefu I surface preparation may rather 
reveal the differen e of the two states. 

Maiti, Priya, and Sarma have devised a 
novel way to separate out the surface and 
bulk contributions from the total photoemis
sion spectrum;28 this enhances the power of 
the photoemission technique such that one 
now obtains separate information about t he 
surface a nd t he bulk electronic structures. In 
order to separate the surface and the bulk on
tributions, we assume that th total spectrum 
p(w) at any given photon energy can be given 
by the linear combination of the surface spec
trum p'(w) and the bulk spectrum pb(w), i.e., 

p(w) = 

(1 - e- df>.)p'(w) + e- df>.l(w), (2.1) 

where cl is t he t hickness of the surface layer 
with the altered electronic structure compared 
to the bulk and A is the mean free path of 
electrons as seen in Fig. 2.8. From Eq. 2.1 , 
the intensity ratio of the surface and the bull< 
contributions in any spectrum becomes 

1 - e-df>. - df >. -
~-e 1. 

The value of d/ >. for deep core-level electrons 
with a kinetic energy of Ec ~ 1000 e V can 
be obtained by measuring the XPS spectrum 
and by performing the spectral decomposition 
by a line-shape analysis. Since A is known 
to be proportional to the square root of the 
electron kinetic energy in the higher energy 
limit, as realized in XPS measurement,Z9 we 
can estimate the corresponding d/ A for the 
valence band (VB) electrons (kinetic energy 
of Evo) by multiplying the d.j A obtained for 
the core- level electrons (kinetic energy of Ec) 
with ../Ec/Eva· Thus, we obtain the value of 
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cl/ Axps for the valence band XPS spectrum. 
We also need to estimate the same quantity 
for the valence band spectrum excited with 
He I radiation elf>.".,. Unfortunately there is 
no universally accepted dependence of A on ki
netic energy in the lower energy limit, unlike 
the higher energy limit. In view of this, we 
assume, in th is Thesis, the Axps/ >. 11 • 1 value of 
Ca1- zSrz V03 to be the same as in the losely 
related series Ca1- xLaz V03 , where it was ex
perimentally estimated28 

(2 .2) 

Then, Eq. 2.1 becomes two simultaneous 
equations for each energy point w, 

PxPs(w) = 
(1- e- df>.xPS)p'(w) + e-df>.xPSpb(w) 

p".,(w) = 
(1- e-d/>."•')p'(w) + cdf>. 11 • 1pb(w). 

Since we measure PxPs(w) and p 11• 1(w) at ev
ery energy point w, t he above two equations 
can be solved exactly at every energy point w 
for the two unknowns p'(w) and p0(w). 

The final results for pb and p• are .not very 
sensitive to the assumption of Eq. 2.2 as de
scribed in Chap. 5. 

2.5. High-Energy Spectroscopy: Descrip
tion by Many-Body Theory 

2.5.1. One-Pm·ticle Spe.ctrum 

Here we describe the photoemission spec
trum following the many-body theory for
mulatio.n by Kotani,30 and Gunnarson and 
Schiinhammer.31 

The retarded Green's function at 0 K is ex
pressed as 

G,(f,f', t- t') = 

{ ~i(OI{cp,(f,t).cp!(f' , t')}IO) fort 2:: t' 
fort~ t', 
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where s stands for a spin variable, JO) repre
sents the ground state and {A,B} = AB + 

G,(k,t -t') 

_.!_ j d-d-'G ( 7 "' t- t') ,-ik·(r-f') V rr s1 1 T, e 

{ 0

-i(OJ{ai;,.(t) , aL(t') }IO) fort~ t' 
fort~t'. 

BG. The Fourier transformation of the above 
equation gives, 

(2.3) 

Here we define Jn) as an excited state of the system and E,. as the energy of the state. By the 
closure or completeness of the eigenfunction Ln ln)(nl = 1, we obtain fort 2: t' 

G,(k,t- t') 

-i ~(Oio;;,.(t) in)(nlaL (t')IO} 

- i L (DiaL (t)ln)(nlai;,.(t'}IO) 
n ' 

Transforming the above equation with respect to the single-particle energy w, we have 

Then, the imaginary part becomes 

-~lmG,(k,w) 
r. 

L [(nia.LJo}[
2 

J(w- E,. +Eo) 
n(k<:kF) 

+ L I (nlak,siO} [
2 

o(w +Eo- E,.) . 
n(k$kF) 
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The first term of the right-hand side of this 
equation corresponds to 
the angle-resolved (and spin-resolved) inverse
photoemission spectrum, whi le the second 
term corresponds to the angle(spin)-resoived 
photoem.ission spectrum. That is, 

-~ImG,(k,w) 
1f 

= A~2:EF(k,w) + A~$EF(k,w) (2.4) 

To put it more concrete, if we neglect here 
the interaction between electrons and assu me 
a;; ,(t) = e-U:'t,t/na;; ,, then , we obtain imme
diately from Eq.2.3; 

.... -~&(t-t') 
G,(k, t- t') = -ie-• • fort 2: t' 

The simplest way to introduce an interaction, 
i.e. the finite life time of the quasi-particle due 
to scattering, is to modify the simplest Green's 
function above to the following e.xpression: 

_ .(ck-ih"'t)(t-t1
) 

G,(k, t- t') = -ie-• • fort 2: t,' 

p(w) 

where the factor 2 is the result of the summa
t ion with respeet to the spin coordinates . The 
integral over the whole k-space is replaced by 
the integral in energy-space with the single
particle density of state (DOS) D(w} for the 
non-interacting electron e:j; . Hence, we have 

p(w) = -- dEkD(e:);)ImG(k,w} 1 !"" -
1f -00 

(2.6) 

If there is no interaction among electrons, the 
self-energy becomes zero. Then, 

Fourier transformation a( G,(k, t- t') with re
spect to the single-particle energy w becomes, 

- I 
G,(k,w) = 0 + .h 

w- "k t 'Y 

Even in the case that the interaction is not 
such a naive one and 'Y is a complicated func
tion of w and k, the expression above is still 
valid. The single-particle Green 's function is 
then written as 

- 1 } G,(k,w} = _ (2.5 
w-e:% - E,(w, k) 

where E, ( w , k} is called the "self-energy". 

In this Thesis, we study spin-unpolarized 
and angle-integrated photoem.ission spectra, 
which are obtained according to Eq.2.4: 

so that 

p(w) = D(w), 

i.e. the spectral DOS becomes equal to the 
non-interacting DOS. In this study, for D(w) , 
we use DOS calculated by a band calcula
tion within the local density approximation 
(LDA) . 

2.5.2. Phenomenological Sel]-Enery11 Cor-rec
tion and Effective Mass 

By combining the low-energy Fermi liquid 
phenomenology and the high-energy approx
imation of the Green's function we can cal-
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culate the quasiparticle spectrum of a many
body system . The high-energy behavior can 
be obtained to a desired accuracy by termi
nating the continued fraction expansion of a 
Green's function which is valid asymptotically 
at high energies:32 

G(k,w) = -------,..,2-

w - E~ - W] - ----'"-~ 
w-wa-2::: 

(2.7) 

A priori, all the parameters Wf ( e odd) and St 

(€ even) depend on the momentum k, which 
is chosen within a Brillouin zone . 

lo additi011, all these parameters can be 
expressed in terms of the "moments" of 
the angle-resolved quasi-particle spectrum 
A(k,w). To express Wt or St, one needs to 
know all "moments" from order 0 up to e. 
"Moments" are real quantities and appea.r as 
coefficients in the expansion of G(k,w) in pow
ers of 1/w. Each moment obeys a sum-rule.33 

According to the discussion with K. Matho, 
we have assnmed that a consistent approxima
tion is generated by truncating the expansion 
at some "modified Pade-level" Lthat is inde
pendent of k. 34 

Normally, in the conventional Pade approx
imation of order L , w1 and st are replaced by 
0 for e > L. But, by definition of the "mod
ified Pade-approximation", we introduce phe
nomenological complex parameters, WL, SL+l• 

and w L+2 . to take into account the energy
independent damping of the background ex
citations (N.B., the first L moments are kept 
coincident with those of t he conventional P ade 
approximation). 

For L = 3, 5, · · ·: 

• Energy parameters we and se for £ < L 
a re real and determined by sum-rules. 

• The last three comp.lex quantities (w~.-, 
Sf.rth and WL+2) are different from the 
usual Pade approximation, i.e., their real 

parts are not related to mom<:nts (Re(wL) 
is sti ll equal to the corresponding term in 
the usual Pade approximation). 

• The values of SL+J and W£+2 are imposed 
by general requirements of the self-energy 
near w = 0, and k = k-;,. In this s tudy, 
we constrain them according to the Fermi 
liquid cond it ions: 
(i) ImE(w = O,k = k-;,) = 0; 
(ii) the singularity bas real positive 
weight 

0 <Q<1, 

where Q is a residue for the simple pole 
of the Green's function. 

At the modified Pade-level L, the number of 
poles in the self-energy is equal to (L + 1)/2. 
Obviously, L = 1 is the lowest non-trivial level 
of approximation, and the self-energy bas only 
a single pole. 

For example, at level L = 3, it is w1 and s2 

t hat are real , determining the center of gravity 
and the first and second moments of A(k.w). 
Higher moments than the third do not exist 
at level L = 3. 

At L 1, things become somewhat 
mixed up between high a nd low en~rgy be
haviour: Wt,S2, and w3 are all complex. 
The angle-resolved quasi-particle spectrum 
behll.ves asymptotically like a Lorenzian with 
an effective width given by Im(wi). The only 
high-energy sum-rules, which can be satisfied, 
concern the normalization (Oth moment) and 
the position. of the center of gravity (first mo
ment). The latter is g iven by w = Re(wJ) +£~ . 

ln this study, we consider the following phe
nomenological self-energy function to model 
the photoemission line-shape and the effective 
ma.~s: for L = 3 

E(k,w)= 
0 gf6 

'YE k + ra w-i(f+6)--w 
{2.8) 
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and for L = 1, 

(
- ) gw 1w--yo/:h4 -wl) 

E k ,w = ) . 
gW-("ft!:k-WI 

(2.9) 

The effective mass of the quasi- particle at 

Er is defined in this Thesis as 

(2.10) 

where l!:k is the quasi-particle energy which i 
given as a solution w = &k of the equation 

w = E~ + R eE(k,w) . (2.11) 

E% corresponds to the energy of a free elec
tron. However in this study we consider ek 
as an energy dispersion of a single-electron 
band obtained by band-calculation with LDA. 
Thereby, Ek gives a "band mass": 

(2.12) 

Using Eqs. 2.10, 2.11 and 2.12, we deduce 
that the effective mass is described by the fol

lowing ex pression: 

m• 

where mw/mb is called the "w-mass" and 
mk/mb is called the "k-mass" .ao 
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Chapter 3 

Anomalous Electronic Properties of 
Ca V03 _6 Due to Oxygen Off-stoichiometry 

Part of this chapter has been published as 
Ref . 19 and Ref. 36. 

3.1. Introduction 

Some perovskite- type light-3d TM oxides, 
such as LaTi03

37•38 show metal-to-insulator 
transitions (MIT's) by delicately controlling 
the oxygen and La/Ti stoichiometries. In 
these materials, simple one-electron band the
ory is no longer enough to give a good ac
count of the electronic states, so it is sure 
fbat the electron correlations play an impor
tant role to realize this MIT. However, an
other important point which requires care
ful consideration is that, in this kind of ox
ide with the formula AB03 , oxygen and A/ B 
stoichiometries are fairly tulStable. The off
stoichiometry is not accidental but character
istic of ~hese compounds. Even though we can 
obtain sufficient ly stoichiometric compounds 
in some of the AB03 materials for experi
mental p urposes, the off-stoichiometry is still 
present intrinsically and such inevitable de
fects are called "native-defects" to indicate 
that their propert ies are reproducible.39 Here, 
we have investigated the effects of this un
avoidable off-stoichiometry under the presence 
of electron correlations between conduction 
electrons. 

I t is intriguing to compare the two 
perovskite-type TM oxides LaTi03 and 

CaV03 which have nominally one 3d elec
tron per uni~ formula, since oxygen off
stoichiometry seems to have a different ef
fect on the two materials. Stoichiometric 
LaTi0 3+<5 (o ~ 0.00) has been reported to be 
an insulator but becomes metallic by furth.er 
oxidation (o > 0).37•38 On the other hand , 
we have revealed that stoich iometric Ca V03_ 0 

(o ~ 0.00) shows better metallic conductiv
ity than off-stoichiometric CaV03_ 0. In gen
eral, CaV03_0 bas "oxygen-defects" and it 
is difficult to oxidize further (o < 0) around 
room temperature. Nevertheless, a very slight 
peroxidation (o ~ - 0.05) renders the sys
tem insulating without inducing any signifi
cant structural changes19 The MI transition 
on LaTi03 is discussed as hole-doping into a 
Mat t-Hubbard-type insulating matrix; within 
this picture, however, we cannot comprehend 
the M1 transition in CaV03_ 0 (o < 0). 

Moreover , it should be noted that drastic, 
unconventional changes of the magnetoresis
tance, magnetic susceptibility, and Hall ef
fect have been observed in single-crystalline 
CaV03_6 (o > 0).36•

40 
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In this chapter, we report electronic prop
erties of Ca V03-o observed by delicately con
t rolling the OXYgen stoichiometry. As for the 
study on the "negative-magnetor istance" 
seen in CaV03-6, the author contribu ted only 
in the earliest stage. The study has been sue-
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cceded by other members in our group, a nd 
the recent results of the detai l experiments 
have been discussed in their rev iew article_40 

3.2. Experiments 

Poly-crystalline Ca V03-6 was prepared by 
solid state reaction, and a single crystal was 

grown by floating-zone method as described 
in Chap. 2; both were examined to be single 
phase by powder x-ray diffraction measure
ments. According to the XRD measurements 
by Shirakawa et aL, the orthorhombic Ca V03 
becomes monoclinic CaVOJ-6 upon reduction 
(Fig. 3.1 and Table 3.1). 

TABLE 3.1. Lattice parameters of CaV02.8 and CaV0,_0 at room temperature_ 

a(A) b/a 
CaV02_s 
CaVOJ_o 

5.3825 
5.3130 

7.4991 
7_5397 

5_3887 
5_3329 

90.227 
90 (orthorhombic) 

1.393 
1.419 

This can be attributed to the expansion of the 
V06 octahedra as a result of the electron dop
ing. 

Thermograv.imetric analyses were per
farmed for both the powdered poly-crystalline 
and single-crystal line samples of ~30 mg in 
flowing air nsing a commercial apparatus 
(Perkin-Elmer, TGA-7). If we use bulk sam
ples , especially the bulk siugle-crystals, it 
takes for too much long to reach the final ox
idation state in our TG measurement facil-

i':' 
c 
u 
c 

2 0 30 40 50 

20(') 

FIG. 3.1. X-ray powder diffraction patterns of 
CaV0 2_ and CaV03.0 at room tempera.ture.-10 

ity_ Oxygen stoichiometry was actually de
termined from the weight gain on heating the 
sample to around 1300 ]( and assuming that 
the .final oxidation state of vanadium was +5. 

For the electrical resistivity measurements, 
the poly-crystalline samples were cut into 
rectangular parallelepiped shapes. The di
mensions of the samples were 3 x 1 x 0.3 nnn3. 
The measurement were done while ox:idizing 
the samples in air. We used the standard four
probe method, however, four-electrodes were 
made by evaporating gold instead of silver 
paste, and attach ing gold wires onto the evap
orated strips with gold paste (Tokuriki Ron
ten, #8563). The measurement was done from 
room temperature up to 1000 K, and the tem
perature was changed as slowly as 0-5 K/min 
in order to coincide with the diffusion ratio of 
oxygen into the bulk sample. 

In the magnetoresistance measurement, the 
sample was installed in a 3He cryostat 
equipped with a superconducting magnet. 
The measurement was performed at 4.2 K. 
The sample was placed in an external .field up 
to 12.5 Tesla perpendicular to the (100) plane, 
and electric current was a long the c-axis. 

de-susceptibility measurements were per
formed using a commercial rf-SQUID magne-

3.3. Results and Discussion 

tometer (Q uantum Design, MPMS-II). 

3.3. Results and Discussion 

Figure 3.2 shows a result of the TG mea
surement and its derivative (DTG) for poly
crystalline CaVOy (top), and that of the elec
tric resistivity measurement with several heat
ing and cooling processes starting at various 
temperatures (bottom). With increasing tem
perature, the sample is abruptly oxidized at 
r• = 415 K for the polycrystal as seen in 
Fig. 3.2, and at ~432 K for the ·ingle crystal. 
After this oxidation, y becomes almost equal 
to 3.0 in both samples. The electrical resistiv
ity plunges around r• , because t he contribu-

.•. ,,. 
1==~:1 ) ,.. 

j to' ..;T 
Q. to" 

/ 10'1 

10'1 

,.. 
T{K) 1000 

FIG. 3.2. The result of TG analysis and electrical 
resistivity obtained by heating the poly-crystalline 
CaV03_ 6 sample in air- Note that t.hese measure
ments were not perfom>ed simultaneously_ The 
vertical axis of the upper panel represents the oxy
g~.n content of Ca VOy. y = 3.0 corresponds to sto
ichiometric Ca V03 andy = 3.5 corresponds to the 
final oxidation state Ca2 V201. The lower panel 
shows the temperature depeodence of the electrical 
resistivity with several heating and cooling cycles 
starting at various t mperatures_ 
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FIG. 3_3. Temperature (T) dependence of electri
cal resistivity (p) in CaV03_, for 6 = O.OOandO_l2. 
Top: p is plotted against T 2

. Bottom: results 
of fitting to p of 6 = 0.12. The broken line rep
resents p = Po + AT2 , and solid line represents 
p = p0 + AT2 with a Blocb-Griincisen term due to 
the electron-phonon scattering. 

tion to the resistivity of the additional scat
tering due to the oxygen off-stoichiometry is 
considered to be more s igni!i cant in this ma
terial than the effect of increasing the number 
of carriers by electron doping_ 

The temperature dependence of p below 
room temperature also depends on the oxy
gen stoichiometry as seen in Fig. 3.3. No 
hysteresis betwe n cooling and heating pro
cess was observed in this case- Both samples 
show fairly small residual resistivity Po com
pared with the other TM oxides in the liter
ature. The temperature dependence seems to 
be characterized by the relation p = Po+ AT

2
, 
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which is believed to originate from electron
electron scattering, as seen in the ur per panel 
of Fig. 3.3. However, we cannot fit the data 
in the whole temperature range with a uniqne 
value of the coefficient A as demonstrated in 
the lower panel of Fig. 3.3; we have to add 
the Bloch-Griineisen term due to the electron
phonon scattering for a better fit: 

- 2 4t<T:; {8 /T ez z5dz 
p - Po+ AT + 06 lo (e•- 1)2 

(3. 1) 

The obtained fitting parameters are displayed 

in Table 3.1L Even though we find out t bat 
the ele tron-phonon scattering is not negligi
ble, the contribution of the electron-electron 
scattering, assuming the AT2 term comes only 
from this source, still dominates at least up to 
room temperature. By introducing the oxygen 
defect o = 0.12, the coefficient A increases a 
li ttle. Detailed discussion on the origin of the 
T 2 term, and the relation between the value 
of A and the effective mass m '/mb are given 
in Chap. 4. 

TABLE 3.!1. Parameters in the formula 3.1 obtained by the least-squares fit to the electric resistivities 
of CaVOz.ss and CaVOa.OO· 

p.(ncm) t<(DcmK) 0(K) 
CaV02.8s 
CaVOJ.oo 

3.49 X 10 S 
5.59 X 10-6 

8.99 X 10 lO 
7.67 X l0-!0 

0.307 
0.126 

885 
628 

It is also interesting to note that the stoi
chiometric samples are further oxidized toy ~ 
3.05 at very high temperatures TMI ~ 770 K. 
In other words, the stoichiometric sample is 
extremely stable to further oxidation. This 
is obvious, because t he perovskite-type ABOa 
structure has no roo.m in which extra oxygen 
can intervene. ln the case of CaV03, t his 
slight oxidation has a significant effect on the 
transport propertie : the derivative of the re
sistivity becomes negative above TMI· 

Then, the question arises; what is the in
sulating state? In LaTiOy, the metallic sam
ple (y > 3) remains orthorhombic and single 
phase up to y = 3.2 [(y > 3) means the de
ficiency of both the La and Ti sites.] Then, 
the sample becomes insulating at y ~ 3.3 due 
to Lhe inter-growth of an insulating La0Ti5017 
phase.37 On the other hand, metall.ic CaV03 

becomes insulating by very slight oxidation. 
Electron microscopy indicates the existence 
of 5-folcl and 3-folcl superstructures,H though 

we have not yet detected any traces of inter
growth of other phases in insulating Ca V0a.o5 
by the XRD measurements. Superstructures 
might modify the Brillouin zone and possibly 
open a gap at t he Fermi level; however, this 
needs further investigation. 

The de-magnetic susceptibility x (defined 
as magnetization M divided by applied field 
H ) at 0.1 T is shown in Fig. 3.4. The sto
ichiometri · sample shows tempP.ratnre inclP.
pendent paramagnetic behavior, while the off
stoich iometric sample shows strong tempera
ture dependence, though no sign of a magnetic 
transition was seen between 5 and 300 K. The 
difference in the magnetic susceptibHi ties of 
the two samples obeys the Curie-Weiss law: 

c 
x(T) = T- 8. 

The deduced Curie constant C 
is O.llemuKmol-1 = O.ll ergKOe-2 mol- 1 

Here, we assume th local moment originates 

3.3. Results and Discussion 

from the localized y3+ ions. Si nee the Cmie 
constant is expressed as 

C= N!-£~/f, 
3ka 

where N mol-1 is the number of local mo
ments per one mole, IJ.•Jf = 9J J J(J + l )p.a, 
JtB = 9.274 X 10-21 erg Oe-1, and ka = 
1.3807 x 10-!6 ergK- 1, we can easily deduce 
N = O.llNA mol- 1 by as uming that J = S = 
1 for a y 3+ ion and 9J = g ~ 2, where NA = 
6.022 x 1023 mol-1. This means that~ 11% of 
the V ions are considered to be the localized 
y 3+ ions. On the other hand, the oxygen off
stoichiometry o = 0.12 corresponds to a elop
ing level of 0.24 electrons per one V site. The 
nominal valency of the V ion is 3. 76+, and 
y 4+ : y3+ = 0.76 : 0.24. Therefore, at lea.~t 
0.11/0.24 = 45.8% of the ya+ ions should be 
localized; i.e. VH(itinerant) : ya+ (itinerant) 
: y3+ (loc.1lizecl) = 0.76 : 0.13 : 0.11 , where 
"itinerant" means that t he electron is neither 

4.0 

>< 2.0 

l:f=O.l Tesla 

[0~12 
:cooling 
. heating 

6~0.00 

:cooling 
• : henting 

·. 
··················· · 

······· ·· ................................ .. .. ... . .. .... 
0.0 L_._,._,~_L___.___,__~~_L_.,__.._._,-.u 
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T (K) 

FTG. 3.4. Temperature dependence of magnetic 
susceptibility x of CaVQ3_, (o = 0.00and0.12) at 
0.1 T. 
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localized nor contributes to the local magnetic 
moment. The number of "itinerant" carriers 
perVsite is lx0.76+2x0.13 = 1.02; accord
ingly, we find that in this CaVOa- 5 system 
the doped electrons, introduced by the oxygen 
off-stoichiometry, do not change the number 
of conduction electrons, but introduce instead 
some v3+ ions with a local magnetic moment. 

Shirakawa et al.40 have studied this issue in 
further detail and decl uced that, by fitting the 
magnetization data by a Brillouin function, ei
ther 4% of the V ions have S = 3/2 or 6% of 
the V ions have S = 1. (The former one gives 
a better fit to their data.) Moreover, they 
have found that a V ion , deprived of at least 
two nearest-neighbor oxygen ions, produces a 
local magnetic moment; this is well explained 
by the lack of a conduction path through the 
V-Q.-V network. 

The magnetoresistance 

p(H)- p(O) 
p(O) 

changes drastically when 
oxygen off-stoichiometry is introduced. As 
shown in Fig. 3.5, the stoichiometric sample 
shows a positive magnetoresistance which de
pends quadratically on the applied magnetic 
field (Ffl), while the off-stoichiometric sam
ple shows negative magnetoresistance which 
is rather a quartic function of the applied 
magnetic field. The negative magnetoresis
tance was observed below - 20 K and be
comes weaker as the temperature is raised. 
It is surprising that such a small amount 
of oxygen off-stoichiometry induces a com
p lete change in the magnetoresistance behav
iors; furthermore , both t he positive and nega
tive magnetoresistance do not saturate up to 
12.5 T. The full-potential linear-augmented
plane-wave (FLAPW) energy-band calcula
tion within LDA indicates that Ca VOa has 
three Fermi surfaces, two of which are almost 
spherical but the third one has an open orbit 
along the (110) direction 42 The ex istence of 
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FIG . 3.5. Magnetoresistance of CaV03-o 
(J = 0.00 and ().12) at 4.2K plotted against the 
square o[ the applied magnetic field H. Inset 
shows the blow-up (100 times larger) of the nega
tive 1nagnetoresistance. 

the open orbit may account for the absence of 
saturation of the positive magneloresistance; 
nevertheless, this is not applicable in tbe case 
of negative magnetoresistance. 

In general , the magnetoresi tance is ex
pressed as a sum of a positive term and a neg
ative contribution due to, e.g., a skew scatter
ing by magne~ic impurities; thereby, whenever 
a negative magnetoresistance is present at low 
magnetic fields, it is soon obscured by the rela-

tively large positive magnetoresistance, as ob
served in the dilute-Kondo system,43 in spin 
disorder scattering,44 and in others4 5 

As Shirakawa et al. pointed out in Ref. 40, 
the negative magnetoresistance does not de
pend on the angle between the measuring cur
rent and the applied magnetic field. This 
indicates that no positive contr ibution to 
the magnetoresistance exists, since the posi
tive (normal) magnetoresistance is genera lly 
anisotropic. 

The complete disappearance of the positive 
term has been also confinned;40 it is well re
produced by consistently using the same Bril
louin function which fits well to both t.he Hall 
coefficient and the magnetic moment, i.e., the 
whol contribution to the negat ive term is due 
to the v3+ local moments, which is the same 
as that of the extraord inary Hall effect and 
the Curie-Weiss term. 

Then, we are confronted by two clifficulties. 
The first is the question of why the positive 
term never contributes to the magnetoresis
tance. The second is that, if all these effects 
are caused by the dilute magnetic impurities, 
it is expected that the Kondo effect is ob
served. At present , we do not have any expla
nat.ion for these issues. However .these prob
lems have lead us to recognize that theCa V03 

matrix is not a convent ional metal, and to con
sider that a comprehension of the nature of the 
electron correlat ion in t his system gives us a 
cne to clarify the unusual properties originat
ing in the oxygen off-stoichiometry. Tbus, we 
left the matter open for the further investiga
tion and in the following chapters, we try to 
understand the effect of the electron correlar 
tion in Ca V03 and other related materials. 

Chapter 4 

Evolution of the Electronic Properties of 
Ca1 _xSrx V03 : Systematic Bandwidth 
Control 

Part of this chapter has been published as 
Ref. 4 6 and Ref. 4 7. 

4.1. Introduction 

Despite extensive investigations on 3d 
transition-metal (TM) oxides,16 there remain 
many more mysteries still to unravel. The 
metal-to-insulator transitions (MlT's) in 3d 
TM oxides with a partially f:LI.led 3d band, for 
example, have given us great incentive to re
e-xamine several previous studies of the elec
tronic states in these TM oxides. 

The most important feature of thi kind 
of 3d TM oxides is that simple one-electron 
band theory is no longer sufficient to give a 
good account of the electronic states, since the 
electron correlations are much larger than ex
pected for the one-electron bao.dwidth.5 Mott 
first introduced the concept of MIT caused 
by a strong Coulomb repulsion of electrons. l 
Although the description of the MIT (Mott 
transition) is still debated from various points 
of view,48 a more challenging problem lies in 
the metallic phase near t he Mott transition, 
where the system is known to show anomalous 
metallic properties, and substantial enhance
ment of the fluctuations of spin , charge and 
orbital correlations is observed. This problem 
has been investigated with renewed vigor since 

the cliscovery of high-Tc cuprate superconduc
tors and although a number of enlightening 
works have been done so far, still we cannot 
grasp a comprehensive view of the physics. 

In this chapter, we focus on one of the 
open questions namely the problem of the ef
fective mass in the perovskite-type 3dl cor
related metal Car-~Sr~ V03. An important 
manifestation of the mass enhancement in 
the perovskite- type light-3d TM oxides has 
been given by Tokura et at'9 as shown in 
Fig. 4.1. They reported filling-dependent elec
tronic properties in the Srr -~La, T i03 sys
tem near the MI transition around x = 1. 
The LaTi03 (:v = 1) material behaves as 
an illSu lator below 300 K and antiferromag
netic ordering of Ti S = 1/2 spins oCClll'S at 
TN = 120 ~ 150 K. 37 They also reported 
that Fermi-liquid-like behavior was observed 
even in the immediate vicinity of the Ml phase 
boundary, with a critical increase of rn • /mb 
arising from the effect of the enhanced elec
tron correlations. Within t he framework of 
Fermi-liquid theory, the only way to approach 
MIT continuously is to realize the divergence 
of the single-quasi-particle mass rn• frn0 at the 
MIT point. to The critical behaviors observed 
in the Sr1 _~La~Ti03 system are fairly system
atic, thus provoking intense theoretical study; 
however there is still room for arguments, es-

33 
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FIG. 4.1. Electronic properties of Srt_,La.,Ti03 
reported by Tokura et al 49 Left: The filling de
pendence of the electronic specific heat coefficient 
("(,closed circles), Pauli paramagnetic susceptibil
ity at 300K (;~:,open circles), and the Wilson ratio 
xh normalized to 31'~/7r2 ke. Righ t: T 2 coeffi
cient of resistivity A vs. -y2 Mar th.e Ml boundary. 

pecially in the following points 

1. Tokura et al. compared the effective mass 
m* /mb to the free electron mass m 0 • 

However, the x dependence of the "band 
mass" mb should also be taken into ac
count. Compared with the value of mb 

for the simjlar system CaV03, the mass 
enhancement of the Srl_,La.,TiOa sys
tem is not so large, except for the region 
x >~0.8. ( . B ., t he x in Fig. 4.2 (left) 
represents the Sr content.) 

2. The critical increa..~e of the value of 
m• /mb i11 the Srl_,La.,TiOa system is 
only seen in the region very close to the 
MI transition boundary50 [Fig.4.2 (left)], 
However, in this region, it is not obvious 
whether Fermi-liquid theory is still valid. 
In fact, in the region of significant mass 
enhancement (x > 0.92), the number of 
carriers seems to be depleted 50 (J < 0.08 
ir1 the r ight panel of Fig.4 .2), This is 
thought to be due to the antiferromag
net.ic fluctuation, so we ought to discuss 
the b~havior of m· fm0 only in the para
magnetic region 0.0 < J(= 1- x) < 0.2. 

3. Another filling-dependent MI transi
tion is ob ·erved in the Y 1_,Ca,Ti0a 
system.51 •52 However, the !VIIT o ·curs 
around x = 0.4 which is relatively far 
from integral fill ing. Nevertheless, the 
effective mass shows a conspieuous en
hancement in the vicinity of MIT simi
lar to that seen in the Sr1_,Lax Ti03 sys
tem (Fig.4.2). Thus, it seems reason
able to suppose that this kind of mass 
enhancement, observed in those "filling
control" systems close to MJT, might be 
induced by fluctuations or inhomogeneity 
of the insulati11g phase near the boundary 
of MIT. 
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FIG. 4.2. Recent data of electronic properties of 
La1_,Sr,Ti03 and Yt_,Ca.,Ti03 reported by T. 
Katsufuji and Y. Tokura.50 Left: The filling de
pendence of the electronic specific heat coefficient 
-y, Pauli paramagr1etic susceptibility at 300K x. 
and the number of carriers n< deduced from the 
Hall coefficient at 300 K. Right: Phase diagram 
of the filling control system LaTi03+612 , and the 
Hall coefficient. 

The above problems can be due to the fact 
that the critical behaviors depend on the path 
along which a system approaches the bound
ary of MIT. In the Srl-xLa.TiOa system, the 
ba.nd filling is dominantly controlled instead 
of the bandwidth. 

The question then arises: how does the 
effective mass in t.he metallic state actually 

4.1. Introduction 

change as we cha.nge solely the electron corre
lation strength without changing the band fill
ing? In order to elucidate this issue, another 
type of systematic experiment is required; i.e., 
we need to control only the 3d bandwidth W 
in a particular system while keeping the band 
filling fixed. 

Representative examples are the pressure
induced MIT reported in V20 3,8 where hy
drostatic pressure modifies W. However, for 
a quantitative discussion, we need to know 
th change of the lattice constants under pres
sure. Moreover, in general, the anisotropic 
compressibility due to the anisotropy of the 
lattice structure aff cts W in a complex man
ner. Other examples are found in nickel
based compounds: the perovskite-type RNiOa 
with R of the trivalent rare-earth ions (La 
to Lu),53 and the pyrite-type chalcogenide 
system NiS2-xSe,s• The insulating state 
of these nickel compounds is classified as a 
charge-transfer insulator rather than a Molt
Hubbard insulator in the so-called Zaanen
Sawatzky-Allen classification scheme of TM 
compoundsss,s6 Therefore, MIT occurs as a 
closing of the charge-transfer gap with an in
crease of the p-d hybridization. Thus, it is 
inevitable that MJT is not described by the 
simple model of the Mott transition and the 
metallic state is more complicated. 

Based on these considerations, we have syn
thesized a solid solution of t he perovskite-type 
metallic vanadates, CaV03 and SrVOs, in or
der to investigate the metallic state near the 
Mott transition more simply with a system
atic bandwidth control. We have succeeded in 
obtaining single crystals of the homogeneous 
metallic alloy sy. tern Ca1_,Sr, VOa with nom
inally one 3d electl'On per vanadium ion. In 
the Ca1_,Sr, V03 system, as we isovalently 
substitute a Ca2+ ion for a Sr2+ ion, a lat
tice distortion occurs. This is governed by t.he 
so-called tolerance factor f of the perovskite-
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type compounds ABOa defined as 

RA+Ro 
!= J2(Ra+Ro)' 

where RA, Ro, and Ra are the ionic radu of 
the A ion, the 0 ion (oxygen), and the B ion, 
respectively. When the value off is almost 1, 
the system is cubic; while for f < 1, the lat
tice structure changes to rhombohedral and 
then to the orthorhombic GdFe03 type. In 
Lhe GdFe03 structure, it is known that the B
O-B bond angle decreases continuously with 
decreasing I almost irrespective of the set of 
A and Bl4 According to t.he literature,57 

the ionic radii of Ca2+, S~+, yH, and 0 2
-

ions are 1.34, 1..44, 0.58, and 1.40 A, respec
tively. Thus we obtain a value off of 1.014 for 
SrV03, and 0.979 for CaV03, corresponding 
to a V-0-V bond angle of~ 180° for SrV03 
and~ 160° for CaV03. The buckling of t.he V-
0-V bond angle reduces the one-electron 3d
bandwidth W, since the effective 3d-electron 
transfer interaction between the neighboring 
V sites is governed by the supertransfer pro
cess via the 0 2p state. 

Accordingly, the ratio of the electron
electron Coulomb repulsion energy U normal
ized to W (U is considered to he kept al
most constant by the substitution) can be sys
tematically controlled in Cal_,Sr, VOa with
out varying the nomjnal carrier concentration. 
The V -0-V bond angle of Ca V03 ( ~ 160°) is 
almost equal to insulating LaTi03, so that, 
in a naive sense, CaV03 is not far from MIT 
boundary, although we should consider the 
difference of Ti3+ and yH. 

From this point of view, Cat-:Sr: V03 is 
an ideal system to investigate the variation of 
the metallic state near the Mott transitions8 

In fact, as we discussed in Chapter 3, Ca V03 
shows several interesting pwperties due to a 
small amotmt. of oxygen defects, which is con
sidered to be related to the strong electron 
correlation in this system. Furthermore, as we 
show in Chapter 5 in detail and also in the Ap-
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pendix, the Ca1_,Srx V03 system shows some 
spectroscopic ma.nifestation of the strong elec
tron correlation (we have reported a part of 
th is study already,59-6t and similar work has 
been reported by others62 ), showing that there 
is significant spectral w ight redistribution in 
the Ca1-xSr, V03 system. Therefore, the ef
fective mass of this system, especially at the 
x = 0 end (CaV03 ), is expected to be en
hanced as discussed for Sq_,Lax Ti03 near 
the insulating composition LaTi03. 

Nevertheless, the Ca1_,Sr, V03 system 
does not show such a significant enhancement 
of the effective mass as we shall show below. 
The goal of this paper is to reveal intrigu
ing behavior in the evolution of the effective 
mass, as we control the U /W ratio in this sys
tem. Details of the experiments, especially the 
method of preparing single crystals of this new 
vanadate system, are described in Sec. 4.2. We 
discuss the cubic-orthorhombic lattice distor
tion in Sec. 4.3.1. The results from magnetic 
susceptibility measurements and the obtained 
effective mass m • /mb are shown in Sec. 4.3.2, 
and compared to m· /mb deduced from the 
electronic specific heat coefficient in Sec. 4.3.3. 
The Sommerfeld-Wilson ratio is found to be 
a.lmo t equal to 2, which is strong evidence of 
the large electron correlation. The electrical 
resi. tivity data are analyzed by a model incor
porating the electron-electron interaction (T2 

term) as well as the electron-phonon interac
tion (Bioch-Griineisen term) in Sec. 4.3.4. It 
is noted that the 1<adowaki-Woods .ratio lies 
in the sa.me region as the heavy Fermion com
pounds. Finally, we discuss the effect of non lo
cal electron correlations, i.e., the moment urn
dependent self-energy, which can be signif
icant near the Mott transition, in order o 
explain consistently both the troug electron 
correlations seem in the spectroscopic data 
and the missing enhancement of the effective 
mass. 

4.2. Experiment 

We prepared poly-crystalline Ca1-xSr., V03 
by solid state reaction , and single crys
tals were grown by the floating-zone method 
according to the prescription described in 
Chap. 2. Here we show the rod obtained af
ter the FZ method (Fig. 4.3 and F ig. 4.4). 

.FIG. 4.3. Sample rod of Cll(J.JSro.rYO,. 

The most important point here is to control 
the reduction atmosphere d licately, depend
ing on the amount of the Sr content x, and also 
on the oxygen stoichiometry of the feed rod. 
As we increase the value of x, it is necessary 
to add < 0.1 % hydrogen to the flowing argon. 

FIG. 4.4. Sample rod of Cao.aSro.7 V03 prepared 
by the FZ method. Except for the both ends, 
almo t all the parts of the rod consist of sev
eral single crystals with the typical grain size is 
7 x7x 10mm3 . 

4.2. Experiment 

As soon as this small amount of hydrogen is 
added, however , the melting temperature rises 
drastically, and the molten zone shrinks un
less we increase the lamp power once more. 
On the other hand, if the amount of hydro
gen gas is not sufficient, the liquid phase in 
lhe molten zone loses viscosity and spills by 
degrees along the rod. Furthermore, a dif
ferent phase, which might be a peroxiclized 
phase, appears in the molten zone and pre
cipitates on the surface of the zone lo form 
an "antler." Thus, a delicate feedback control 
of the amount of hydrogen gas and the power 
of the halogen lamp is necessary to obtain a 
single crystal with sufficient quality. Typical 
dimensions of a single-crystalline grain in the 
restdtant rods are ~ 2 x 1 x 1 mma 

Each crystal was examined by powder XR.D 
and by Laue photography to check for homo
geneity. Results are summarized in the next 
section. 

The oxygen off-stoichiometry in Ca,_x
Sr., V03 was determined using a Perkin
Elmer TGA-7 thermogravimetric (TG) ana
lyzer from the weight gain on heati.ng the sam
ple to around 1300 K in flowing air and assum
ing that the final oxidation state of a vana
clium ion was +5. Neither weight gain due 
to peroxidation, nor weight loss due to des
orption of the oxygen was observed, once the 
highest-oxidized material (Cal_,Srx)2 V201 , 
wh ich is an insulator with the pylochlore 
structw-e, was obtained. 

As-prepared samples contain a certain 
amount of oxygen defects. The result 
of the TG measurements inclicated hat, 
with increasing temperature, the samples are 
abruptly oxidized at around 420 K.19 More
over, after this oxidation, the oxygen concen
tration of the samples becom stoichiometric 
and no further oxidation occurs until the tem
pE>.rature reaches around 700 K. Therefore, we 
were able to prepare samples without any oxy
gen off-stoichiometry by annealing the sam
ples in air at ~200°C for around 24 h. 
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The stoichiometry of the ratio Ca : Sr : V = 
1 - x : x : 1 was confirmed by an induc
tively coupled plasma atomic emission spec
trometer (SEICO, SPS7000). The amount of 
off-stoichiometry in the single-crystalline am
pies was below the detectability limit, i.e., less 
than I%. 

In order to perform the de-electrical re
sistivity measurement, the single crystalline 
samples were cut and shaped into rectangu
lar parallelepipeds without particular atten
tion to the alignment of the crystal axes. A 
typical example of the dimension of the paral
lelepiped was 2 x 0.5 x 0.3 mm3. We also pre
pared samples with two different aHgnments: 
for one set of samples, the longest-edge, along 
which the measuring current flows, is paral
lel to the (100] axis of the pseudocubic per
ovskite, and for the other set, the cnrrenl flows 
along the (110] axis. Some of these samples 
showed clear dependence on the alignment. 
However, this was not due to any features in 
the electronic structure as discnssed in the fol
lowing section. AU th.e electrical resistivity 
measw-ements were done with a standard de 
four-probe method. Four copper leads (50 J.Lm 
diameter) were attached with silver paste (Du 
Pont 4922). The measuring current was typ
ically ±15 rnA supplied by a constant cw-rent 
source. Since the x = 1 sample was much 
smaller than the other ones, we measured its 
resistivity using the Van der Pauw technique 
in which one places the contacts on the corners 
and rotates the current and voltage configura
tion. The data were collected on both heating 
and cooling cycles. 

de-susceptibility measurements were per
formed using a commercial rf-SQUID magne
tometer (Quantum Design, MPMS-U) with
out particular attention to the alignment of 
the crystal axes. The measuring field was cal
ibrated up to 5 T with a Pd standard. 

Specific heat data were obtained both on 
poly-crystalline and single-crystalline samples 
between ~ 0.5 and ~ 20 K using a semiadia-
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batic beal:r-pulse method 20 

4.3. Results and discussjon 

4-S- 1. Lattice constants 

The XRD patterns of Ca,_.Srx V03 for 
varying Sr content are displayed in Fig. 4.5 
and the deduced lattice parameters are shown 

in Table 4.1 and Fig. 4.6. The lattice pa
rameters change systematically from the or
thorhombic CaV03 to SrV03 which is simple 
cubic within the error bar {~ ±0.2 %). Ac
cording to the four-a.xes XRD measurement,l 8 

the lattice constants of Ca V03 are a 
0.53185(8) nm, b = 0.7543(2) om, and c = 
0.53433(8) nm. 

TABLE 4.!. Lattice parameters of single-crystalline Oa,_,Sr, V03 at room temperature. 

X a(A) 
0.00 5.3411 
0.20 5.3539 
0.25 5.3608 
0.30 5.3736 
0.40 5.3774 
0.50 5.3993 
0.70 5.4140 
0.75 5.4162 
0.80 5.4238 
1.00 5.4358 

The V-0-V bond angle is 154.(3)0 for V 
ions on the a plane [V-0 bond length is 
0.1891{6) om] and 171.(0)0 for V ions along 
the b axis [V-0 bond lengths are 0.190(0) om 
and 0.196(5) nm].18 This large buckling of 
the V-0-V bond angle(~ 160° in average) is 
considered to make the one-electron 3d band
width W of this system smaller than that of 
SrV03 , where the V-0-V bond angle is almost 
exactly j 80°. 

UEtiog tbe atomic coord inates data, we 
can simulate the Laue pattern with the 
"laueX" interactive program, J7 given that the 
space group of SrV03 could be orthorhombic 
P-nma but with the w1ique lattice parameter 
(af,/2 = b/2 = cf,/2 = 3.842A) (Fig. 4.7). 
The direction of the x-ray is parallel to the 
cubic (111)-ax:is of the sample, and the cu
bic {111)-axis is perpendicular to the screen. 
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FIG. 4.5. X-ray powder diffraction patterns of 
single-crystalline Ca1_.Sr, V03 at room temper
ature. x = 0.3 and x = 0.4 samples arc polycrys
tals. 

4.3.2. Magnetization 
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FIG. 4.6. The lattice parameters "' b, and c 
of Ca1_.Sr, V03 at room temperature, estimated 
from the XRD patterns. The data are plotted 
against Sr content x. Note that each deduced lat
tice parameter contains approximately ±0.2% er
ror. Thus it is not appropriate to discuss the exact 
crystal symmetry based only on this plot. 

The index and intensity of each Laue spot in 
Fig. 4 .7 have been evaluated by the program; 
each index denotes the name of the reciprocal 
lattice point for the orthorhombic notation , 
and the spol:r-size is proportional to their in
tensity. The calculated result is compared to 
the observed Laue photographs (Fig. 4.8). ln 
Fig. 4.8 , the direction of t he x-ray is parallel 
to the cubic {111)-axis, and perpendicular to 
the screen. All the spots are well simulated 
by the calcu lation. We determined the crystal 
axes geometry by this method. (See Chap. 2 
for details.) 
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FIG. 4.7. Calcu lated Laue diagrams of SrV03 by 
the "laueX11 interactive program. 17 See te>..'t for 
details. 

FIG. 4.8. Laue photographs of the sin
gle-crystalline SrV03 at room temperature. See 
text for details. 

4. 3.2. Magnetization 

Figure 4.9 shows the temperature depen
dence of the magnetic susceptibilities x of 
Ca1-xSrx V03 at 5T = 50000 Oe. Since none 
of the samples showed any significant hystere
sis between the heating and cooling cycles, we 
have plotted data for the heating process only. 

The field dependence of the magnetization 
M of SrV03 is plotted in Fig. 4.10. We mea
sured M up to 5T while increasing and de
creasing the applied field H at both 5 K and 
300 I<. At 300 K , the magnetization curve 
shows no hysteresis and M depends linearly on 
H. This means that only paramagnetic mo
ments contribute to the total maguetization. 
When we decrease the temperature to 5 K, the 
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FIG. 4.9. Magnetic sus
ceptibilities X of single-crystalline Ca, _ ,s,·, V03 
for x = 0.00, 0.25, 0 .50, 0.80, and 1.00 measured 
at 5 T=50000 Oe plotted against temper at me T. 
Samples were cooled to 4 I< with no applied field 
and then warmed up to 300 K in 5 T. No signif
icant hysteresis was observed during the heating 
and cooling cycles. 
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FJG. 4.10. Magnetization M of SrV03 plotted 
against the applied field H. The data were col
lected while increasing and decreasing the applied 
field between 0 and 5 T at both 5 K and 300 K. 

magnetization curves become hysteretic and 
also show a slight upturn. 

Here we note that in perovskite-type ox
ides with the formula AB03, oxygen and A/ B 
stoichiometries are fairly unstable. The off
stoichiometry is not rare but characteristic of 
these compounds. Even though one tries to 
obtain sufficiently stoichiometric compounds 
in AB03 materials for the purposes of the ex
periment, the off-stoichiometry is still present 
intrinsically and such inevitable defects are 
called "native defects" to indicate that their 
properties are reproduciblea9 We have so far 
reported the effects of the (unavoidable) oxy
gen off-stoichiometry in Ca V03 by intention
ally introducing the oxygen defects in vary
ing degrees. 19·36•40 In this study, although we 
tried to prepare m.:ygen-stoicbiometric sam
ples using a delicate annealing procedure, 
there still exists a very small but irreducible 
amount of inevitable oxygen defects. 

Local moments due to these oxygen defects 
contribute to Jllf as a spontaneous magneti
zation or in this case a sublattice magnetiza
tion, because the 'Neiss temperature is nega
tive. The value of M is very small compared 
with that observed in Ca V02.s (Ref. 40) and is 
consistent with the number of local moments 
deduced from the Curie constants (vide infra). 

ALl the magnetic susceptibility data x are 
well reproduced by the fo.llowing formula: 

X= X• + Xdia 

c 2 
+Xcore+Xorb+T-t/ +aT , (4.1) 

where XP is the Pauli paramagnetic term, Xdia 

is the Landau diamagnetism, Xcorc comes from 
the diamagnetic contribution of the core lev
els, and Xorb is due to the orbital Van Vleck 
paramagnetism. The Cttrie-Weiss term is at
tributed to impurities such as the native oxy
gen defects. The last term is considered to 
originate from the higher-order temperatme
dependent term in the Pauli paramagnetism, 
that is neglected in the zeroth-order approlli-

4.3.2. Magnetization 

mation, and reflects the shape of the density 
of states (DOS) at the Fermi energy Er. 

Here we define our terminology of the effec
tive mass, which we call the "thermal effective 
mass" and is defined as 

m' 1 D(Ep) 
7Tlb =/LOA= DW'(EF)' 

(4.2) 

where flLDA ( Er) is the density of states a t 
the Fermi energy obtained by the loc.o'tl-density 
approximation (LDA) band cal.culation,42

•
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and D(EF) is the corresponding experimental 
value. (We thus employ mb deduced from tbe 
LDA band calculation, rather than mb of the 
non interacting Bloch electrons.) We shall dis
cuss this definition in more detail below (see 
Eq. 4.6). 

Using the above definition, the first two 
terms of Eq. 4.1 are rewritten: 

x~pin XP + Xdia 

(
m• _ ~) LOA 

mb 3m' XP ' 
(4.3) 

41 

where x~DA stands for the Pauli paramagnetic 
term deduced from the LDA band calculation: 

x~o· [emu/mol = erg oe- 2 mol- 1 
] 

N~t1DLDA(EF) 

2.376 x w-6 x vw'(EF) , 

where N mol- 1 is the number of itinerant. elec
trons per mole of un it formula, J.tn = 9.274 x 
w-21 erg oe- 1, and DLDA (Ep) i.n in the unit 
of states/Ry/f.u. (Note Lhat the expression 
for the Landau diamagnetism term is exact 
only for a free-electron band. The real dia
magnetism term is actually proportional to 
(m• /mb) - 2 independent of the shape of the 
Fermi surface; however, the deviation from 
this expression is not very significant for this 
system.) 

For the third term Xcore, we have used the 
values given in the literature, 54 as summarized 
in Table 4.II. 

TABLE 4.11. Core diamagnetism of the constituent ions in Ca1_,Sr. V03 (Ref. 64) . 

The fourth term is 

ion 
ca2+ 
Sr2+ 
v>+ 
o2-

where l~ · is the z-corn ponent of the orbital 
angular moment l;, (I" = 1, · · · , 5) for the d-

Xdia emu/mol 
-13.3 X 10 G 

-2s.o x w-6 

-7.7 X 10- 6 

- 12.6 x w-6 

orbital, and f(x) is the Fermi-Dirac distribu
tion function. This term corresponds to the 
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Van Vleck paramagnetism in insulating ma
terials, and becomes large when the "quench
ing" of the orbital angular moment is not suf
ficient. Moreover, it has been suggested that 
t.h is term can also be enhanced by the electron 
correlation, since electron correlations change 
the electron configurat ion as well as the crys
tal field, and the Van Vleck term cannot be 
treated by a one-body approximation. 65 This 
is still a difficult question; for this system, 
we us~d an x-independent value 66 of Xocb = 
6.5 x 10- 5 emu/mol estimated in another 3d1 

metallic vanadate system V02.67 Hence, we 
can fit Eq. 4.1 to the observed data. 

The obtained values of the Curie-Weiss 
term C are a..~ small as 0.5- 2.2 x 10- 3 emu 
I</mol , and the Weiss temperatures 0 = 
-6.0-1.6 K, indicating very weak anti ferro
magnetic interaction among the local mo
ments. These small values of the Curie-Weiss 
term are considered to be due to the V3+ (S = 
1) local impUJ·ity moment Lhat arises from the 

"native oxygen defects." From the value of 
C = 2.2186 x 10- 3 emu K/mol for CaV03, we 

can evaluate that only 0.22% of the V sites 
have the S = 1 local moment; thi amount 
of local impurities is inevitable in AB03 ma
terials, but irrelevant for our discussion of the 
metallic properties, such as the value of the ef
fective mass. The obtained values of the coeffi
cient a of the last term in Eq. 4.1 are also very 
small (0.5-2.5 x 10- 10 emu K - 2mol - 1 ), imply
ing that the deviation from a temperature
independent Pauli paramagnetism is negligi
ble in the temperature range we measured. 
Only when we need to estimate the value of 
m• /mb from Xr much more accurately wiU it 
be necessary to perform the measurement up 
to higher temperatures. 

The obtained ratio of the effective mass 
m* /mb to the LDA band mass mb, is sum
marized in Table 4.III and also displayed in 
Fig. 4.. 11. 

TABLE 4.III. The effective mass deduced from the fit to the magnetic susceptibility data with Eq. 4.1 
and Eq. 4.3, where Xcoce and Xocb are fixed to U1e values in the literature (Refs. 64 and 67). x~DA are 
calculated from D(EF) obtained by the LDA band calculation (Refs. 42 and 63). 

X Xsp;n (emu/mol) 
0.00 2.008 X 10 4 

0.20 1.905 X 10- 4 

0.25 1.904 X 10- 4 

0.50 1.788 x w-• 
0.70 1.678 X 10-•l 

0.80 1.678 x w-• 
1.00 1.606 x w-4 

The value of m' /mb is approximately 3 
though increases gracl11ally and systemat ically 
as we decrease the Sr conte1lt .T. 

As already described, the large buckling of 
the V-0-V bond angle in going from SrV03 

to CaV03 (in CaV03 LV-0-\1~160°, which 
is almost equal to the insulating 3d1 sys-

X~DA (emu/mol) m* /rnb 
6.651 X 10 S 3.126 
6.454 >< 10-5 3.060 
6.405 X 10-5 3.081 
6.159 X 10- 5 3.013 
5.963 X 10-S 2.92 
5.865 x w-5 2.973 
5.668 x w-s 2.946 

tern LaTi03) can lead this system closer to 
the boundary of the MI transition. Actu
ally, a significant spectral weight redistribu
tion, which is a manifestation of a strong elec
tron correlation, bas been observed already 
in this system.S9-GI Nevertheless, no signifi
cant amount of mass enhancement can be de-

4.3.3. Electronic specific-beat coefficient 
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FIG. 4.11. Effective mass m• /mb compared with 
tbe LDA band mass mb plotted against Sr content 
x. m• /mb increases systematically in going frorn 
SrV03 to CaV03 . The values are not as large as 
expected. 

duced from this magnetic measurement. This 
surprising result motivates us to reconsider 
whether this system may indeed be a corre
lated metallic system. However, as well as 
the spectral weight redistribution which we 
show in Chap. 5, the measurement of the elec
tronic specific heat and electrical resistivity 
described below give us further evidence for 
strong correlations in this system. 

4.3.3. Electronic specific-heat coefficient 

An a lternative method to evaluate n~• /mb 
is to measure the electronic contribution to 
the specific heat, "'(T, which reflects DOS at 
Ep. "Y is called the el ctronic specific-heat co
efficient. Using DLDA (EF) states fRy /f. u. ob
tained by the LDA band calculation,63 we can 
deduce t he value of the electronic specific-heat 
coefficient in the noninteract:ing limit "YLoA, 

2 
"YLDA = 'l!_k1N DLDA(EF) ' 

3 

where N is the number of itinerant electrons 
per mole in the unit formula. Then, 

7LD• [mJ mol- 1 K- 2] = 0.173238 x 
DLOA(Ep). 
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The ratio of the effective mass to the band 
mass (m' /mb) is deduced from the ratio of 
the observed 'l' to the calculated ,.w•. 

Sufficiently below the Debye temperature 
e, the constant volurn specific heat C./T can 
be plotted against T 2, i.e., 

(4.4) 

in order to separate out the contribution of the 
ionic degrees of freedom ({3T3 ) domjnant at 
high temperatures. The coefficient (J is related 
to e as follows: 

9Nk 13 [ efT e'z4dz 
{3 = ea }0 (e'- 1)2 

"" l27r
4
Nk/3 (T e) 

583 « . 

Here we note that experiments measure the 
specific heat at constant pressure, Cp, but we 
normally compare this reS1llt to C0 , since these 
two are almost identical in a solid. This is un
derstood most naively by the thermodynami
cal identity: 

Cp (¥v)s 
Cv = ({}P) 

Wr 

i.e., the difference of these two specific heats is 
that between the work necessary to compress a 
system which is thermally isolated (adiabatjc) 
and the work that is necessary to compress a 
system which is in contact with a heat bath 
(isothermal). As for the lattice contribution, 
since the internal energy of a lattice is almost 
dominated by its equilibrium value, such ther
mal con iderations are of little consequence in 
determining the compressibility. For the elec
tronic contribution , one can deduce from the 
above expression Cp/C. = 1 + O(kBT/Er)2 

for the metallic free electron gas; thereby, at 
low temperatures where the electronic contri
bution to the specific heat becomes dominant, 
the two specific heats differ by a negligible 
amount. 
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The measured constant pressure specific 
heats Cp of Ca1-xSTx V03 below ~ 10 K are 
shown in Fig. 4.12. In the temperature range 
displayed in Fig. 4.12, the data do not behave 
simply as Eq. 4.4. Therefore, we have tried to 
fit the observed specific heat Cp "' Cv by the 
formula=" 7 

0 e -. 
'7 
3 

3 
Ni x.; 2 e:r.i c. = -yT + {3T + ka 2:.:: --.-.-2 , 

i=J,2 ( 1 +e ·) 
(4.5) 

200 

100 

u"" 

5.0 10.0 
T (K) 

(:c; = t:.E;j(k8T)) where the last term cor
responds to the Schottky contributions of 
N; (i = 1, 2) "impurities" per mole with the 
excitation energies t:.E;. As shown in Fig. 4.12 
(right), we can fit the data sufficiently by 
Eq. 4.5. The two bumps around 3 K and 1 K 
can be attributed to t he two Schottky terms, 
except for the upturn below ~ 1 K. The exci
tation energies t:.E; are ~0.2 and ~0.8meV, 
wh.ich are a lmost independent of samples and 
Sr contents x. 

12 

-~ 

0 11 
a 

'7 
0 

10 

t:: 
u"-

9 
0 10 20 30 40 

Tz ( K2) 

FIG. 4.12. Left: Cr ""C. of Cat-•Sr, V03 (x = 0.5) plotted against T. Right: Cp/T plotted against 
T 2 . In both figures , open circles stands for measured data and solid lines are the result of fitting using 
&,. 4.5. 

Typical amounts of the Schottky impurities 
per V ion are N 1 ~ 0.1 and N2 ~ 0.2 %; 
these values are comparable to that of local 
moments estimated by the Curie-Weiss term 
(see Sec. 4.3.2). The obtained Debye temper
atures 8's vary according to the Sr content as 
shown in Fig. 4.13 (right). The values of 8 
are comparable to 8 ~ 300 K deduced from 
the temperature of the phonon-drag peak of 
the Seebeck coefficient of CaV03,68 substan
tiating the resul t of our least-square fit to the 

specific heat data. 

All results of the least-squares fits are sum
marized in Table 4.IV. We find t hat the value 
of 7, even ill CaV03 (x = 0) , is still not so en
hanced as we discuss below (m' /mb "' 1.5), 
though these values are comparable to the 
Lat_,Sr. TiOa system in the La rich phase, 
except for x < 0.08. (The -y values io the 
Cat_,Srx V03 system are much larger than 
t hat of the less correlated sodium metal ~ 
l mJ mol-11<- 2 .) 
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TABLE 4.IV. Fitted parameters for the specifi c heat <md deduced effective mass m· /m• of Ca,_.Sr, V03. 
·-y'- 0 " has been calculated from D(EF ) obtained by the LDA band calculation (Refs. 42 and 63). m· fm• 
is defined as the ratio between "! and 7LDA. 

X e(K) 7(mJ mol 'I< 2) 1'LOA (mJ mol 'K 2) m'/mb 

0.00 335.6 7.304 4.849 1.506 

0.20 326.3 6.558 4.706 1.394 

0.40 316.8 6.761 4.563 1.482 

0.50 276.3 7.169 4.491 1.596 

0.75 282.2 7.027 4.312 1.626 

0.80 280.3 6.593 4.276 1.542 

1.00 300.0 6.409 4.133 1.551 

X Nt(%) t:.E1 (meV) N2(%) t:.E2(meV) 

0.00 0.239 0.371 0.229 1.243 

0.20 0.081 0.175 0.129 0.696 

0.40 0.046 0.157 0.066 0.651 

0.50 0.084 0.209 0.145 0.774 

0.75 0.096 0.209 0.168 0.801 

0.80 0.106 0.213 0.174 0. 98 

1.00 0.131 0.241 0.259 0.861 

4.0 

3.0 g 
~ 

{ 
2.0 t 300 . E 

E ~ 
" £ 
8 

200 
0.5 1.0 0.0 0.5 1.0 

Sr contents .t Sr conlents x 

FIG. 4.13. Left: m· /mh obtained by comparing t he observed "! with the calculated one (filled squares, 
denoted by ""/"). " ,n stands form" /mb deduced from x,,,;n (filled circles, denoted by "x") and the half 
values of "x" (open circles) also plot.t.ed for comparison. Right: Debye temperatures plotted against x. 

The effective masses compared to the band 
masses m' /mb are defined as the ratios of the 
observed -y to the "twA We plot the values 

of m' /mb against x with those deduced from 
the magnetic susceptibili t ies for comparison 
(Fig. 4.13). From Fig. 4.13, we can also es-
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~imate the Sommerfeld-Wilson ratio Rw:"9 

- f LDA XP (;~:)X 
Rw=---=---

~oA 1 (m') 
mb 7 

It is worthwhile emphasizing that Rw is 
of order unity, implying that the dectronic 
s pecific-beat coefficient 1 is similarly enhanced 
to the Pauli paramagnetic suscep~ibili ty Xr· 
Furthermore, this means it is appropriate to 
as ume a one-to-one correspondence between 
the quasi-particle excitations of this system 
and those of a free-electron gas. 

For a non interacting Bloch-eledron system, 
Rw = 1. One of the possible reasons for 
Rw i- 1 is a ferromagnetic fluctuation, which 
enters in XP as xe/x~ = (rn•/mo)S, where 
S = {1 + F;:) - 1 is called the Stoner enhance
ment factor including the zeroth asymmet
ric Landau parameter F;:. (For an isotropic 
free-electron system, Rw becomes unity, be
cause F:; = 0.) In exchange-enhanced metals, 
i.e., a system with ferromagnetic fluctuations, 
S plays an important role and Rw becomes 
fairly large. However, this is not he case for 
the Ca1_zSr, VOa system, since we have not 
observed any traces of ferromagnetic fluctua
tions. 

The value of Rw for Ca,_~Srx V03 deduced 
from our experiments is 1. 7- 2, as illustrated 
in Fig. 4.13 , whe.re the half-values of m."/rnb 
deduced from the magnetic rnei.!Smements are 
plotted for comparison. In strongly correlated 
electron systems, it has been argued that the 
value of Rw becomes equal to 2 at U /W = 
oo.69•70 Although there is a smal l dev iation, 
Rw "" 2 clearly indicates the importance of 
electron correlations in this system. 

The deviation from Rw = 2 can be as
cribed to the contribution of the electron
phonon interaction. It is known that this in
teraction contributes a factor (1 + ..\) to 7 , 
but not to Xr· Hence, Rw is modii\ed to 
become Rw(l + ..\)- 1 . Prom Fig. 4. 13, we 
can approximately estimate ..\ <~0.3 , so that 

the electron-phonon interaction in this sys
tem is fairly smal.l . Furthermore, it should be 
noted that , for t he higher orbital degenera
cies, Rw decreases towards unity in the limit 
of large orbital degeneracy. 71 Since the degen
eracies of the t29 orbitals of the vanadium 3d 
electrons are not completely Teleased in this 
Ca1_,Sr, V03 system, Rw is not necessarily 
equal to 2. However, there are experimental 
error bars for the estimation of"' values, and 
the above argument needs to be investigated 
fmther. 

Thus, we can conclude that Rw ~ 2 im
plies that clectron correlations are strong in 
this system. Then, the question arises: why 
is the enhancement of the effective mass so 
moderate, despite the presence of such large 
electron correlations? 

Before considering this question , it is worth 
while mentioning the definition of our termi
nology of the effective mass. The effective 
mass here is the so-called "thermal effective 
mass'' defined as 

where vr.oA(EF) is the dP.nsity of states at 
the Fermi energy obtained by the LDA band 
calculation, and D(EF) is the value deduced 
from the thermodynamic and magnetic exper
iments. This is different from the effective 
mass (tensor) of the DC electrical conductiv
ity: 

where q is t he quasiparticle energy. Eq. 4.6 
leads to the relation 

m• 
cf£LDA I =..,.... 

dk - -k=kp (4.7) 

4 .. 3.3. Elect.ronic specific-heat coefficient 

because of the definition of the density of 
states: 

and 

The quasiparticle energy <k is given as a 
solution w = q of the equation 

{4.8) 

where E(k,w) is the sdf-energy of the system 
in which all of t he interaction effects are con
tained. e~oA corresponds to the energy dis
persion of a single-electron band obtained by 
the LDA band calculation . In this study, we 
use e:toA instead of c:~ which is the energy of a 
noninteracting Bloch electron. Using Eqs. 4. 7 
and 4.8, we deduce that tbe effective mass is 
given by the following expression: 

(
1 _ 8Re~~k, w) I ) 

w==Ey 

This is the general expression of the "thermal 
effective mass"; in this expression , mw is called 
the "w mass" and m.k is called the "k mass." 35 

The w mass is equal to lhe reciprocal quasi
particle weight z-l 

If we consider only the on-site Coulomb in
teraction as the origin of the electmn corre
lation and average out the fluctuation of the 
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neighboring sites as a mean ficld, the self
energy depends only on the quasiparticle en
ergy w, i.e., E(k,w) = E(w). Then, the effec
tive mass becomes (since mk/mb = 1) 

Therefore, the vanishing of the quasiparticle 
weight Z at the MIT point corresponds to a. 
critical enhancement of the effective mass. 

However, in general, since t he electron cor
relation is not necessarily confined to each 
atomic site, we may need to take into ac
count the effect of the nonlocal exchange 
and/or correlation,72 i.e., the ':'omentn~ 
derivative of the self-energy 8E(kF,Er)/8k 
is considerably different from zero.62 The 
screening of the Coulomb potential can re
duce 8E(kF, EF)j8k, because in well-screened 
systems such as conventional metals, the 
Coulomb potential is no longer long range and 
t he nonJocality of the exchange interaction is 
small. However , in most of the perovskite
type TM oxides, the carrier density is fairly 
small, and this effect will be more significant 
especially in the vicinity of the MIT point. 

We con icier that, near the MIT point, 
the w mass increases significantly, reflecting 
Z -t 0; on the other hand , the contribution 
of the momentum-dependent self-energy be
comes significant due to poor scree.ning, which 
results in a decrease of the k mass. Thus, 
t he critical enhancement of the effective mass, 
which is a product of the w mass and t he 
k mass, can be suppressed under some condi
tions. This is not only a plausible idea of ex
plaining the behavior of the effective mass but 
also a model, as we describe in Chap. 5, that 
provides a desil·able picture of the reduction 
of the spectral intensity at the Fermi energy 
observed in the photoemission and inverse
photoemission spectroscopies.59

•
62

•
73 

Nevertheless, it is rather a challenging prob
lem to evaluate the "intrinsic" effect of the 
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long range Coulomb interaction only from the 
value of the k mass, because the value of 
the k mass depends strongly on what kind 
of band calculation we use instead of the 
non-interacting Bloch electron c~ in Eq. 4.8. 
(w mass is considered not to depend 011 

the definition of ek as much as the k mass 
does.) In this study, we have used the 
band calculation with LDA. In the LDA cal
culation, the exchange potential is approx
imated by a local potential, wl1ich under
estimates the bandwidth/" and thus over
estimates DLDA(Er-). Tberefore,the value of 
m•jmb is somewhat reduced; th is may lead 
us to derive larger 8L.(kF, Er)J8k than the 
intrinsic value. 

We cliscuss this issue again in Chapter 5. 

4.:1.4. Electrical resistivity 

The electrical resistivities collected on both 
heating and cooling cycles between 350 K and 
41\ show no clifference within the experimen
tal accuracy. In some cases, the resistiv
ity shows lear dependence on the crystallo
graphic direction; i.e., when the measuring 
current flows parallel to the [100] axis of the 
pseuclocubic perovskite, the resistivity is dif
ferent from that when the current flows along 
the [110] axis. This anisotropy, however, is 
not temperature dependent. Whenever we ob
serve such anisotropy, we normalize each data 
set to the residual resistivity p0 , and the re
sulting curves fit each other completely. 

Th<l scal.ing factor c = pPLDl(T)j pl10°] (T), 
varies from ~ 1.1 to ~ 1.5. However, there 
seems to be neither a systematic relation be
tween c and the Sr content :t, nor consistency 
among the different sets of the mea.~urements 
for the samples with the same value of x. 

Thus, we consider that the observed 
anisotropy is not due to any particular fea
ture of the electronic structure of the system. 
Similar behavior ha.~ been reported in the re
sistivity of the single-crystal CoSi2 with cubic 

Cl structnre,75 and also higb-pu.rity cubic alu
minum single crystal. 76 In t he former mate
rial, it was pointed out that the anisotropy can 
be attrib uted to an extrinsic origin, e.g., point 
defects and/or dislocations that appeared dur
ing crystal growth, though no trace of such 
defects has yet been observed. 75 It has been 
argued that, in the case of he AJ single crys
tal, a model calculation for (211) clislocations 
predicts an anisotropy of electrical resistivity 
compatible with experimentn Therefore, we 
suggest that the an isotropy in ou.r resistiv
ity measurements may also be caused by tbe 
presence of a small amount of deD cts and/or 
dislocations. 78 Despite t his undesirable arti
fact, if we make the size of the rectangular 
parallelepiped a.~ small a.~ 2 x 0.5 x 0.3 mm3, 

the absolu te values of the electrical resistivity 
data can be reproduced within the ±1.5% er
ror bar (the temperature dependence is com
pletely reproducible as mentioned above) irre
spective of the direction of the measuring cur
rent. With aU these considerations, the data 
were collected as shown in Fig. 4.14. 

At first sight, all of the data seem to be well 
expressed by the relation p = Po + AT2 for the 
measured temperature range. However, when 
we try to fit the observed resistivity using this 
expression, we cannot. fit the data over the en
tire temperature range from 4 K to 350 I< us
ing a single value of the coefficient A. There
fore we a.•sume that the resistivity is expressed 
by p0 + AT2 plus an additional tenn. 

First, we consider here that the AT2 term 
is clue to electron-phonon scattering. It 
has been suggested, especially in strongly
coupled superconductors, that the AT2 term 
is due to the breakdown of the momentum
conservation law in the electron-phonon scat
t.ering process79 Here the coefficient A is 
shown to be related to both the residual re
s ist ivity Po and the Debye temperatme 8: 

A Po 
= 0 X 82 (4.10) 

with o varying from ~ 0.01 to ~ 0.1. How-

4.3.4. Electrical r . istivity 
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FIG. 4.14. Electrical resistivities of the Ca,_,Sr,
V03 single crystals for x = 0.00, 0.25, 0.50, 0.70, 
1.00. For each data set, the lowest resistivity at 
-4 I< has been subtracted as the residual resistiv
ity Po· 

ever, t he A values in the Cal-xSrx V03 sys
tem, which. are roughly estimated as ~ 1 X 

10- 9 ncmjK2 , are three orders larger than 

Po ~ 1 x 10-o (ncm) 
Q X 82 ()(X (~5 X 102)2 (J<2) 

~4 x 10- 12 (flcmJK2
), 

even if we assume the largest value of o ~0.1. 
(Here we used the Debye temperature esti
mated from t he specific-heat measurement.) 
Furthermore, G urvitch has discussed that a 
strong electron-phonon interaction is insuffi
cient for the T 2 law; the simultaneous pres
ence of strong coupling and disorder is also 
necessary8 0 He has also pointed out that, in 
some cases, Eq. 4.10 is not applicable; i.e., 
there is a.n empirical condition for the appear
ance of the T 2 law: 

(A- 0.7) x Po>~ 13 (J-Lncm), 

where A is the electron-phonon coupling con
stant. In the Ca1-xSrx V03 system, however, 
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A is at largest ~0.3 as discussed in Sec. 4.3.3 , 
and Po is ~ 1 x 10-~ ncm. Hence, the last for
mula is not satisfied. (In the first place, even 
the value of A is smaller than 0.7.) Follow
ing these arguments, it appears unlikely that 
the T 2-dependent resistivity in Ca,_~Srx VOa 
arises from electron-phonon scattering. How
ever, this kind of contribution to the T 2 term 
is not completely neglected and will be elis
e ussed again below. 

An alternative and more likely origin of 
the T 2 term is electron-electron scattering in 
the presence of the umklapp process. Let us 
consider here the resistivity as modeled by a 
three-component expression of the form 

where p0 is a temperature-independent back
ground contribution clue to static disorder, 
p •.• (T) = AT2 is the electron-electron scat
tering. By a line-shape analysis such as is 
shown in Fig. 4.15, we found that the third 
term Po-ph (T) is well represented by the cla.~
sical Bloch-Griine.isen formula for electron
phonon scattering with n = 5, developed 
for an isotropic Fermi surface and a simple 
phonon spectrum: 

p =Po+ AT2 

+-It-~_ ~ (n = 5X4.11) 4 ,..., fn e{T z,nd 

86 o (e=-1)2 

We have done a least-squared-error fit to 
all the data using Eq. 4.11 and the obtained 
parameters are summarized in Table 4.V and 
also in Fig. 4.16. If we accept ~ ±15% er
ror bar, we can conclude that each of the fit
ted parameters shows systematic behavior as 
a function of Sr content x. 

Po shows a maximum at x = 0.5. This 
reflects that the system bas the maximum 
amount of randomness at that composition. 

We note that our effective transport De
bye temperature 8 ~ 700 I< does not sound 
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TABLE 4. V. Fitted parameters for the electrical resistivity of Ca, _,Sr, V03 with Eq. 4.1 1. 

X Po (D.cm) A(fkm/K2) x:(D.cm K) e {K) 

0.00 8.668 X 10 6 5.911 x 10 10 0.114 793.5 

0.25 1.319 X 10-S 9.118 X 10-lO 9.476 X 10- 2 722.2 

0.50 1.827 x w-5 7.900 X 10- IO 7.441 x w- 2 647.3 

0.70 8.656 x w-6 6.796 x w- 10 .073 x w- 2 811.5 

1.00 6.205 X 10- 6 4.208 x w- 10 0.121 866.3 

E c 
' ~ 
"-

1.0 

0.5 

~xpcriment ( x = 0.50) 
·•· calt.(p=p0 +AT1
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-calc. (p =Po+ AT1 
+ 8 .0.) 

__ .. ,···· 
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FIG. 4.15. Electrical resistivity of Cao.sSro.s V03 
against temperature T (dots). The solid line rep
resents Eq. 4.ll, while the broken line represents 
Eq. 4.11 without the Bloch-Griineisen tenn. 

physical. However, it is not necessary for the 
transport e to be equal to the t hermodynamic 
value e ~ 350 I< obtained from the specifi . 
heat meaSurements. This is because our trans
port Debye temperatures were derived by as
suming that all the phonous which interact 
with electrons might contribute as the acous
tic modes (the third term of Eq. 4.11 ), whereas 
the thermodynamic Debye temperatures were 
derived by considering a ll t.ypes of phonons 
more adequately.S1 

The values of " and 8 show a minimum at 

x = 0.5, indicating that the lattice becomes 
softest at this composition. The electron
phonon coupling constant .X is related to both 
"' and e as follows: 

where "-'p is the p lasma frequency of the con· 
duction electrons. Makino et al. reported 61 

that the variation of wp in going from SrV03 
to Ca V03 is systematic but very small, 
and the variation of >. inferred from the 
Sommerfeld-Wilson ratio Rw is a lso smalL 
Thus we can roughly estimate that 1< ~ 8 2

. 

This is consistent with the behaviors shown 
in Pig. 4. 16. 

It is surprising that the contribution of the 
electron-electron scattering, which is in gen
eral dominant at very low temperatUre, is sig
nificantly large even at room temperature. In 
Cao.sSro.s V03, 

p,., (300K) : p •.• "(300K) ~ 2:1. 

This is further ev idence that the electron cor
relations are significantly large in th is sys
tem. The coefficient A should, then, reflect 
the enhancement of the effective mass of the 
quasi-particles due to this electron correla
tion. The resistivi ty due to electron-electron 
(i .e., quasiparticle- quasiparticle) scattering 
can be crudely but quantitatively expressed 
as follows: 

p •.• (T) 

4.3.4. Electrical resistivity 
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FIG. 4.16. Fitted parameters for the electri
cal resistivity: A, p0 , and K., against Sr con
tent x. The A values deduced from the Pauli 
paramagnetic susceptibility under the assumption 
of Rw = 2 and the Kadowaki-Woods ratio is 
1.0 x l 0-5 1'!1 em mol2 K2 (mJ)-2 are also plotted 
for comparison (top). 

where 

hkpjm• 

rh'j..j(2m'), 
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and we have assumed the scattering timer is 
equal to the life time of the thermally acti
vated quasiparticle,82 i.e., 

r-1 vpnl/3 Erl z-'ImE 

o:e vpn113 (m•/mb)(kaTfEp) 2 
• 

Hence, the coefficient A is proportional to the 
quadratic of the effective mass m*. The ob
tained value of A increases systematically in 
going from x = 1 to x = 0.25; this may cor
respond to the increase of m' Jm0 . However 
there seems to be a rapid decrease between 
x = 0.25 at1d x = 0 which is not consistent 
with the behavior of m • /mb. T his cannot be 
explained by the considerably large error aris
ing from t he quality of the sample (~± 1 5 %). 

In Fig.4.16 (top), we also plot t he value 
of A deduced from the Pauli paramagnetic 
susceptibility XP w1der a few reasonable as
sumptions: we use a Sommerfeld-Wilson ra
t.io Rw = 2 to estimate the electronic spe
cific beat 'Y from XP, since Rw is almost equal 
to 2 in this system. The obtained 'Y corre
sponds to the electronic specific heat which 
is not affected by the electron-phonon inter
action. Then we use the Kadowaki-Woods 
ratio Aj-y2 , which is a measure of the elec
tron correlation , with the same value as that 
of the heavy fermion systems,83 i.e., A/"!2 = 
1.0 x 10-s l'n em mol2 K2 (mJ)-2 , and fmm 
t his deduce a value of A for Ca1_.,Sr, V03. 
The resulting A values are compared to the ex
perimentally observed values (Fig. 4.16, top). 

Since the above as umptions for the 
Sommerfeld-Wilson ratio and the Kadowaki
Woods ratio in this system seem to be fairly 
appropriate, we can safely say that the AT2 

term in the resis ivity of t he end members 
CaV03 (x = 0) and SrV03 (x = 1) can be 
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attribu ted solely to the electron-electron scat
tering. For the other solid solutions (0 <,. < 
1), there must be other contribu tions to the 
AT2 term. The most probable candidate of 
t his additional contribution of the T 2 term 
is the interference between the elastic elec
t ron scattering by disorder and the electron
phonon scattering, which bas been recently in
vestigated by Ptitsina et atM This effect must 
be proportional to the residual resist ivity, and 
our data seems to support t.he scenario. 

On the other band , we know that t he 
T<adowaki-\ 1\foods ratio is not necessarily equal 
to t he above value. Then, there are several 
other possible explanations for the ob erved x 
dependence of A. Firstly, we must consider a 
pos&ible contribution from the modification of 
t he Fermi surface. Since A i not only propor
tional to m· 2 but also to kp -J, a variation of 
the shape of the Fermi surface due to the or
thorhombic distortion may lead to significant 
changes in A . As we apply pre&Snre to CaVOa, 
the value of A tends to decrease,68·85 though 
it has not yet been determined bow the latt ice 
constants change under pressure. We should 
also remark that samples around x = 0.25 
have a tendency to show the smallest spec
t ral weight at the Fermi energy as we show in 
Sec. 5.3.4 from the results of the pbotoem.is
sion spectroscopy; t his has also been mani
fest in the inverse photoem.iss ion spectroscopy 
of the Ca1- xSrx V03 s.ingle crystals.86 Such 
behaviours may be related to the hybridiza
tion between the V 3d t 29 orbitals and the 
0 2p a orbitals. Okimoto et al. calculated 
a distortion-induced admixture between those 
orbitals,87 and Lombardo et al. discussed a 
possible scenario involving spectral weight 
transfer in the Ca1 -zSrxV03 system due to 
charge transfer.88 This distortion-ind uced 
charge transfer may expla.i n the strange re
vival of the quasiparticle weight in the region 
close to CaV03, and this hybridization may 
also explain the x dependence of the value 
of A , although this shou ld aL~o be consistent 

with t he monotonic increase of t.he efl'ectivc 
ma.~s toward CaV03 as estimated from the 
P auli paramagnetism. Finally, the contribu
t ion of the momentum dependence of the self
energy, which becomes significant in t he re
gion closer to CaV03,59•62 is also an intriguing 
candidate to expla in the behavior of A. Ap
parently, with a large momentum dependence 
of the selfcenergy, it is no longer necessary that 
A is proportional to m• 2 . These issues wi'll be 
clarified by further investigations. 

4.4. Summary 

We have succeeded in preparing single crys
tals of the metallic alloy system Ca1- zSrz V03 
for the first time, as far as we are aware of. 
The system has nominally one 3d electron per 
vanadium ion; as we substitute a Ca2+ ion for 
a Sr2+ ion, the bandwidth W decreases due to 
the buckling of the V-0-V bond angle from~ 
180° for SrV03 to~ 160° for Ca VOa, which is 
almost equal to that of the LaTi03. As we de
scr·ibed in Chap. 3, CaV03 matrix shows sev
eral peculiar transport properties under t he 
oxygen off-stoichiometry. As well as the issue, 
the crystal distortion of Ca V03 is the same as 
that of t he analogous 3d1 insulatqr LaTi03 ; 
t hereby, it is rather reasonable to consider 
t hat CaV03 is close to the boundary of 1\IIIT, 
t hough we have to consider the difference of 
Ti3+ and v•+. The Sommerfeld-Wilson ra
tio Rw "' 2, the Kadowaki-Woods ratio Ajy 
lies in the same region as the .heavy Fermion 
compounds, and there is a large contribution 
from electron-electron scattering to the resis
tivity even at room temperature. These fea
tmes are considered to provide strong evi
dence of the large electron correlations in this 
system. However 1 the effective masses ob
tained by the thermodynamic (!) and mag
netic (X") measurements show only a moder
ate increase in going from SrV03 to CaV031 
instead of the diverging behaviors expected 
from the Brinkmann-Rice picture. 

4A. Summary 

The elaborate bandwidth con-
trol in Cat- xS rx VOa ha.~ demonstrated that 
the mass enhancement due to t.he reduction 
of t he bandwidth is not so large, even though 
the system shows some fingerprints of strong 
electron correlations. Accordingly, we sug-
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gest that these seemingly contradicting metal
lic properties observed in this system can be 
e>cpla.ined by considering the effect of nonlo
cal electron correlations, i.e., the momentum
dependent self-energy. 
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Chapter 5 

Systematic Spectral Weight Redistribution 
in the Quasi-Particle Spectra of 
Cal-xSrx V03. 

Part of this chapter has been published as 
Ref. 59, Ref. 60, Ref. 89, and Ref. 90. 

5 .1. Introduction 

One of 
the most challenging problems in condensed 
matter science is the whole understanding of 
the spectral weight redistribution55 that oc
cms, especially, in correlated electron systems. 
From various viewpoints, challenges have been 
made to describe how the single-particle spec
tral density p(w) behaves in a system close to 
a Mott transition. In the original treatment 
by Hubbard ,6 the Matt transition , or, alter
natively the Matt-Hubbard transition, is con
trolled by the relat ive magnitudes of the on
site Coulomb energy U and the one-electron 
band width W. If the number of electrons per 
atomic site is an integer, the splitting between 
the lower and upper Hubbard bands (Lfffi 
and UHB) gradually increases with increasing 
U fW and the MIT occurs at U /W ~ 1, where 
a Matt-Hubbard gap opens. Tllis treatment 
provides a reasonable picture for p( w) in t be 
insulating region, whereas it does not properly 
treat low energy excitations and the Fermi
liquid properties in the metallic region. On 
the contrary, a Fermi-liquid description has 
been given by Brinkman and Rice10 in their 
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Gutzwiller treatment 11 of the Hubbard model. 
but high-energy excitations are missing there. 
These two t raditional approaches are schemat
ically shown in Fig. 5.1. 

The most suitable tool that provides infor
mation on p(w) is high-energy spectroscopy. 
Fujimori et a!. reported the ultraviolet pho
toemission spectroscopy (UPS) spectra of sev
eral Ti3+ and v<+ compounds and indi.cated 
that p(w) consists of a band of quasi-particle 
excitations near the Fermi energy (Ep) and a 
!ugh energy satellite signaling the formation 
of the LHB.91 They also suggested that the 
spectral weight is transferred from the q nasi
particle band to the precmsor of the LHB with 
increasing U ;w. 

Recent theoretical predictions of t.he Hub
bard model treated within the Local Impu
rity Self-consistent Approximation (LISA)92 

whicl1 is exact in the limit of large lattice 
connectivity, or equivalently, large dimension
ality, have given similar illustrations of p(w) 
by simul taneously treating the atomic aspect 
and the itinerant aspect of on-site quantum 
fl uctuationsn-94 As observed in the experi
ment, we see in this theoretical prediction that 
p(w) spli ts into a characteristic three-peak 
structure, when the transition is approached 
by increasing U /W . There is a centnl quasi
particle peak at the Fermi energy of width 
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FIG. 5.1. Schem<>tic picture of the spectral weight 
transfer as we control U fW ratio from U f W « 1 
(normal metal) to U/W » 1 (Mott insulator) de
scribed by the two traditional approaches: Hub
bard scenario6 and Brinkmann-Rice scenario. 10 In 
the "correlated" metallic state near t he Mott tran
sition, i.e., UfW- 1, the Brinkmann-Rice picture 
can describe the Fermi-liquid properties, how vcr, 
it fails to predict high-energy satellites. Alterna
tively, the Hubbard picture can describe the ap
pearance of the hjgb-energy features, whereas i.t 
violates the Luttinger's sum rule, ru>d thus fails to 
satisfy the Fetmi liquid argument 

e j:·, where c:F is the renormalized Fermi en
ergy, which decreases as the transition is ap
proached. This indicates the enhancement of 
the effective mass. The quasiparticle peak is 
accompani d by the incoherent lower and up
per Hubbard bands that emerge at energies of 
the order of ±~ . These features also acquire 
t he spectral weight which is transferred from 
around Ep as t he central peak narrows. 

i n this study, we investigate more system
atically how p(w) actually changes as we con
trol UfW within a single Matt-Hubbard sys-

tern Ca1-xSrxV03· As we have shown in 
Chap. 4, both CaV03 and SrV03 are metallic 
perovskite-type v<+ oxides, which have nomi
nally 3d1 configuration. Ca. VOa is near an MI 
transit ion because the V -0-V bond angle is 
~ 160° which is almost equal to that of a 3d1 

Mott insulator LaTi03, whereas SrV03 (V-
0-V bond angle is ~ 180°) is considered to be 
less correlated. This is because the buckling 
of the V-0-V bond angle reduces the overlap 
between neighboring 3d orbitals mediated by 
oxygen 2p orbitals, leading to a decrease in 
W by a factor of cos( LV-0-V) . Therefore, 
as one change the Sr concentration (x) in 
Ca1-xSrx VOa , one can control the U f W ra
tio. We note that sine the average number of 
3d electrons is always one per V atom, one can 
study the change of the electronic properties 
as functions of only the U JW ratio. 

With this poi nt in mind, the electronic 
structme of Cal - xSrx VOa was prob d for 
several values of :c using photoelectron 
spectroscopy, part of which has already 
been published and has invoked st imulating 
discussion.59·62•90 The photoemission spec
t.ra reported so far were very different from 
the density of state (DOS) obtained by the 
band calculation with the local density ap
proximation (LDA). This indicates a presence 
of strong electron correlation in this system. 
These results are rev iewed and discussed anew 
in Sec. 5.3.4. 

On the other h.and, it was questioned that 
the electronic structure of Ca1-~Sr. V03 at 
the surface might be different from that in 
the bull<. Then, we trif,d to perform a novel 
way of photoernission spectroscopy described 
in Sec. 5.3.5 to separate out he surface and 
bulk contributions from the total spectr um 
for any given composition. Surprisingly, this 
technique bas revealed a novel Ml transition , 
which has never been observed in. any mate
rials. The M1 transition is only realized at 
the surface of this Ca1- xsr. V03 system with 
t he change of x , while the bulk remains metal-

5.2. Experiments 

lie. Furt hermore, we have found an interesting 
property that this Ml transition is caused by 
the charge disproportionation at the surfac~. 
These issues are discussed in Sec. 5.3.5. 

We hope that the latter new born method 
will be more mature and be regarded as the 
standard of the photoemission experiment in 
the near future, however, it is at present still 
preliminary as due to an insufficient resolu
tion, naive hypotheses, and arbitrariness for 
choosing parameters. Therefore, it is t he most 
preferable atti tude at this stage to recognize 
that the valid argument can only be done on 
the common results extracted from both the 
ordinary and the brand-new experiments. 

5.2. Experiments 

All the single-crystalline Oa1-xSrx V03 
samples were prepared and characterized as 
described in t he previous cha pters. For all t he 
samples studied here, oxygen contents were 
carefully controlled to become 3.00±0.01. 

The measurements reported here were per
form ed in three places: Electrotechnical Lab
oratory (ETL), Photon Factory (PF) , and In
dia n Institute of Science (I!Sc). 

For the ex periments in ETL, we used two 
light-sources (an ultra-violet light sonrce and 
:w x-ray source) and au energy-analyzer (VG 
Microtech, CLAM-II) followed by an electron 
detector. These are fitted to a UHV cham
ber (~ 2 x w-s Pa), which is made of "Mu
meta l" with low residual magnetic fi eld in 
the chamber (typical ly< 5mG) . We cleaned 
the surfaces of t h samples thoroughly by in
sittL scra ping iu t his ultra-high vacuum spec
trometer using a diamond file with particular 
care against possible surface degradation ef
fects. The samples were cooled down to~ 15 K 
using a closed-cycle He-gas refrigerator , and 
t his temperature was maintained during both 
the scraping procedures and measurements to 
avoid desorption of oxygens from the surfaces. 
By in-situ scraping of the surfaces, the large 

57 

spectral intensity in a characteristic region 
(the binding energy of 9 ~ 12 eV) below EF, is 
eliminated drastically. Corresponding changes 
are also observed in Mg Ka x-ray photoemis
sion spectra of the oxygen ls core-level. The 
significant satellite peaks at a larger bind ing 
energy region disappear by scraping. Photo -
mission spectra obtained after in-sittL scrap
ing are well reproducible. Additional features 
observed before the surface cleaning are con
sidered to originate from smface degradation ; 
therefore we checked the 0 1s spectrum af
ter each scraping. As a reference of Ep and 
the instrumental resolntion, we measured the 
spectrum of Fermi cutoff of Au evaporated on 
the sample. The total energy resolutions were 
:15meV for UPS and 0.7 eV for XPS. We also 
measured the relative intensity and the energy 
position of the weak satellite line of the He 
discharge lamp from this Au spectrum; which 
are subtracted from all the UPS spectra shown 
here. 

The complementary XPS and UPS mea
surements were carried out in liSe at liquid 
nitrogen temperature (~80K) in a vacuum of 
4 x 10- ID mbar with total energy resolutions 
of 0.8 eV for XPS and 80 meV for UPS. The 
cleanliness of the sample surface was main
tailled by periodical in-situ scraping with an 
alumina £le. Reproducibility of the spec
tra with repeated scrapings was confirmed for 
each composition. 

We did other exper iments using syn
chrotron light-sources in PF. We measttred, in 
BL-llD, some poly-crystalline Ca1-xSrx V03 
samples at liquid ni trogen temperature us
ing photon energies corresponding to t he V 
3p core-l vel threshold: i.e., 45eV for off
resonance and 50 eV for on-resonance. X.AS 
experiments were performed at t he undulator 
beam line BL-2B in PF using a 10m grazing; 
incidence monochromator 95 The experiment 
was carried out for poly-crystalline samples 
at room temperature in t he ultrahigh vacuum 
chamber (7.5 x 10- 10 Torr). The x-ray absorp-
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tion spectra were indirectly measw-ed by the 
total electron-yield mode by assuming that 
t he absorption cross section should be pro
portional to the number of the decay prod
ucts of the core excitation, and this should be 
reBected to the total photocurrent. The en
ergy resolution of this measurement was about 
0.18 eV. For both measurements, we did in
situ surface scraping using a diamond file. 

5.3. Results and discussion 

5.!1.1 . Surface degradation effect in the XPS 
spectrum 

The Mg I<a (tiw = 1253.6 eV) XPS spec
tra of the V 2p3/ 2 (~ 521 eV), 2P1 /2 (~ 
528eV), and 0 ls (~ 534eV) core levels of 
Ca1_,Srz V03 measured at ~ 14 K are plot
ted in Fig. 5.2. The spectra were taken just af
ter in-situ surface scraping and 24 bow-s later. 
We recognize the appearance of the tail on the 
0 l s peak around ~ 537 e V 24 hours after the 
in-situ surface scraping. The other part of the 
spectrum does not change so much, although 
both the 0 ls peak and V 2p3/ 2 peak appar
ently consist of a few components, which cou ld 
be considered to be due to the surface degra
dation effects. However, except for this high 
energy tail of the 0 ls peak, the whole spec
trum is sufficiently rep rod uci ble, so that we 
consider the components of the peaks are in
trinsic. 

On the other hand , the Oa 2p3/2 (~35leV) 
and 2p112 (~ 355 eV) core levels at ~ 14 K 
(Fig. 5.3) do not show any differences in this 
24 hours. This is also true for the Sr 3d core
level spectrum. It is possible the A site cations 
are always absent at the surface by desorption , 
because the ionic A site cation: can leave the 
surface rather easily, compared with the more 
covalent 0 and V ions. In this case, on t he 
surface layer, the electTonic states should be 
considerably different from those of the buUc 
This is always an important problem for the 

550 
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FIG . 5.2. XPS spectra of the V 2Ps/2 (~521 eV), 
2p

112 
(~528eV), and 0 Is (~534cV) core levels 

ofCa,_,Sr,V03 measured at~ 14K. The spectra 
were taken just after in-situ surface scraping (solid 
line), and 24 hours .later (open circles). 

Binding Energy (eV) 

FIG. 5.3. XPS spectra of theCa 2P3/2 (~35leV) 
and 2p1r2 (~355eV) core levels of Ca,_,Sr,V03 
measured at ~ 14 K. The spectra are taken just 
after in-situ surface scraping (solid line), and 24 
bottrs later (open circles). 

photoemission spectroscopy; we t ry to discuss 
this issue further in Sec. 5.3.5. 

5.3.2. X -ray photoemi.%ion spectroscopy 

In Fig. 5.4, V 2p and 0 .ls core .level XPS 
spectra of the Ca1_.sr. V03 single crystals 
(x = 0.00, 0.25, 0.50, 0.75, and 1.00) taken at 
141< in ETL are plotted with an appropriate 
correction for the transmission characteristics 
of the CRAM-TI analyzer and with the sub
tJ·action of the Mg l<etJ ,< satellites. Although 

5.3.2. X-ray pllotoemission spectroscopy 

all the spectra were obtained just after the in
situ surface scraping and we have confirmed 
that the shape of each spectrum was highly re
producible, it is apparent that neither of the 
peaks have a single peak structure, even for 
CaV03 and SrV03, as can be expected from 
a homogeneous single-phase yH compo11nd. 
This shape is highly reproducible; upon scrap
ing, only the intensity around 533 eV, as
cribed to the sw-face deterioration , is reduced 
drastically, while the other parts remain al
most unchanged. Almost the same spectral 
shape has been corroborated by Morikawa,96 

and by our own independent measurements in 
liSe. ln particular, the V 2p3/2 peak is ex
tremely broad and seems to be composed of 
three different features, as first pointed out 
by Morikawa. 96 This is a very peculiar ob
servation, because in tb.is system, there is no 
reason to consider three distinctively different 
electronic states for the V ion in the bulle 

Therefore, we have tried to decompose the 
V 2p spectrum as well as the 0 l s spectrum 

Binding Energy (eV) 

FIG. 5.4. V 2p and 0 ls core level XPS spectra 
of the Ca,_,Sr, V03 single crystals wi th x = 0.00, 
0.25 , 0.50, 0.75, and 1.00 at 14 T< , just after lhe 
in~situ surface scraping. The spectra were mea
sured in ETL and we confirmed the shape of each 
spectrum were highly reproducible. 
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into three independent components by a least
squares line-shape analysis method. 

Binding Energy (cV) 

FIG. 5.5. Line-shape analysis of the V 2p and 0 
ls spectrum of Ca, _,sr. vo3 with X= 0.00. The 
spectrum is fitted by a superposition of three inde
pendent components for the V 2ppea.k (denoted by 
"a", "b" , and "c" in the -figure) and the other three 
independent components for the 0 l s peak (de
noted by lld JII "e" 1 and uru in the £gt.Ire). The sec
ondary electron spectrum (shaded area) has been 
subtracted from the measured spectrum (open cir
cles), assuming the ordinary Shirley background.97 

Curves a, b, and c correspond to the components 
of the V 2p peak, and curves d, e, and f of the 0 
Is peak. The calculated curve fits rather well to 
the experimental data. 

First, we have subtracted the secondary 
electron spectrum, wruch represents the in
elastic events after the photoexcited electron 
has left the site of the excitation process. 
The formula of the secondary electron spec
trum function has been discussed intensively 
by Tougaard et al.;98 however, we used here 
the simple Shirley background97 (shaded area 
in Fig. 5.5). In the line-shape analysis, each 
peak was assumed to be a Lorenzian with the 



GOCilapter 5. Systematic Spectral Weigllt Redistribution in t!Je Quasi-Particle Spectra of Cai_,Sr, V03 · 

TABLE 5.!. Fitted parameters for the line-shape analysis of the V 2p core-level XPS spectra of 
Cai_,Sr, vo3 with X = 0.00, 0.25, 0.50, 0.75, and 1.00. Each spectmm has been decomposed into 
three components, called "b", "a" and "c" from the higher binding energy to the lower one (See F1g. 5.5) · 
The Loremian width of the V 2PJt2 peak is 0.316eV independent of the components, and those of the 
V 2p1/2 

peak are !.218eV ("b"), 0.838eV ("a"), and 0.868eV (':c"). In this table, D. sta1~ds for tl:e full 
width at half maximum (eV) for the Gauss1an. E 8 (eV) IS the bmdmg energy, and I (arbitrary umts) IS 

the intensi y of t.he peak. 

X 0.00 0.25 0.50 0.75 1.00 

E~ 518.25 518.18 518.16 518.25 518.26 

D..b 0.981 1.023 1.142 1.211 1.261 

[ b I JU 0.858 0.873 0.993 0.840 0.844 

E'iJ 516.96 517.18 517.01 517.02 517.02 

D.." 1.148 1.185 1.227 1.244 1.258 

Ea 515.91 516.02 515.88 515.30 515.31 

!J..C 1.552 1.573 1.634 1.639 1.636 

fC/1,. 0.862 0.972 1.016 0.878 0.901 

TABLE 5.11. Fitted parameters for the line-shape analysis of the 0 l s core-level XPS spectra of 
Cai_,Sr, vo3 with X = 0.00, 0.25, 0.50, 0.75, and J.OO. Each spectrum has been decompos.ed into 
three components, called "e", "d" and ''f" from the higher binding energy to the lower one (See F1g. 5.5). 
The Lorenzian width of the 0 1s peak is 0.438eV independent of the components. In tlus table, D. 
st,ands for the full width at half maximw.n (eV) for the Gaussian. Ea (eV) is the binding energy, and I 
(arbitrary units) is the intensity of the peak. 

X 0.00 0.25 

E'!J 531.32 531.71 

D..' 0.539 0.571 
I' /fd 0.508 0.514 

E~ 530.60 530.69 
D..d 0.504 0.492 
El 

8 529.58 529.62 
!J..f 0.483 0.455 

Jf/fd 0.529 0.491 

natural widths99 of t he V 2p and 0 ls core 
levels plus the Mg l<a 1·adiation, and then 
convoluted with a Gaussian. The Gaussian 
width represents the total instrumental resolu
tion and, in general, several other broadening 
effects, such as the phonon con ribution, mix
ing with the ligand, multiplets, and so on.
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The resulting best fit of t.hc lea.~trsquares 

line-shape analysis and the components are 
shown in Fig. 5.5, and the fitting parame-

0.50 0.75 1.00 

531.18 531.25 531.26 

0.627 0.697 0.750 

0.894 0.849 0.848 

530.45 530.45 530.45 

0.471 0.472 0.488 

529.44 529.38 529.33 

0.411 0.388 0.387 

0.946 0.908 0.936 

ters are listed in Tables 5.1 and 5.Il. Each 
spectrum can be decomposed into six com
ponents, which are called "b,, "an and ''en 
for the V 2p peak and "e", "d" and "f" for 
the 0 1s peak f1·om the higher binding energy 
component to the lower one (Fig. 5.5). The 
Lorenzian widtb of the 0 ls peak is 0.438 eV 
and that of the V 2p3/2 peak 0.316eV, both 
of which are independent of the components, 
while those of the V 2Pl /2 peak are 1.218 eV 

5.3.3. X-ray absorption spectroscopy 

("b"), 0.838 eV ("a"), and 0.868e\l ("c"). The 
Lorenzian width should only reflect the natu
ral width plus that of the Mg I<a1,2 source;99 

however, we need to consider some additional 
effect, which makes t.be natural width larger, 
espe ·ially for the 2p112 peak, in order to ob
tain the b est fit. Thi effect is due to the 
L2L3M4,5(2Pi /2 ~ 2P3/2 ~ 3d) Coster-Kronig 
transitions. 

The calculated spectrum agrees with the ex
perimental data considerably, and t his holds 
true for all Ca1-xSrx V03 samp.les measured. 
The binding energies of these components 
remain essentially the same across the sa
ries. On the other hand, the gaussian widths 
and the relative intensities show a clear de
pendence on he value. of x. The Gaussian 
widths show systematic r.hanges on going from 
CaV03 to SrV03: for all the components ofV 
2p peak, the Gaussian widths increase, while, 
for the components of 0 Is peak , 6. 0 increa.~es 

but 6.0 and D.. 1 decrease. 
The intensity ratios, however, do not change 

monotonically and the question whether this 
behavior is intrinsic or not needs to be clar
ified by further elaborate studies. Neverthe
less, we can find an interesting feature in the 
result of the analysis: although the intensity 
ratio to the central components ("a" and "d") 
does not seem to behave systematically, the 
ratio of ''b" and '(ell components, as well as 
that of "e" and "f" components are approxi
mately equal to 1, independent of the value of 
x, within the possible errors due to the the am
biguity of the secondary electron background 
shape, overlapped plasmon peaks, and so on. 
Morikawa,96 as well as Maiti et al28 provoked 
independently a similar idea that the peaks 
"b"' "a" and "c') arise from v3+) v"+ and v5+ 
entities, and the y3+ and y5+ components 
are coming from the sm·face electronic state. 
A fraction of the yH ions spontaneously dis
proportionate according to the reaction 2V4+ 
-t y3+ + y5+, maintaining the charge bal
ance. Maiti et a/.28 also reported that by 
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changing the photon energy between Mg I< a 
(1253.6eV) and AJ I<a (1486.6eV), thereby 
modestly changing the surface sensit ivity of 
the technique, they lind that the y3+ and y 5+ 
signal intensities increase with increasing sur
face sensitivity. If this assumption is true, it is 
rather surprising that even in the XPS spec
trum the sw.·face contribution is almost twic 
as large as that of the bulk, although the XPS 
measurements is considered to be rather bulk 
sensiti ve. The attempt to separate the sur
face and bulk component of the UPS spectra 
based on th is assumption by foUowing the idea 
of Ma.iti, Mahad.evan and Sarma28 is d iscussed 
in Sec. 5.3.5. 

5.$.3. X-ray absorption spectmscopy 

As shown in Fig. 5.4, 0 ls XPS spec
trllm also consists of three components and 
shows considerable x-dependence, which is 
sufficiently reproducible and has been corrob
orated by several independent experiments. 
These intriguing features seem to be compa
rable to the 0 ls XAS spectrum, which ex
plores the unoccupied density of states above 
Ep mixed with the 0 p character. 

Figure 5.6 shows the 0 ls XAS spectrum 
of poly-crystalline Ca1-xSrx V03 samples with 
x = 0.10, 0.40, 0.50, 0.80, and 1.00 mea
sured at room tern perature. The two peaks 
(~ 529.5 eV and ~ 531.5 eV) near the absorp
tion edge are generally attributed to the V 3d 
unoccupied states mixed witl1 the 0 2p char
acter. The peaks at higher energy (~ 537 eV 
and ~ 544 e V) are thought to originate from 
the Sr 4d (Ca. 3d) , and V 4s/4p unoccupied 
states, respectively. 

In Fig. 5.7, the 0 l s XAS spectra of poly
crystaiHne Cal-xSr, vo3 with X = 0.10 and 
1.00 are compared to the 0 1s XPS spectra 
of tbe single-crystalline Ca1_,Srx V03 samples 
with x = 0.00 and 1.00. The components "e" 
and "f" in the figure correspond to two of the 
three components assumed to fit the 0 ls XPS 
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spectra in Sec. 5.3.2 (sec Fig. 5.5). The x
dependences of the intensities of "e" a11d "f" 
peaks look quite . imilar to those for the two 
peaks in the XAS spectra near the 0 1 s ab
sorption threshold. In order to consider this 
issue further, it is necessary to show, at first, 
to what extent the observed spectra can be 
explained by theoretical calculat ions. 

H. Pen has calculated the correspondi ng 
XAS spectra of CaV03 by clust,· r model 
calculations. 101 According to Pen, the near
edge two peaks can be explained by assum
illg the ionic crystal-field splitting lODq f 0 
and the 2p-3d hybridization (pda) = 1.8eV. 
However these valnes are much smaller than 
those e.x~ected from the LDA band calcu
lation, which deduces lODq = 2.4eV and 
(pda) = 2.3 eV. Then, by using the lat
ter parameters deduced from LDA , the cl us
ter model calculation was modified, giving the 
spectrum as shown in the middle of Fig. 5.8. 
In this figur , we shifted the calculated spec
trum by 2.04 eV from the original calculation 

540 550 
Photon Energy (eV) 

FIG. 5.6. 0 l s XAS spectra of Ca1 -.Sr, YO, poly 
crystals with x = 0.10, 0.40,0.50,0.80, and l.OO 
taken at room temperature. 

528 530 532 
Photon Energy and Binding Energy (eY) 

FIG. 5.7. 0 ls XAS spectra of Ca,_,Sr. YO, poly 
crystals with x = 0.10 and l.OO compared to the 
0 ls XPS spectra of Ca1_,Sr, VO, single crystals 
with x = 0.00 and 1.00, respectively. The compo
nents ''e11 and urn correspond to those defined in 
Fig. 5.5. The x-dependences of the intensities of 
"e" and "P' peaks look quite similar to those for 
the two peaks in the XAS spectra near the 0 ls 
absorption threshold. 

to match the lowest energy peak of the calcu
lation to the second peak of the experiment . 
On the other hand, accord ing to the band 
calculation with LDA, the 0 p projected un
occupied DOS 101 becomes rather smooth, as 
shown in the bottom of Fig. 5.8. The calcu
lated LDA spectrum is shifted by 1.88 eV to
ward the larger photon energy. In both calcu
lations, the lowest-energy peak corresponds to 
the unoccupied V 3d t29 band (orbitals), wh ile 
the broad feature from ~ 532 e V to ~ 536 e V 
corresponds to the UllOccupied V 3d e9 band 
(orbitals). For the LDA calculation, the e9 

band is strongly overlapped by the Ca 3d 
(or Sr 4d for :c =f 0 compounds) ba11d from 
-534 eV to~ 537 eV. Except for the lowest-

5.3.3. X-ray absorption spectroscopy 

; 1\ M clustercnlc. 

__)~\J'l ~n) 
5] 

~ LDAcalc. 
{by H_ Pen) 

Ca3d 

v 3d 

530 535 540 
Photon Energy (eV) 

FIG. 5.8. 0 Js XAS spectra of Cao.ooSr0.10 V03 
poly crystal (dots) compared to the theoretical 
XAS spectra of CaV03 calculated by H. PeniD 1 

The cluster calculation result with parameters 
lODq = 2.4eV and (pdcr) = 2.3cV ha~ been 
shifted by 2.04eY toward the larger photon energy 
from the origi.nal result by Pen. The LOA band 
calculation result bas also been shifted by 1.88eV 
toward the larger photon energy. The horizontal 
bars with the notes of Y 3d and Ca 3d indicate the 
region of each character in the spectrum derived 
from the LOA band calculation. 

energy peak in the experiment, the above cal
cnlatious seem to explain the observed spec
trum to some extent. 

Now, we return to the deferred issue about 
the broad 0 ls core leveL The two near-edge 
peaks in the XAS spectrum may correspond to 
absorptions to the t 29 band from the different 
0 1 s core levels: one is the XPS peak at the 
binding energy of ~529.6eV (f) and the other 
is at ~ 531.3 eV (e). Actually, it is difficu lt 
to explain the two peil.ks by t29 and e9 band, 
because the energy of the observed splitting is 
too small. 102 Moreover, the LDA band calcu
lation predicts the e9 band becomes consider
ably broader in SrV03 compared with CaV03 , 
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but this can not be reflected in the measured 
spectrum if the second peak from the absorp
tion edge was the e9 band. However , if we 
consider the novel idea of the two-threshold 
model, the following questions arise: (1) what 
is, in the first place, the origin of each com
ponent of the 0 1.~ peak? (2) why does t l.te 
central peak in the 0 ls XPS spectrUlll not 
contribute to the XAS spectrum? 

A possible answer for thi question may li 
in the surface effect. As reported by Ab
bate et al. , 103 the mean probing depth of the 
XAS measurement with the total electron
yield mode is about 19 A; this corresponds to 
only about 2.5 unit cells of Ca V03 a long the 
b axis. Then, if the surface electronic state 
is signifi antly different from that of the bulk, 
the XAS spectrum reflects the surface elec
tronic state predominantly rather than t.be 
bulk electronic structure. In Sec. 5.3.2, we 
have shown the idea of the spontaneous dis
proportionation of the yH ion at the sur
face as 2V4+ -+ y3+ + v 5+ In this case, 
the 0 ls spectrum is also expected to con
sists of two parts (i.e., surface and bulk parts) , 
one of which (the surface part) is further de
composed into two peaks, attribu ted to the 
site coordinating to y3+, and the site coor
dinating to V5+. If we follow the scenario , 
we need to consider that components (e) and 
(f) are coming from the sites coordinating to 
y3+ and v 5+, respectively. Conespondingly, 
the lowest-energy peak of the 0 ls XAS spec
trum is assigned to t.he transition to the t~9 
fi11al state and the second lowest-energy peak 
is assigned to the transition to the t~9 final 
state. The bulk contribution, i.e., the tran
sition from the "d'' components of the 0 ls 
peak, should overlap with the surface spec
trum, however, the bulk is more metallic so 
that the spectrum is considered to be mu h 
broader. 

On the contrary, if we leave the issue of 
the broad 0 ls peak, another possible ex
planation is to consider a transition to the 
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515 520 525 
Photon 'Energy (eV) 

FIG. 5.9. V 2p XAS spectra of Ca1_,Sr, V03 poly 
crystals with x = 0.10, 0.50,0.80, and J.OO taken 
a.t room temperature. 

upper Hubbard band (UHB). Morikawa et 
al. measured t he unoccupied DOS of SrV03 
and CaV03 by t he Bremsstrahlung Jsochro
mat Spectroscopy, and observed the upper 
Hubbard band at ~ 3 eV above Ep. Thereby, 
we can assign tbe lowest-energy peak of the 
0 l s XAS spectrum to the transit ion to the 
coherent band at Ep, while the second peak is 
assigned to the 0 1s -> V 3d UHB t ransition. 

Nevertheles.<; , the above two explanations 
need to be reconsidered based on other exper
iments; in particular, the XAS measurement 
of the fluorescence mode, whose mean prol:r 
ing depth is ~ 1000 A, should provide more 
definibve evidence. 

Figure 5.9 shows the V 2p XAS spectrum 
of poly-crystalline Ca,_,.Sr X vo3 samples with 
x = 0.10, 0.50, 0.80, and 1.00 measured at 
room temperature. The two main features ( ~ 
519 eV and ~ 525 eV) are attributed to the 
transition to the V 3d band from the V 2P3/2 
and 2p1/ 2 core levels, respectively. 

Using the parameter JODq == 1.5eV, H. 
Pen obtained the XAS spectrum by the clus
ter model calculat.ion 101 as shown in Fig. 5.10. 

cluster calc. 
(by H. Pen) 

515 520 525 530 
Photon Energy (eV) 

FIG. 5.10. V 2p XAS spectra of Cao.ooSro.JO V03 
poly crystal (dots) compared to the theoretical 
XAS spectrum of CaV03 calculated by H. Pen. 101 

The cluster calculation result wit h parameters 
JODq = 1.5eV and (pdo-) = 1.21 eV has been 
shifted by 0.87eV toward the larger photon en
ergy from the original result by Pen. See te.xt for 
details. 

The calculated spectrum is shifted by 0.87 eV 
toward t he larger photon energy from the orig
inal calculation. Th.is shift toward t he larger 
photon energy may indicate the existence of 
t he If' (v 5+ ) initial state. Furthermore, as 
we go from CaV03 to SrV03, t he spectrum 
becomes broader reflecting the larger valence 
ft uctuation. 

In this way, the XAS spectra 
of Ca1 -~Sr., VOa have provided ns with many 
interesting problems to be unraveled. One of 
the questions posed here brings us to another 
significant issue discussed in the next section, 
i.e., the spectral weight redistribution in the 
UPS spectrum, while another question is re
examined in the last section , where we try to 
decompose the UPS spectra into surface and 
bull< components. 

5.3.-1. Ultraviolet photoemission spectroscopy 

5.9.4. Ultmviolet photoemiss10n spectroscopy 

Figure 5.11. (top) shows the UPS spec
tra of single-crystalline Ca1 _%Sr~ V03 sam
ples with x = 0.00, 0.25, 0.50, 0. 75, 1.00 
taken at 14 1( with the photon energy of 
liw = 21.22 eV (top). For each spectrum, 

Binding Energy (eV) 

FIG. 5.11. Top: UPS spectra of single-crystalline 
Ca, _,Sr, vo3 samples with X = 0.00, 0.25 , 0.50, 
0. 75, 1.00 taken at 14K with the photon energy 
of 1iw = 21.22eV. Bottom: LDA DOS of CaV03 
and SrV03. 

the transmission property of the electron en
ergy analyzer was cor.rected and the over
lapped ghost structures due to the weak satel
lite Unes of the Re discharge lamp were sub
tract d. Figure 5.11 {bottom) shows the 
LDA DOS of CaV0 3 and S1.Y03 calculated 
by the full-po tential linear-augmented-plane
wave (FLAPW) method. We have shi fted t he 
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0 2p bands of both CaV03 and SrV03 by 
1.95 eV to the larger binding energy in order 
to fit well to t he observed 0 2p bands , be
cause the LDA calculation fails to predict, in 
general, the value of the energy gap between 
the 0 2p band and V 3d band . The observed 
UPS spectra were normalized to t he maximum 
intensi ty of the 0 2p band around 6eV. 

The agreement between the band calcula
tion and the UPS spectrum is poor espe
cially in the region near Ep; we can see 
clearly the apparent discrepancy between the 
observed UPS spectra a nd t he corrcsponcling 
LDA DOS by enlarging Fig. 5. 11 arouud Er-· 
(Fig. 5.12). Two well-distinguished structures 

Binding Energy (cV) 

FIG. 5.12. Top: UPS spectra of single-crystalline 
Ca,_%Sr, vo3 samples armmd EF with X= 0.00, 
0.25, 0.50, 0.75, 1.00 taken at 14 K with the pho
ton energy of hw = 2l.22eV. Bottom: LDA 
DOS o£ CaV0 3 and SrV0 3 around Er-. UPS spec
tra show significant spectral weight redistribution 
from around EF to ~ 1.8eV. 

are seen in F ig. 5.12: one is near EF, and. 
the other is centered au a binding energy of 
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~ l. 7eV. This kind of spectral weight red is ri
bution is generally ascribed to the formation 
of the Hubbard bands due to the strong elec
tron correlations.91 Furthermore, the spec
tral weight transfer from around EF to the 
high-energy satellite is fairly systematic, as we 
go from SrV03 to CaV03 i.e., increasing the 
U fW ratio. Therefore, we try to assign the 
spectra to the theoretical prediction given by 
the Hubbard model treated within the LISA 
methodn 

The hamiltonian of the Hubbard model 
Teads, 

H - 2.: (t;j + JJ)c!.c;a 
<i.j> 

1 1 + U l:Cn;r --)(n;;- -
2
), (5.1) 

i 2 

where summation over repeated spin indices 
is assumed. The LISA method is a dynam
ical mean field theory that is exact in the 
lhn.it q -) , where q is the connectivity of 
the lattice. Consequently, the hopping am
plitude t;3 is rescaled as t;; -! :!Jq to obtain 

a non-trivial modeJ.93 The lattice hamilto
nian is then mapped onto an equivalent impu
rity problem which is supplemented by a self
consistency condition. The detailed deriva
tion of the resulting mean-field equations is 
already given in great detail elsewhere. 92 Re
quiring that GtocaJ(w) = EkG(k,w), the self
consistency condition becomes 

We shall assume a semi-elliptical bare density 
of states 

with t = W /4, which is realized in a Bet he !at
tire and on a fully connected fully frustrated 
version of the model. As there is only one 
3d-electron in the Ca, _xSrr V03 system, we 

set EF = 0 that renders the model half-filled. 
We use the second order iterated perturbation 
theory (IPT) calculation to solve the associ
ated impurity problem.92 Theoretical quasi
particle spectra at T = 0 and W = 2 e V for 
several values of U are plotted in Fig. 5.13. 
The spectra are obtai ned by the IPT a.pprox-

FIG. 5.13. Theoretical single-particle spectra at 
T = 0 and W = 2eV for several values of U, i.e., 
U = 0, 2.4, 2.75, 2.9, and 3.2eV. The spectra are 
obtained by the IPT approximation of the infinite 
dimension Hubbard model. We recognize the bare 
semi-elliptical DOS splits into the Hubbard bands 
and the quasiparticle peak, which becomes n~r
rower as U incrfl.ases. 

imation of the in£nite dimension Hubbard 
model for U = 0, 2.4, 2.75, 2.9, and 3.2eV. We 
recogn ize that the bare se.m i-elliptical DOS 
splits into the high-energy satellites and the 
quasiparticle peak at Ev(w = 0), which be
comes narrower as U increases. The narrow 
quasiparticle peak is the Abriko ov-Subl (or 
Kondo) resonance in the impurity model lan
guage. It is important to note that p(O) is 
pinned at its non-intera ting value, 

p(O) = p"(O) , 

as a result of the momentum-indepeo.dent self
energy. l04 The two high-energy sateUites at 
w = ±U /2 are associated with the upper 

5.3.4. Ultraviolet pl!otoemission spectroscopy 

Hubbard band and the lower HubbaTd band 
(empty and doubly occupied sites). 

Let us now turn to the comparison be
tween the experimental data and the theo
retical predictions of the model Hamiltonian. 
Since this calculation was performed by M. 
Rozen berg at the early stage of our collabora
tion study, 60 the experimental photoemission 
data are those for polycrystallinesamples with 
x = 0, 0.30, 0.40, 0.80 , and 0.90 measmecl at 
T = 801<, wllicb are reported in Ref. 59; how
ever, there is no significant difference from the 
single-crystalline data except for the experi
mental resolution. The results are reproduced 

-LOA 
- ··- U=O 
-- U=2.40eV 
······ U =2.15 eV 
-·- U=2.90eV 
- U=3.20eV 

-3.0 -2.0 -1.0 

w (eV) 

0.0 l.O 
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in Fig.5.14. Theoretical quasiparticle spectra 
of Fig. 5.14 (left) corresponds to the w .::; 0 
part of p(w) in Fig. 5.13, i.e., multiplied by the 
Fermi-Dirac function of 80 K and then convo
luted with t he total experimental resolution 
(a Gaussian function "~th the full width at 
the half maximum is 0.3 eV). We have sub
tracted a broad Gaussian fun tian centered at 
~ 5 e V, that corresponds to the background 
contribution coming from the tai l of the oxy
gen 2p band, because the description of this 
lligher energy band is outside the scope of our 
present discussion. 

-LOA 
-··-U= 0 
- - X= 0.90 
•••••• X= 0.80 
-·- x=0.40 
- x=0.30 

-3.0 -2.0 -1.0 

w (eV) 

0.0 1.0 

FfG. 5.14. Left Theoretical quasiparticle spectra at T = 0 and W = 2eV for U = 0, 2.4, 2.75, 2.9, and 
3.2eV. The spectra are obtained by the IPT approximation of the infinite dimension Hubbard model. 
The data corresponds to thew:::; 0 part of p(w) in Fig. 5.13, i.e., multiplied by the Fermi-Dirac function 
and then convoluted with the total experimental resolution. Right Experimental photoernissioo spectra 
of poly-crystalline Ca, _,Sr, vo3 samples with X= o, 0.30, 0.40, 0.80, and 0.90 measured at T = 80K. 
Background from the oxygen 2p band has been subtracted. In both figures, the DOS obtained by tbe 
LDA band calcul<ttion is plotted for comp<trison. 

The li nesha.pes of the observed spectra are 
similar to those obtained from the large di
mensional approach to the Hubbard model . 
Thus, we associate the higher frequency fea
ture to the lower Hubbard band (Lfffi) and 
the feature at the Fermi level to the quasipar-

ticle contribution. Moreover, as we change the 
value of x, i.e. , change the U / W ratio, we ob
serve a systematic transfer of spectral weight, 
and this is apparently reproduced by the se
ries of the theoretical spectra; we have cor
roborated that t.be observed systematic trans-
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fer of the spectrru weight is assigned to that 
between the LHB and the quasiparticle peak 
as a function of the interaction strength. Al
though we find that the basic features of the 
transfer of spectral weight are very well cap
tured by the model, upon a more detailed 
comparison one notes that some discrepancies 
remain; especially, in regard of t he shape of 
the narrow quasiparticle peak, and the lower 
energy edge of LIIB. The latter may be due 
to a lintitation of the IPT method to produce 
the exact linesbape of p(w) close to the Matt
Hubbard point.; this needs to be checked using 
a more accuxate assum pt ion for the bare (non
interacting) DOS. (Thls might be an intrin
sic feature at the large-d limit, which, then, 
would be removed by the inclusion of 1/d cor
rections.) The discrepancy in the shape of the 
quasiparticle contribution is related to the im
portant problem, i.e., the renormalization of 
the value of p(EF ). Although the intensity 
at Ep is well reproduced by the model calcu
lation, th is is due to t he poor resolution of 
the exper imental UPS spectra. As seen in 
Fig. 5.12, even in the high-resolution exper
iment, we cannot observe any traces of the 
sharp coherent peak. The peak seems to be 
mu h broader than the theoretical calculation, 
but the spedral weight (area of the peak) 
seems to be maintained as we found from the 
comparison in Fig. 5.14. 

The ratio of the spectral weight between the 
LHB and the quasiparticle peak corresponds 
to the quasiparticle residue Z, which is the 
renormalization factor of t he 3d band, while 
the spectral intensity at Er (p(EF)) multi
plied by 1/ Z is proportional to the effective 
mass m· /mb· T herefore, it is interesting to 
compare the effective mass deduced by this 
infin ite-d Hubbard model calculation to that 
deduced from t he thermodynamic or magnetic 
measurements which are reported in Chap
ter 4. 

Of course, we should be note l1ere that to 
explain both of the experiments consistently is 

a challenging problem, since the spectroscopic 
properties and the thermodynamical proper
ties belong to vastly different energy scales: 
the former be~g a high energy (0.1 ~ l eV) 
probe, while the latter probes electrons typi
cally within ksT (~ l meV) of EF. That is like 
using a sledge-hammer to crack a nut. Thus, 
there is indeed a-priori no reason to believe 
that the same model physk.s will be valid in 
both the regimes. This is one of the most im
portant problems in the physics of strongly 
correlated electron systems attracting a great 
deal of attention.9•92 We hope this work can 
be a milestone of t his attempt. 

From the U/W values estimated by the 
comparison in Fig. 5.14, we can calculate t he 
"thermal effective mass" (Eq. 4.6) defined as 

m· = ...:!_ = D (Er) 
mb ryLDA D LD"(Er) • 

where D w"(EF) is the density of states at Ep 
obtained by the LDA band calculation, and 
D (EF) is, in this case, defined as follows: 

~p(Er) = ~p0 (Ep) 

~ ( 1f~ ) 
1 Z x 17.316 (states/Ryd j(u.). 

In this theoretical calculation, the quasiparti
cle residue Z is obtained as 

( 
1 u) Z= 09 X 1 --x-. 1.69 w 

Thus, we calculate the value of m• fmb for 
each value of x. T he results are listed in Ta
ble5.I1l. 

As described in Chapter 4, the observed 
m' /mb is aroundl.5 , whilst the value deduced 
from t.he large-d Hubbard model (Table 5.III) 
shows drast ic enhancement as we decrease the 
value of x, i.e., increase the value of UfW. 
We consider that the above extreme discrep
ancies o[ the effective mass may originate from 
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TABLE 5.lU . Effective mass deduced from the comparison of the large-d Hubbard model to the measured 
UPS spectrum. See text in detail. 

X. DLD"(Ep) (statesfRyd jf.u.) U(eV} 1/Z m*/mb 
0.30 26.75 
0.40 26.34 
0.80 24.68 
0.90 24.27 

the important feature that LISA is a dynami
cal "mean-field" approximation of the large-d 
Hubbard model. 

However, here we had better lay specia l em
phasis on the fact that all the experimen
tal data have been compared to those 
of the LDA band calculation, as if the en
ergy dispersion of the LDA band c:~0A stood 
for c);, which is the energy of an ideal non
interacting Bloch electron. Indeed the LDA 
band-structure calculations give a good ref
erence for many weakly correlated materials, 
b11t the spurious self- interaction problem is ac
tually inherent in t he LDA potential as well as 
the problem that t he exchange potential is ap
proximated by a local "mean-fi elcf' potential 
in LDA. If we start from the LDA band cal
culation as a reference of the noninteracting 
limit, we need to compensate ail the short
comings of LDA by the so-caGed self- energy 
correction. 

Therefore, we have drawn an inference t hat 
the appru·ent discrepancies shown above are 
due to the ill-matched combination of 
LDA and LISA; both of which are kinds 
of mean-field approaches to the problem 
of electron correlations. With respect to 
this corollary argument, we further propose 
the following assumption: the self-energy 
for the proper correction to LDA should 
be nonlocal. This means the self-energy, in 
which all the interactions are confiJJed, should 
depend on the momentum k. Tl1is can be sat
isfied to improve either LDA or LISA (as a 
self-energy correction to LDA); however , the 

3.20 20.86 13.5 
2.90 7.82 5.1 
2.75 5.96 4.2 
2.40 3.83 2.7 

improvement of either LDA or LISA is oo 
challenging a subject to be treated here. 

Although this is surely one of t he most 
im portant problems in solid state physics at 
present, we need to keep it beyo·nd the scope of 
the present discussion. However, in the follow
ing, we will introduce the k-dependence phe
nomenologically in order to corroborate th 
above inference; this will eventually explain 
both the suppression of Pcxp(EF) and the per
t inent value of m• /mb consistently. 

First of all, we begin by defining a phe
nomenological expressiou of the k-dependent 
Greo::_n's f11nction. As described in Sec. 2.5 .2, 
the k-dependent Green's function can be gen
erally expressed by the following continued 
fraction expansion (Eq. 2.7), 

- 1 G(w,k) = _ , 
w- .ot0

A - E(w, k) 

where the self-energy of the system E(w, k) 
reads 

and £t0
A stands for the energy dispersion of 

a single-electron band obtaiued by the LDA 
band calculation. Th·is expression is valid 
asymptotically at high energies,32 so that this 
is applicable [or the analysis of photoemission 
spectra. 

The spectral DOS is obtained using the 
above Green's function following the relation-
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ship given in the Section 2.5.1 (Eq. 2.6), 

p(w) = _.!_ 100 

dez0AD(c~0A)lmG(k, w). 
" -= (5.4) 

The calculated p(w) is compared with the ob
served UPS spectrum p.,.p(w). 

On the other hand , th quasiparticle energy 
E'k is given as a. solution w = E"k of the equation 

(5.5) 

sing the definition of DOS, i.e., 

and 

I d4~A 1- -I = D LDA(£F )-1 , 
dk k=k,. 

the definition of the m• /mb (Eq. 5.3.4) is ex
pressed as 

tn* (5.6) 

Then, from the Eqs. 5.5 and 5.6, we deduce 
that t he effective mass is given by the follow
ing expression: 

m• 

X 

~~<e 1- _ + aR·~~f,wJ 1- _ 
dk k= kF k=k.-

ffiw X m.k . (5.7) 
ffib ffib 

This is the g('neral expression of the "ther
mal effective ma.ss"; in this expression, mw is 
called the "w mass" and m.k is called the "k 
mass."3o w mass is equal to the reciprocal 

quasiparticle residue z-l. (mw/mb describes 
the mass enhancement at EF due to tl1e dy
namical effects of on-site electron correlation, 
electron-phonon interaction , etc. mk/mb < 1 
causes the suppression of p(EF) through the 
k-dependence of the self-energy.) Thus, we 
deduce t he spectral DOS p(w) (Eq. 5.4) and 
the effective mass m• /rnb (Eq. 5.7) by assum
ing a phenomenological selfcenergy (Eq. 5.3). 

For simplicity, we truncate the above con
tinued fraction expansion of E(w, k) (Eq. 5.3) 
at the "modified Pade-level" L = 3 (see, 
Sec. 2.5.2 for details), i.e., up to s4, and Ws. 
Under the general requirements of t he self
energy near w = 0 and k = kp, together with 
the Fermi-liquid conditions, we write 

WJ (a - 1),o;~DA 

52 ..;g& 
WJ -i(~ +r) 
84 v'Kf 
ws 0, 

where a, g, ~ . and r are adj ustable parame
ters, all of which are real. and positive. We 
add k-dependence on w,, leaving the other 
parameters k-independent. The expression of 
w1 means the uniform widening of the energy 
bands for a > 1. Then, we obtain · 

E(w, k) = (a- l)ctoA 

~ r 
+ gw w + i~ w + ir · (58) 

Using this self-energy with four controlling 
parameters, we have calculated the quasi
particle spectrum p(w) , and compared it with 
the observed UPS spectra Pexp(w) of the poly
crystalline Ca1_.,Sr., V03 samples measured at 
80 K for various values of x. Tlte least-squares 
fits were performed in the quasi-particle ex
citation (coherent) regime (0.5 eV < w < 0). 
Adjustable parameters, a, g, ~. and r in 
Eq. 5.8 were varied to obtain the best fit. 

The parameters may be related to U and 
W accord ing to the second-order perturbation 

5.3.4. Ultraviolet pbotoemission spectroscopy 

in U. 105 In Cat- xS rx V03, however, we bave 
observed such a large incoherent band that we 
should interpret U and W as the renormalized 
ones u .• and tV •• : in this case, 

~~w •• 

and 

g~r - -
~ + r ~ -Im:E(-W.rr,k = kp) , 

and g reflects u .• , since mw/mb is equal to 
1 +g. The shift of the precursor of the LHB 
as we change the value of x will correspond 
to changes in U,.,. The precursor of the LHB 
(i.e. , the incoherent band) cannot be repro
duced by the present form of E(w, k). How
ever, we take into account the evolution of the 
incoherent band through the normalization of 
the spectra; i.e., the relative magnitudes of 
the intensity of the incoherent band r ioooh to 
that of the coherent band I , •• is related to the 
w-mass as106 

m., ~ 11"••• + 1 . 
'T)'tb J coh 

Figure 5.15 shows the results of the anal
ysis for SrV03 and CaV03 . Open circles 
in the figure correspond to the 'UPS spec
trum of t he poly-crystalline samples mea
sured at 80 K. The best fits of the cal
culated p(w)'s to the experimental spectra 
Pexp(w)'s within the energy range of 0.5eV < 
w < 0.3 eV are shown in Fig. 5.15 for SrV03 
[curve (a3)] and CaV03 [curve (c)]. Ad
justable parameters for tlte best fits are listed 
in Table 5.IV with the effective mass, w
mass, and k- mass deduced from the param
eters. The deduced values of m• /mb are in 
fairly good agreement to those observed by 
the specific heat measurements,46

•
47 magnetic 

susceptibili ties,46 and optical conduct ivities.61 

Before we discuss the results in more detail, 
it is worthwhile to see how p(w) depends on 
each parameters. First, we try to ignore the k
dependence of the self-energy; i.e. , we put a= 

71 

ru (eV) 

FTG. 5.15. Comparison between the LDA DOS 
D(w) (dash-dotted line) for SrV03, the calcu
lated spectral DOS p(w), and the UPS spectrum 
(open circles) Pexp(w) for poly-crystalline SrV03 

and Ca VOs samples measured at 80 K. For curves 
(al), (a2), and (a3), mw/mb ~ 4.1 and the spec
tra have been multiplied by a Fermi distribution 
function at T = 80 K. See text for details. 

1, which means mk/mb = l. Curve (al ) shows 
p(w) for mk/rnb= 1 and m"/mb=mw/mb= 
4.1. However, (a1) is, though multiplied by 
a Fermi distribution function , not convoluted 
by a Gaussian. Then, in curve (a2) , we take 
into account the instrumental resolution (the 
Gaussian is convolu ed) . From the curves 
(al ) and (a2), it is clear that a sharp coher
ent band in p(w) due to a mass enhancement 
of m.,/mb = 4.1 can not be suppressed suf
ficiently by the instrumental broadening, so 
that we can not fit the experimental spectrum. 

Therefore, we switch 011 the k-dependeuce 
of the self-energy. we take rnk/rnb = 
0.32, which reduces the effective mass from 
m•jm.b=mw/rnb= 4.1 to m·/mb= 1.3, and 
the calculated p(w) fits well to the experimen
tal spectrum [curve (a3)] . 

As we demonstrated by comparison with 
the large-d Hubbard model, we can obtain 
an alternative fit without introducing the k
dependence of the self-energy, as depicted by 
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TABLE S.lV. Adjustable parameters for the best fits of the calculated p(w)'s to the experimental spectra 
Poxp(w) 's within the energy range of O.SeV < w < 0.3eV. The p(w)'s obtained using these parameters 
are shown in Fig. 5.15 [curve (a3) for SrVOa and curve (c) for CaVOa]- Deduced effecttve mass, w-mass , 

and k-mass are also listed. 

g t; (eV) r(eV) 

SrV03 (a3) 
CaV03 (c) 

3.2 
7.1 

3.1 
19 

12 
8.0 

curves (bl) and (b2) for SrV03 in Fig. 5.15. 
However , we need to assume a large w-mass 
to obtain a sufficient fit. For curves (bl) 
a nd (b2), mk/mb = 1, m~ /rnb = mw/mb = 45. 
The extremely sharp peak at EF is obscured 
by the instrumental broadening. Although the 
result of th is fit seems to be acceptable, it is 
difficult to explain the strong discrepancy be-
tween the value of m• /mh = 45 in th is lit and 
m*/mb ~ 1.5 deduced from the other experi
ments. Thus we have corroborated again that 
k-dependence of the self-energy is necessary 
both to fit the observed spectral DOS and to 
explain the value of the effective mass consis

tently. 
Let us now estimate t he U JW values using 

the parameters for the best fits. U J2 corre
sponds to the energy of the incoherent peak 
(~ L6 eV for SrV03 and ~L7eV for CaV03). 
The half band width 

w m·w .• 
2 ~mb2 

is~ L3eV for SrV03 and ~LOeV for CaV03, 
which are comparable to those of the LDA 
calculation. Accordingly, the U JW value 

becomes107 

U/W= { 

~1.2 for SrV03 

~1.7 for CaV03 

In Fig. 5.16, curves (a) and (·)show L;(w) = 
D(w, k = kp) for SrV03 [corresponding to 
(al ), (a2) and (a3) in Fig. 5. 15] and CaV03 
[(c) in Fig. 5.15], respectively, plotted against 

0.31 
0.08 

0.30 
0.13 

4.1 
19 

1.3 
2.6 

"' (eV) 

FIG. 5.16. Self-energies at the Fermi surfaee 
~(w) = ~(w , k = kF) as a function of the quasi
particle excitation energy w. The self-energy (a) 
for SrV03 is used to reproduce (al), (a2) and (a3) 
in Fig. 5.15, and the self-energy (c) is for CaV03 . 

the quasiparticle excitation energy w. It is 
obvious from the figme that L;(w) behaves as 
E(w) ~-aw-ibw2 in the region near Ep. This 
region becomes narrower in going from SrV03 
to Ca V03 representing the narrowing of the 
coherent hand with increasing U /W. 

Let us now attempt to extend the above 
trial for CaV03 and SrV03 to the other UPS 
spectra of the poly-crystalline Ca1-xSr., V03 
samples with various x. The results are sum
marized in Fig 5.17. The figure shows that as 
x decreases, mw/mb increases almost mono
tonically up to ~ 20. This corresponds to 
the large spectra l weight redistribution as the 
value of U /W increases. Nevertheless, the ef
fective mass m' /mh is not so much enhanced, 
because of the decrease in mk/mb with de
creasing the value of x. In CaV03 the effec
tive mass m· /mb is thus not so large, although 
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3.0 2.0 l.O 0.0 
Binding Energy (eV) 

~ 1.0 3.0 '2.0 1.0 -1~ 

Bin(iing Energy (eV) 

FIG. 5.18. UPS spectra ofsingle--crystallineSrV03 (left) and CaVOa (right) measured at T = 13.8, 40.0, 
and 80.0 !(. 

a 
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n 3.0 
E 

1: 2.0 
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Sr cone. (x) 
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0.2 ~ 

0.0 

1.0 

FlG. 5.17. Effective masses deduced from the UPS 
spectra of Cat-zSr:x. vo3. As X decreases, rnw/rn·b 
shows a fairly large enhancement (top) . Neverthe
less, the effective mass m • /m.b is not as enhanced 
as mw/m.b (bottom) , because of the decrease in 
mk/mh-

the spectral weight redistr ibu tion is very large. 

Viewed in this light, we have now been able 
to corroborate the significant i uferencc made 
on page 69; i.e., k-dep e ndence of the self
en e rgy is necessary for the prope r cor
r ect io-n to LDA. The k-dependence of the 
self-energy may work to compensate the self
intemction problem inherent in the LDA po-

tential. Moreover, we consider the exchange 
potential, which is approximated by the local 
"mean-fiel<f' potential in LDA, is also com
pensated iu this k-dependence of the self
energy. Thjs strong k-dependence is not nec
essary to be considered in conventional met-
als. Therefore, it seems reasonable to advo
cate that, in the vicinity of a Mott transition, 
nonlocal interactions, which are not treated 
sufficiently in LDA as well as LISA, become 
fairly important. The long-range interaction 
includes electron-optical-phonon i-nteraction, 
spin fluctuations, and electron-electron inter
action through the long-range Coulomb and 
exchange interaction. The microscopic nature 
of the nonlocal interaction remains to be clar
i£ed in future experimental and theoretical 
studies. 

It may be worth pointing out, in passing, 
that the coherent part of the observed UPS 
spectrum does not show any significant tem
perature dependences. Figure 5.18 shows the 
UPS spectra of s ingle-crystalline SrV03 and 
CaV03 measured at T = 13.8, 4.0.0, and 
80.0 K. If the coherent peak is so sharp as 
to be merely smeared out by the experimental 
resolutio11 , it must show a large temperatme 
depend nee. However, such a large tempera-
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tun: dependence was not observed, thus con
firming t.he validity of the discussion above. 

5.3.5. New attempt to decompose the surface 
and bulk contributions 

With all the consistent discussion in the pre
vious sections, it has been questioned that the 
electronic structure of Cal_.,Sr., V03 at the 
surface migl1t be different from that in the 
bulk, and this might be a reason for the large 
peak at ~ 1. 7 e V. From this point of view, 
K. Maiti and D.D. Sarma in liSe proposed 
a reexamination of the photoemission spec
tra of Ca1_,Sr., V03 system along with their 
state-of-the-art analysis method of photoemis
sion spectroscopy,28 i.e., th decomposition of 
the surface contribu ion and bulk contribu
tion . This study was thus performed as a col
laboration between ETL and US. 

We d Tibe here the prcliminary data, 
which eventually corroborated the basic ar
gument in Sec. 5.3.4, though the parameters 
us~d previously need to be modified somehow. 

In order to separate the surface and bulk 
contributions, we first note that the total 
spectrum p(w) at any given photon energy is 
given28 in terms of the surface spectrum, p'(w) 
and the bulk spectrum, pb(w), by 

p(w) = (1- e-dfw)p'(w) + e-d/wpb(w)' 
(5.9) 

where d is the thickness of the sm·face layer 
with the altered electronic structure compared 
to the bulk and ), is the penetration depth of 
el ctrons. Thus, the intensity ratio of the sur
face and the bulk contributions ir1 any spec
trum is (1- e-clf>.)/e-df>. = edf>.- 1. 

The intensity contributions from the surface 
and the bulk is determined from the V 2P3/2 

spectrum, assuming that the peaks "b", "a'· 
and "c" in Fig. 5.5 in Sec. 5.3.2 arise from 
y3+ yH and v>+ entities and the vJ+ and 
v5+' components are coming from the sur
face electronic state. This yields a value of 
(d/ >.) for V 2p electrons with a kinetic en
ergy of about 950 eV. (Note that, in the ex
periment at IISc, we used AI Ka radiation, 
by wbich a photoelectron from Ep has kinetic 
energy of ~ 1480 eV, instead of Mg Ka ra
diation.) Since, ,\ is known29 to be propor
tional to the square root of the photoelectron 
kinetic energy in the higher energy limit, we 
can estimate the corresponding d/ A for the 
valence band (VB) electrons by multiplying 
the d/ A obtained for the V 2p electrons with 
j950/1480 in the case of each composition. 
Thus, we obtain d/ A for the VB spectrum with 
AI I< o radiation to be 0.49, 0.53, 0.57 and 
0.47 for x = 0.0, 0.2, 0. 7 and 1.0 respectively 
in Ca1_xSr., V03 series. 

We also need to estimate the same quan
tity for the VB spectrum excited with He I 
radiation, d/AH.I· Unfortunately there is no 
universally accepted dependence of A on ki
netic energy in the lower energy limit, unlike 
the higher energy .limit. In view of this, we 
assume that the AxPs/ ,\", 1 in Cai-xSr., VO:J 
is the same as in the closely related series 
Ca1_.,La., V03 , where it was experimentally 
estimated 28 

Therefore, we obtain d/ A"• 1 to be 1.67, 1.81 , 
1.95 and 1.61 for x = 0.0 , 0.2, 0.7 and 1.0 
re. pectively. 

Then, Eq. 5.9 becomes two simultaneous 
equations for each energy point w, 

PxPs(w) 

Pu.1(w) 

(l _ e-df>.x•s)p'(w) + e-d/~x•si(w) 
(1- e-d/~ 11 • 1 )p'(w) + e-df>.u. 1l(w) . 
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Since we rneasur Px•s(w) and PHo 1(w) at ev
ery energy point w, the above two equations 
can be solved axactly for the two unknowns 
p'(w) and pb(w). 

In this procedure, the most uncertain step 
has been to transfer Axps(\H. 1 value from 
the Ca1-xLa., V03 series to the present case 
of Cai-xSr. V03, while all other quantities, 
Px•s(w), Pu.1(w) , etc. are directly obtained 
from axperimental results. Fortunately, the 
final resu lts for pb and p• are not very sensi
tive to this particular choice of Axps/ A"• 1; we 
have checked this explicitly by extracting pb 
and p' for a wide range of Axps/ Au. 1 between 
3.0 and 4.5. Outside this range of values, the 
extracted pb and p' develop negat ive intensi
ties which are clearly unphysical. Therefore, 
this method of extracting the spectral func
tions for the bulk and the surface appears to 
provide stable and meaningful solutions with 
relatively small uncertainties. 

It is clear that the approach here is gen
eral enough and therefore, can be applied to a 
wide range of cases allowing a reliable separa
tion of the surface and bulk related electronic 
structures. 

We show the surface and bulk contributions 
(p·'(w) and pb(w), respectively) to the photoe
mission VB spectra for Ca\103 in Fig. 5.19, 
and for Sr\103 in Fig. 5.20. The surface spec
tra (filled circles in Figs. 5.19 and 5.20) are 
invariably dom inated by the incoherent fea
tures. First we note that the surface of this 
series has essentially vJ+ and vH like species 
arising from a charge disproportionation 2V4+ 
-+ y3+ + yS+. v>+ has 3d!l electronic config
uration and therefore does not contribute any 
photoemission signal over the energy range of 
Fig . 5.19 and 5.20. This means that the sur
face spectra shown in Figs. 5. 19 and 5.20 arise 
entirely from y3+ -like species at the surface. 
Interestingly, the surface V3+ spectral func
tion of Ca V03 has virtually no intensity at 
Er- suggesting an insulating state, while the 
surface spectrum for SrV03 has a finite spec-

4.0 

. . ·- : . . • : - . ... -. \ . . . 
2.0 0 

Binding Energy (eV) 

FIG. 5.19. Surface and bulk contributions to 
the photoemission VB spectra of single-crystalline 
CaV03 sample at 80.0K. See text for details. 
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FIG. 5.20. Surface and bulk contributions to 
the pbotoemission VB spectra of single-crystalline 
SrV03 sample at 80.0 K. See text for details. 
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tral intensity at Ep signifying a metal. 
Thus, we found that a metal-insulator tran

sition occurs between SrV03 and CaV03 at 
t.he surface, while the bulk electronic struc
ture remains metallic. The reduced atomic co
ordination number at the smface, along with 
the fact that half of the sites at the surface 
are v5+, leads to a decrease of near-neighbor 
hoppings as well as to a decrease of the effec
tive screening, gh>ing rise a decrease in Wand 
an increase in the strength of U compared to 
th bulk; consequently, there is a remarkable 
increase in the correlation strength, U fW, at 
the surface compared to the bulk. This, in 
spectroscopic terms, enhances the intensity of 
the incoherent feature; but more fundamen
tally, t his enhanced correlation at the surface 
is the driving force for the charge dispropor
tionation (2VH __, yl+ + vS+) at the sur
face in contrast to the bulk. Systems with 
such charge disproportionation may be mod
eled with a "negative effective U" scenario. 
Such clisproportiouation, or more generally, a 
phase separation bas indeed been suggested as 
a possibility for very strongly correlated sys
tems. This is the first experimental realization 
of tllis phenomenon induced by the presence 
of extreme correlabons that arise due to the 
reduced dimensionality at the surface. 

Although this method is still preliminary 
as d ue to an insufficient resolution, naive hy
po heses , and arbitrariness for choosing pa
rameters, this measurement has cast a ques
tion that the discussion in t he previous section 
might be completely wrong as influenced by 
the surface contribution. Since we know that 
it is the most preferable attitude at tllis stage 
to recognize t hat the valid argument can only 

D(O) of semi-elliptical DOS 

be done on the common results extracted from 
both the ordinary and th is brand-new exper
iments, in view of !;his, let us examine in tllis 
section the bulk spectrum in more detail and 
try to extract the common properties. 

As clearly seen, a large proportion of the 
incoherent part might be due to the surface 
contribution , however, there still remains a 
significant amount of the incoherent contribu
tion. Therefore, we try to assign the spectrum 
again to the theoretical prediction given by 
the Hubbard model treated within the LISA 
methodn 

We have used a half-filled semi-elliptical 
DOS D"'(w) for the nou-interacting limit 
(U = 0) of the calculation. In Fig. 5.21 (top), 
we have plotted LDA DOS, the semi-elliptical 
DOS with the band-width W = 1.4eV, and 
the DOS of free-electrons with t he band mass 
mb of 1.54m 0 , where rn0 is tbe bare electron 
mass. The free-electron DOS is expressed as 

3R D(w)=- 1+-, 
2Ep <F 

and the Fermi energy Ep is defined as 

Ep = ~ (7r2h3 ~)2/3 _.!__' 
2 v d 'mb 

where V is the volume of the UJJi t formula of 
Ca. V03, and d is t he number of the band de
generacy which is set to 3 in this case. This 
means that D(O) is proportional to both mb 

and d213 . The band mass Tnse of the semi
elliptical DOS is defined as m. •• as 

- D(O) of free-electron DOS with 1nb = mo 

8Er. 
3rrD · 
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As is apparent from Fig. 5.21 (top), the 
occupied part of LDA DOS looks similar to 
the DOS of the .free-electron with mb = 

1.54m0 • This means, in a sense, that LDA 
can be an appropriate substitute for the "non
interacting DOS", to which we apply elec
tron correlations by the self-energy correction. 
But, as we discussed above, this is not true, es-

Bindii!&EI'Ieru{eVJ 

FIG. 5.21. Top: LDA DOS o! CaV03 plotted 
with the senli-elliptical DOS with W = 1.4 eV , 
which is the U = 0 limit of the largc-d Hubbard 
model calculation using the LISA method, and the 
DOS of the free-electron with mb = 1.54m.o for 
comparison. Bottom: Bulk contribution to the 
photoemission spectrum of CaV03 at 80 1< (open 
circles), calcu lated spectral DOS for U = 2.0eV 
and D = W/2 = 0.7eV (solid liue), which is 
obtained by multiplying the Fermi-Dirac function 
and a Gaussian convolution to the raw theoretical 
DOS (dashed line). The r·solution (full-width at 
the half-maximum o! the Gaussian) is 0.58eV. 

pecially under the presence of the strong elec
tron correlations. 

Meanwhile, the semi-elliptical DOS with 
W = 1.4 eV captures the band-width of the 
occupied part and the intensity at w = 0. 
Given that this semj-elJiptical DOS is a rea
sonable substitu te for the U = 0 limit of this 
Ca V03 system, M. J. Rozenb •rg has calcu
lated, in collaboration, the spectral DOS by 
the large-d Hubbard model treated within the 
LISA method. The result is depicted in the 
bottom of Fig. 5.21; we cannot reproduce the 
experimental spectrum at all. This result in
dicates that it is impossible, without changing 
this smaU value oCW, to iit the experimental 
data sufficiently. Moreover, the ffective mass 
deduced from this calculation, 

m• -d = .!_ x m,... ~ 9.8' 
m0 Z TrL0 

becomes extremely large, and is inconsistent 
with the value, 

deduced from the Pauli paramagnetic sus
ceptibili ty and the electron ic specific h.eat 
coefficient.46 

Then, we have varied both U and W as 
fitting parameters. Figw-e 5.22 shows a re
sult of the fitting, in which U is taken to be 
2.0 eV and W is 2.4 eV. This value of W is 
much larger than t hat of LDA DOS as clearly 
demonstrated in Figure 5.22 (top). The semi
elliptical DOS with W = 2.4cV is broader 
~h an LDA DOS and, thus, there is a signifi
cant depletion of the intensity at w = 0. Using 
these parameters, we can fit the bulk contribn
tion fairly well. Moreover, the effective mass 
is 

111,"' 1 111se 
mo = Z X 

7110 
= 2.2 X 0.79 = 1.7, 

which is not so different from the experiment 
value. Tbe remaining discrepancy can be 
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BmdlngEnciKY(t:VJ 

FIG. 5.22. Top: LDA DOS of CaV03 plotted 
with the semi-elliptical DOS with W = 2.4eV, 
which is the U = 0 limit of the large-d Hubbard 
model calculation using tbe LISA method , and 
the DOS of the free-electron with mb = m0 for 
comparison. Bottom: Bulk contdbution to the 
photoemissiou spectrum of Ca V03 at 80 K ( op n 
circles), calculated spectral DOS for U = 2.0eV 
and D = W/2 = 1.2eV (solid line) , which is 
obtained by multiplying the Fermi-Dirac function 
and a Gaussian cmwo.lu tion to the raw theoretical 
DOS (dashed line). The resolution (fuiJ-,vidth at 
the half-maximum of the Gaussian) is 0.58eV. 

somewhat explained by considering the band 
degeneracy d; D (O) oc d213 = 2.08 for d = 3, 
and d213 = 1.59 ford = 2. (In CaV03, the t29 

band is not completely 3-fold degenerate.) 
Thus, we hav corroboraLed again that a 

large depletion of the intensity at w = 0 is 
necessary to explain both the shape of the 
spectrum and the value of the effective mass 

FIG. 5.23. Schematic picture describing how we 
can obtain appropriate theoretical p(w) from LDA 
DOS by the self-energy correction. 

consistently. This is depicted schematically in 
Fig. 5.23. 

For comparison, here we try to fit the 
bulk spectra by the self-energy correction of 
the LDA DOS with the k-dependent phe
nomenological self-energy of Eqn. 5.8. The 
least-squares fits were performed in the quasi
particle excitation (coherent) regime (0.5 eV < 
w < 0) . Adjustable parameters, a , g, 6 , and 
r in Eq. 5.8 were varied to obtain the best ftt. 

Figure 5.24 and 5.25 shows the results of 
tbe analysis for SrV03 and CaV03, respec
tively. Adjustable parameters for the best 
fits arc listed in Table 5.V with the effective 
mass, w-mass, and k-mass deduced from tbe 
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TABLE 5.V. Adjustable parameters for the best fits of the calculated p(w) 's to the bulk spect,ra of SrV03 
and CaVO, within the energy range of 0.5eV < w < 0.3eV. Deduced effective mass, w-mass, and k-mass 
are also listed. (SC stands for the self-energy correction.) The effective rnasses obtained by the largc-d 
Hubbard model calculation using LISA are also listed for comparison. The k-mass of the latter mk/mb 
corresponds to m-/mb, where mb is the LDA band mass. 

a .9 Cl. (eV) 

SrV03 (SC) 1.87 1.52 65.4 
SrV03 (LISA) 
CaV03 (SC) 2.54 2.92 !14.8 

CaV0,1 (LISA) 

I ..., 30 

\ 
~ 

3. SrV03 (bulk) 

"' ~ s 20 
~ l 
~ \ 
Cl 10 

l 

~ 
<:>. 

2.0 

> 1.0 .,~ 

~ 
0.0 

.::.clo.. -1.0 
Jl 
~ -2.0 

lmL(ru, k:tF) "~• 

\ ::: 
.. -- -~------- .. --- .. -\- __ / : .. _ ~- ~- .. -.. -

"4 -3.0 L__L_L__L_,__L_JL__L_J _ _l__J 

-3.0 -2.0 -1.0 1.0 

OJ (cV) 

FIG . 5.24. Top: Comparison be~ween the 
LDA DOS (dashed line), the calculated spec
tral DOS (solid line), and the bulk spectrum 
(open circles) for SrV03 . For the calculation, 
mw/mb ~ 1.35 and the spectra have been 
multiplied by a Fermi distribution function at 
T = 801<. Bottom: Self-energies at the Fermi 
surface E(w) = E(w, k = kF) as a function of the 
quasiparticle excitation energy w. 

r(eV) mk/mb mw/mb m"/mb 
O.Q38 0.54 2.5 1.4 

0.48 1.8 0.88 
0.013 0.39 3.9 1.5 

0.52 2.2 1.1 

-1.0 1.0 

w (cV) 

FIG. 5.25. Top: Comparison between the 
LDA DOS (dashed line) , tb calculated spec
tral DOS (solid line). and the bulk spectrum 
(open circles) for CaV03 . For the calcula
tion, mw/mb ~ 1.54 and the spectra have been 
multiplied by a Fermi distribution function at 
T = 80 K. Bottom: Self-energies at the Fermi 
surface E(w) = E(w,k = kF) as a function of the 
quasiparticle excitation energy w. 
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parameters . The effective masses obtained by 
the l>trge-d Hubbard model calculation using 
LISA are also listed in the table for compar
ison. The k-mass of the latter mk/mb corre
sponds to m.sc/mb, where mb is the LDA ba nd 
ma.c:;s. 

We can estimate the U / W values using t he 
parameters for the best fits. U /2 corresponds 
to the energy of the incoherent peak ( ~ 1.5 e V 
for both SrV03 and CaV03). The half band 
width 

W m,.W,rr 
2 ~mb2 

is ~L6eV for SrV03 and ~ 1.4 eV for CaVOa. 
Accordingly, the U JW value becomes107 

{ 

~0.94 

U/W = 
~ 1.1 

for SrV03 

for CaVOa 

For t he bulk spectra of SrV03 and CaV03, 
the results of LISA with broad bare DOS and 
the k-dep endent self-energy correction of LDA 
are not much different. 

Thus, we have extracted the common prop
erty from both the ordinary UPS experiments 
described in t he previous section, and t he new
born method in t his section. The important 
consensus is t hat LDA overestimates D (Er) 
as well as underestimates the bare bandwidth 
compared to LISA. This discrepancy between 
LDA DOS and bare DOS of DMFT in terms 
of the bandwidth and the D(Er) was indeed 
the basis for invoking the non local self-energy. 
One obvious implication of our results is that 
the DOS obtained from LDA cannot be in
terpreted as the bare non-interact.ing DOS, 
required as an input to the mean-field-type 
many-body formalism. 

As we have described repeatedly in this 
chapter, the necessity to consider the k
dependence to t he self-energy is aHrihuted to 
the fact that neither LDA nor LISA can cap
ture the nonlocal interaction properly, which 
may be significant near the Mott transition. 

L t us consider this issue more concretely. 
For the free-electron gas, the LDA calculation 
gives a band-structure which is almost identi
cal to that of the non-interacting electrons 

However, in LDA, the exchange poten tial is 
approximated by a local potential, and, thus, 
k-dependence of the self-energy is forced to 
be substantiaUy different from zero. On t he 
other band, the Hartree-Fock approximation 
(HFA), for example, can properly deal with 
t he non-locali ty of the exchange interaction. 
Therefore, it gives us a good estimat ion how 
much significant the k-dependence is, as we 
compare HFA to LDA. For the free-electron 
gas, HFA gives a one-electron energy disper
sion 

n?k2 
c(k) =-

2mo 

2e
2 

( 1 1 - x
2 

1 11 + x I) -kp -+--n --
" 2 4x 1 -x 

where x = kfkp. Since LDA gives 

li2k2 
c(k)=-, 

2m.o 

if we start from LDA, t he "occupied" band
width has to be increased by ~ 2!2 

kr 
due to the effect of the non-local e.xchange 
interaction. 52 

The screening effect, which is neglected in 
HFA, reduces this effect to some extent. We 
think when the system is close to a metal
to-insulator tran ition boundary, carriers can 
no more afford to screen long-range electron
electron Coulomb interaction sufficiently and 
the electric polarization of constit uent ions 
becomes .important. This can be realized in 
most of the transition metal oxides, because 
the density of carriers are significantly smaller 
in t hese metallic oxides than t hat of conven
tional metals. Morikawa et al. , has actually 

5.3.6. S ummal'y 

calculated for CaV03 that, when the long
range Coulomb interact ion is screened by the 
electric polarization of constituent ions (£00 ~ 

3 ~ 5 eV), the band widening of the "occu
pied part" becomes ~ 0.5 e V. 62 This seems 
to be fairly consistent with our result seen in 
Fig. 5.22 (top). 

Furthermore, the spin/orbital fluct uations, 
from which the nonlocal self-energy may also 
originate, can be enhanced near the Mott 
tr ansition boundary. These effect can, in some 
c~es, iud uce the long range order concomi
tant with MIT. 

In short, !;he k-dependence of the self
energy should be taken into account, when 
we analyze photoemission spectra based 
on the LDA band structure. However, it 
is difficul t to estimate the "real" k-dependence 
of t he self-energy, which cannot be measured 
by any other electro.n.ic measurements. This 
is because, by the name of "k-dependence", 
we have to compensate the self-interaction ef
fect of t he LDA potential, as well as the other 
shortcomings inherent to t he model physics, 
such as the lack of degeneracy in the large-d 
Hubbard model. 

5.3.6. Summary 

ln this chapter, we have shown several re
sults of the high-energy spectroscopies, such 
as XPS, XAS, and UPS, for the perovskite
type 3d1 metal.lic system Ca1-"Sr" V03. 

The core-level XPS has revealed that the 
V 2p a nd 0 l s spectra consist of three peaks 
even in t he end members CaVOa a nd SrV03. 

We believe t hat this can be attributed to 
the intrinsic surface electronic states, wherein 
charge disproportionation (2V4+ -4 V3+ + 
V5+) may occur. 

Both the 0 1s edge and V 2p edge XAS 
spectra cannot be explained by either the clus
ter model calculations or the LDA band cal
cttlations. The spectra may be understood by 
the overlapping surface contrib ution , or rather 
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it might be explained by t he formation of the 
Hubbard bands due to the strong correlations. 

UPS spectra Pexp(w) were completely d if
ferent from LDA DOS, showing a systematic 
spectral weight transfer as we change the value 
of x. Pexp ( w) consists of two well-defined fea
tures: one is the coherent spectral weight at 
Ep corresponding to the quasiparticle excita.
tions, and t he other is the high energy excita
tions ~ 1. 7 e V signaling the formation of LHB. 
As we increa>e the magnitude of U/W, i.e. , 
increase the value of x , a large amount of the 
spectral weight is transferred from the coher
ent band to the precursor of L}ffi. 

Complementarily, we have performed a 
state-of-the-art analysis of photoemission 
spectroscopy to separat out the smface and 
bulk contributions from the total spectrum. 
This bas revealed a novel Ml transition caused 
by charge disproportionation at t he surface, 
which bas never been observed in other ma
terials. This MI transition is only realized at 
the surface with a change of x, while the bulk 
remains metallic. 

We have compared the spectra of ordinary 
UPS experiments and the bufk spectra of the 
newborn measurement , and have tried to ex
tract t he common properties. We calculated 
a spectral DOS using the large-d Hubbard 
model within the LISA method, as weU as 
a phenomenological introduction of the self
energy correction to the LDA DOS ba>ed on 
the Fermi-liquid picture. The S\lppression 
of p(EF), which was een in both the ordi
nary UPS a nd the new bulk spectra, has indi
cated that some correction to the local single
particle self-energy is necessary to reproduce 
the observed UPS spectra; this means that 
the DOS obtained from LDA cannot be inter
preted as the bare non-interacting DOS, re
quired as an input to the mean-field many
body for malism. Thus, by tentatively squash
ing all t he unknown interactions, which might 
~e omitted in either LDA or LISA, into t he 
k-dependence of the self-energy phenomena-
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logically, we could obtain reasonable values of 
m' /mb as well as the reasonable fit to the ex
p rimental spectra. _ 

It is difficult to estimate the intrinsic k
dependent contribution to the self-energy, be
cause the self-interaction effect of the LDA 
potential and the other shortcomings inher-

ent to the model physics may compensate 
or enhance the appareut contribution of the 
k-dependence. More elaborate experimental 
stud ies are expected to reveal the nature of 
t he nottlocal interaction, wltich becomes sig
nificant near the Matt transition. 

Chapter 6 

Photoemission Study of the Layered 
4d-Electron Superconductor Sr2Ru04 

Pm·t of this chapter has been published as 
Ref. 108, Ref. 109, and Ref. 110 

6.1. Introduction 

It has taken almost eight years after the dis
covery of the high Tc cuprate superconductor 
for another layered-perovskite superconductor 
to be fou.nd. Maeno et al. have discovered the 
superconduct ivity of the layered-perovskite 
Sr2RuO, with the same crystal structure as 
that of La2-zBa,.Cu04.ltl Sr2Ru04 exhib
ited superco.nductivity at Tc = 0.93K 112 and 
recently Tc = l.SOK was reportedi13 

As well as the origin of the interesting su
perconductivity, normal state electronic prop
erties of Sr2Ru04 are particularly interest
ing to be investigated. Highly anisotropic, 
quasi-two-dimensional Fermi-li.quid behavior 
at low temperature ( < 25 K), dominated by 
the network of Rn02 planes, have b en re
ported so far. 114

-
117 The out-of-plane resis

tivity is diHerent by a factor of 850 from 
the in-plane resistivity;114 both resistivities 
vary as T 2 with high accuracy below 25 K. 
The out-of-plane resistivity shows a maxi
mum around 130 K, above which it becomes 
.incoherent (semi-conducting), whilst the in
plane resistivity increases with a large li.n
ear component superimpo~ed on the T 2 term. 
This crossover of the transport properties 
from 3-dimensional to quasi-2-dimensional at 
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~ 130 K is achieved once the thermal distri
bution of the quasiparticle energy due to the 
phonon scattering becomes comparable to the 
transfer integral (effective bandwidth) a long 
the c-a.x:is, making the out-of-plane transport 
diffusive.114

•
115 The in-plane magnetoresis

tance is positive and large, and decreases as 
we increase the temperaturellB The oul;
of-plane magnetoresistance depends on the 
magnetic fi eld linearly and becomes negative 
above 75 K, while the in-plane magnetoresis
tance r mains positive. 118 Fmthermore, the 
temperature dependence of the Hall coeffi
cient is intriguing. It is negat ive below 30 K, 
changes sign at that temperature, and again 
returns to a negative value above 130 K.116·11 9 

I t has been pointed out that Sr2Ru04 must 
be close to a ferromagnetic instability, 120.121 
because the 3-dimensional analog of this mate
rial , SrRu03, is a ferromagnetic metal. Since 
ferromagnetic fluctuations eliminate the even
parity pairing channels for superconductivity, 
such as s-wave and d-wave pairing, jt has been 
suggested that superconductiv ity in Sr2Ru04 
should be accompanied by the triplet (p-wave) 
odd-parity pairing120•122-126 This scenario is 
supported by several experiments: 

l. The lack of a Hebel-Slichter peak in 
1/Tt in the nuclear quadrupole resonance 
(NQR) measurement, 127 

2. About half of the normal-state density 
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of states (DOS) remain in the supercon
d ucting phase, as ob erved by t he specific 
heat 128 and N QR 127 measurements. 

3. Nonmagnetic impurities destroy the su
perconductivity when the mean free path 
of carriers becomes smaller t ha n the su
percondu t ing coherence length.ll3 

4. The crit ical temperature Tc decreases 
drastically under pressure.129 

5. The superconducting coherence length in 
the ab-plaue is 26 times as large as that 
along the c-axis. 130 

6. Spontaneous appearance of an internal 
magnetic fi eld below Tc was observed by 
muon spin-relaxation measurements; this 
means the superconducting state violates 
the time-reversal symmetry. 131 

In order to understand the nature of the 
superconductivity, as well as the interest
ing normal state properties, direct observa
tions of t he electronic st ates are prerequisite. 
The de Haas - van Alphen (dHvA ) experiment 
bas shown three Fermi surfaces with two
dimensional topology, ll7 which agrees well 
with t he band calculation with local-density 
approximation (LDA).l32- l34 However , the 
angle-resolved pbotoemission (ARPES) ex
periments have shown topologically different 
Fermi surfaces. 135·136 Mazin and Singh bas 
propounded a n idea to explain t his disagree
ment, namely the surface relaxation effect . 
The cleavage plane in Sr2 Ru 0 4 is associated 
with the rock salt layers, IP.aviug STO plane at 
the surface. 137 lt has been reported that this 
SrO planes conta ins a lot of oxygen defects. 
The oxygen defects in SrO layer leave dangling 
bonds in the Ru02 layer; lbe dangling bonds 
consist of Ru yz or zx orbitals mixed with 0 
2prr orbitals toward the SrO layer. These dan
gling bonds are contracted to mod ify strongly 
the transfer integral between the Ru yz or 
zx and 0 2prr orbitaLs. Thus, t he smface 

electronic state becomes different significant ly 
from that of the bulle. The dHvA measure
ment probes bulk electronic structures, willie 
the ARPES measurements with the photon 
energy of t he vacuum ultra-violet region can 
merely probe a couple of layers from the sur
face. This issue should be settled by further 
experiments to observe the actual surface re
laxation. 

Nevertheless, it is necessary to study well
examined angle-integrated PES spectra of 
Sr2Ru04 to complement the above discus
sion on the ARPES spectra. We have 
confirmed with snfficient reproducibility the 
angle-integrated PES spectra by in-situ scrap
ing the surfaces. Our data are rather dif
ferent from those of other experiments,138·139 

in which the samples were cleaved and thus 
the data may not represent a complete angle
integrated spectra. Therefore, we hope that 
this study will trigger further theoretical and 
experimental projects to evaluate the validity 
of the photoemission results. 

We describe the surface deterioration and 
concomitant change of the spectral shape in 
Sec. 6.3.1. Several resnltsofresonance photoe
mission spectroscopy are shown in Sec. 6.3.2. 
Significant spectral weight r distribution of 
the Ru 4d band is shown in Sec. 6.3.3, and we 
discuss the mass renormalization factor , which 
is consistent with t he value obtained by the 
specific heat measurement. 128 

6.2 . Experiments 

The UPS measurement was performed us
ing a He discharge lamp in our laboratory 
setup (see Sec. 2.4.1), as well as us ing syn
chmtron light-source of the beam line BL-18A 
at the Photon Factory, High Energy Acceler
a~or Research Organization. 

The beamline BL-18A has been designed 
for e:-..'])eriments using vacuum-ultraviolet light 
a nd soft x-ray. The optical system of 
this beamline is illustrated schematically in 

6.3.1. Surface degradation 

FIG. 6. L Schematic pictlHe of t.he constant de
viation angle monochromator (CDM) of BL-18A. 
CDM consists of 5 mirrors, 2 sli ts, and 4 spheri
cal gratings covering the output photon energy of 
15 - l50eV. The slit Sl moves together with the 
mirrors Ml and M2. This is concomitant with the 
rotation of the grating. Focusing properties are 
also plotted. 

Fig. 6.1. The monochromator of t b.is beam 
line is a constant deviation angle monochro
mator (CDM) with four gratings and five mir
rors, which covers the energy range from 10 
to 150 eV, and has the resolution of 2000. We 
can change in situ the four gratings [G1, G2, 
and G3 (coated wit h gold ), and G4 (coated 
with aluminum)); G1 covers the photon energy 
range of 60-150eV, G2 covers 30 - 70eV, G3 
covers 20- 40eV, and G4 covers 10- 25 eV. 
We used the grating G2 for this experiment. 
The ultra-high vacuum chamber is equipped 
by the semi-spherical elect1·on energy analyzer 
(VG , CLAM-I) with the ~otal energy resolu
t ion of 56 meV. A liquid nitrogen cryostat is 
installed on the manipulator and we cool t he 
sample at around 80 K. 

For both experiments, we measured single
crystalline Sr2Ru04 samples of different 
batches, which were grown by a Boating zone 
method.112 We cleaned the surfaces of the 
samples thoroughly by in-situ scraping in an 
ultra-high vacuum spectrometer with a dia
mond file with particular care against possible 
surface degradation effects. During scraping 
a nd measurements, the sample temperature 
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was maintained at ~80K to avoid desorption 
of oxygen from the surfaces. 

By in-situ scraping of the surface. , the large 
spectral intensity ~ 5 eV below Ep, is elimi
nated drastically. Corresponding changes are 
a lso observed in Mg I<a x-ray photoemission 
spectra of the oxygen 1s core- level. The large 
satelli te peak at a binding energy of - 534 e V 
disappears by scraping as shown in Sec. 6.3.1. 

Even at - 80 J< , the suTfaces of the . am
ple were considerably reactive, so that a ll t he 
measurements were done within 20 minu tes 
after scraping. 

As a reference of EF and the instnunen
tal resolution, we measured the spectrum of 
Fermi cutoff of Au evaporated on t he sample. 

6.3. Results and Discussion 

6. S.l . Surface degmdation 

The Mg Ka XPS spectra of the oxygen l s 
core- level of Sr2Ru04 at - 80 K with a pho
ton energy of 1253.6 eV, which were taken be
fore and after scra ping, are plotted in Fig. 6.2. 
It is apparent that the large satellite peak at 
- 534 e V disappears drastically by scraping 
the sample surfaces in itu . We also notice 
that the shoulder at lower binding energies 
disappears by scraping and the width of t he 
main peak becomes narrower. Both features 
are considered to be due to surface degrada
tion, because, as seen in the figure, the 0 1s 
peak becomes much broader on ly after 6 hrs; 
t herefore we checked the 0 l s spectra in this 
way every time after scra ping. 

Since UPS measurement is more sensitive 
to the surface degradation , we should be care
ful enough to prevent the spectra from being 
affected by the surface degradation . Figure 
6.2 also shows the liPS spectra of the valence 
band of Sr2Ru04 at ~ 0 I<. Corresponding 
to the change of the 0 1s XPS spectra, be
fore the in-situ scraping, there is almost no 
intensity below- 3eV, which increases dras
tically by scraping. Tbe spectrum after scrap-
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0 ls hv = 30eV 
before scrnpmg r\ - 6 hrs. aner scraping 

hv = .1253.6 eV Just aflcr scraping 
- Just afler scrnping : \ 0 24 hrs. aficr scraping 
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FlG. 6.2. Left: XPS spectr<t of 0 ls core-level of Sr2Ru0, at ~ 80 K. The large satellite peak at 
~ 534 eV due to a surface degradation disappears by scraping the surfaces in sit.u. Right: UPS spectra 
of the valence band of Sr2 Ru04 at~ SDK A drastic change of the spectral intensity around the Fermi 
level was observed. 

ing is well reproducible so that it is reasonable 
to consider that this spectrum is not affected 
by the experiment-dependent (irreproducible) 
surface degradation. 

We regard, hereafter, the spectrum after 
in-situ scraping as an intrinsic quasi-particle 
spectrum Pexp<(w) of the bulk of SrzRuO, and 
compare it with t he non-interacting density 
of states (DOS) D(w), although there may be 
an effect of the intrinsic (reproducible) surface 
state as discussed in the previous chapter. 

6.3.2. Valence band resonance photoemission 
spectroscopy 

The angle-integrated valence band UPS 
spectra were taken with the photon energies 
from 27.5 eV to 60.0 e V. A part of the spectra 
is disp layed in Fig. 6.3. The intensity of each 
spectrum was normalized to the inte11Sity of 
the incident photon-flux. 

ln order to study the photon-energy de
pendence of the UPS spectra more clearly, 
we have subtracted the overlapped secondary 
spectrum, i.e., the so-called inelastic back-

ground, which represents the inelastic events 
after the photoexcited electron has left tbe 
site of the excitation process. The formula of 
the secondary spectrum function has been dis
cussed by Tougaard et al. intensively,98 how
ever, we used here the more simple Shirley 
background97 as shown in Fig. 6.4. 

The cross-section of photoelectron excita
tion, i.e., dipole transition probability, de
pends on both the angular momentum and the 
energy of the atomic orbital of the electron in 
the initial bound state. Fig. 6.5 shows the cal
culated photoexcitation cross-section for Il.u 
4d and 0 2p atomic orbitals. 

Actually, as seen in Fig. 6.3, the inten
sity of the different features of the UPS spec
tra changes as we change the photon en
ergy; thereby, we have compared the observed 
photon-energy dependence to the ca.lculated 
cross-section of photoelectron excitation. Al
though the photoexcitation cross-sec ion of 
the band electrons in the bulk can be cliffer
ent from that for the atomic orbital, it is still 
valid for a qua.litative discussion. 

The observed UPS spectrum, after sub-

6.3.2. Valence band resonance pbotoemission spectroscopy 7 

tracting the secondary background, has been 
divided into five regions, each of which con
tains the prominent features of the UPS spec
trum. We have examined the photon energy 
dependence of the four regions among them as 
defined in Fig. 6.6 (left). 

The photon-energy dependences are plotted 
in Fig. 6.6 (right) against the incident photon 
energy. The region A, i.e., the spectral DOS 
within ~2eV below Ep shows a resonance be
havior around 46- 54eV, which we describe 
later, as well as showing the rapid increase as 
we decrease the photon energy from around 
40 eV, followed by the mrudmum at around 
32 eV. The latter behavior is comparable to 
that of Ru 4d in Fig. 6.5; this lulls us into 
considering the spectral DOS in this region 
has dominantly the R u 4d character. 

This is corroborated by the resonance be
havior as discussed below. The region B, i.e., 
the peak at ~4eV shows monotonous increase 
as we decrease the photon energy; no reso
nance type behaviors were seen within the ex-

10 

Binding Energy (eV) 

FIG. 6.3 . Angle-integrated va.lence band UPS 
spectra of Sr2Ru04 ta.l<en by varying the photon 
energy from 30.0 e V to 60.0 e V. 

hv =60cV 
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FIG . 6.4. Secondary electron spectrmn has been 
subtracted from the UPS spectrum of Sr2Ru04 , 

assuming the simple Shirley background97 (dotted 
line). 
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FIG. 6.5. Calculated photoexcitation cross-section 
for Ru 4d and 0 2p atomic orbitals.140 

perimental accuracy. This is comparable to 
that of 0 2p in Fig. 6.5, implying that region 
B consists of mainly 0 2p cl1aracter. The re
gions C and D show simi lar behavior, and the 
photon-energy dependence is almost the aver
age of Ru 4d and 0 2p. This seems to suggest 
that this area consists of both Ru 4cl and 0 
2p character. However, the intensity of this 
area is considerably affected by the shape of 
the secondary electron background, so that we 
are not able to confirm the character through 
this ana.lysis a.lone. 
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FIG. 6.6. Left: Definition ofbinding-m>ergy regions A ( -0.2 ~ 2.l eV), B (2.1 ~ 3.6eV), C (4.6 ~ 5.7 eV), 
and 0 (5.7 ~ 8.5eV) for the UPS spectrum of Sr2Ru04 • Right: Total area of each region is plotted 
against the photon energy. 

The results of the above analysis for the 
photon-energy dependence are almost consis
tent with the pred iction of the LDA band 
calculation,132- 134 where the Ru 4d character 
is dominant near the Fermi level and the 0 2p 
character is superior around 2 to 4eV. 

The ob erved photon-energy dependence of 
the spectral inten. ity in this measurement is 
considerably different from what was reported 
so far by Yokoya et a1138 The significant en
hancement of the feature at ~ 6 e V toward 
the lower photon energy in Ref. 138 was not 
observed in our measurement. A resonance
like behavior over a fairly wide photon energy 
range about the peak at ~ 4eV was also re
ported in Ref. 138; howeve.r, this, too, was not 
seen in our e.xperiment. 

Here we note that some featw·es may show a 
Fano-li.ke fntensity modulation as a function of 
photon energy near the absorption threshold 
of a core-level, since quantum interference oc
curs between a direct excitation of a valence
band electron (photoemission) and autoion
ization (AI) or direct recombination, which 
follows the decay of the core- hole. The two 

processes can interfere with one another, re
sulting in greatly decreased transition rates 
below threshold and enhanced ones above it. 
This phenomenon is often referred to as reso
nance photoemission (RPES). Fig. 6.7 shows 
the core-level XPS spectrum of Sr2Ru04 for 
the R.u 4p and Sr 4s peaks. The binding en
ergy of the Ru 4p peak (we cannot separate 
the 4p1; 2 and 4p3; 2 peaks, because the spin
orbit splitting energy is much smaller than the 
e.xperimental resolution.) is ~ 46 eV, which 
should be the threshold energy (see Sec. 2.3.2) 
of the possible resonant behavior with the au
toionization of 

4tfl ~ 4E4d5 ~ 4d3 + photoelectron , 

where 4p denotes the photohole in the R\1 4p 
level. O~r measurement shows a weak but rec
ognizable resonant behavior in the intensity of 
region A for the photon-energy range between 
~ 44 eV and ~52 eV. On the other hand, re
gion B does not show any resonant behavior in 
th is photon energy range. These results cor
roborate our characterization for each feature 
of the UPS spectrum: i.e., region A originate 

6.3.3. Valence band ultraviolei plJOtoemission spectroscopy 89 

~ hv = 1253.6 eV 
"' ·a 
:::1 Ru4p 

..ci ........ Sr 4s i<l / '-" 

0 
,. , .. 

'til ...,..., 
c .. 
2 · .... · 
.5 .. 

60 50 40 30 

Binding Energy (eV) 

FIG . 6.7. Core-level XPS spectrum of Sr2Ru04 

for the Ru 4p and Sr 4s peaks. The binding en
ergy of the Ru 4p is ~ 46 e V, which should be the 
threshold energy of the possible resonant behavior. 

from the Ru 4d band, and region B from the 
0 2p band predominantly. For regions C and 
D, the photon-energy dependence is closer to 
t hat of A than that of B. Therefore, we can in
fer that the regions also contain some amonnt 
of Ru 4d character, consistent with the LDA 
band calculation. We could not observe snch 
a strong resonance effect as is observed in 3d 
transition-metal oxides and rare-earth com
pounds. This means that the intermediate 
state is not as localized in Sr2Ru04 , suggest
ing that electron correlations in tltis material 
are not so strong as those in some 3d transi
tiori metal compounds. 

Although we were circumspect in preparing 
the surface of this material as clean as possi
ble, and have confirmed the reproducibility of 
the spectrum in several independent measure
ments using different batches of single crys
talline sam pies, we cannot declare t hat our 
spectra reflect only the bulk properties, be
cause the clean smface can form an "intrinsic" 
smJace electronic state which is considerably 
different from that of the bulk. (See the dis
cuss ion in Sect. 5.3.5.) Yokoya et al. cleaved 
the sam pie in situ, 138 w bile we scraped the 

sample surfaces itt situ by a diamond file. A 
possible different condition of the sample sur
faces due to the difference of the surface prepa
ration might be a reason for the severe di.ffer
ence of the RPES results; we need to clarify 
this issue by more elaborate measur 1.11ents. 

6. 3.3. Valence band ultraviolet photoemission 
S)Jectroscopy 

The UPS spectrum P~xp(w) ofSr2Ru04 at~ 
SOK taken with the photon energy of21.22 eV 
is compared with the density of states (DOS) 
D0 (w) calcu lated by the linear-augmented
plane-wave method using the local density 
approx:imation (LDA). 132 D 0 (w) plotted in 
Fig. 6.8 is composed of the partial DOS's of 
Ru 4d and 0 2p band multiplied by the pho
toe.'<citation cross sections of the correspond
ing atomic orbitalsuo 

w (eV) 

FIG. 6.8. UPS spectrum p~•P(w) of Sr2Ru04 
at ~ 801( taken with the photon energy of 
21.22eV. Density of states D0 (w) obtained by 
the band calculation with LDA is also plotted for 
comparison. 132 

In order to compare P~xp(w) and D 0 (w) 
around EF, we have adopted appropriate 
backgrounds representing a tail of the 0 2p 
band below w,., -2eV. As shown in Fig. 6.9, 
we have subtracted the backgrounds from 
both P~xp(w) and D 0 (w), and thus obtainecl 
Pexp(w) and D(w) , respectively.t41 For D(w), 
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a Fermi djstribution function for t he tempera
ture of 80 K has been multiplied a nd a convo
lution with a gaussian correspondjng to the in
. trumental broadening (45 meV) has a lso been 
applied. Finally, both spectra were oormal
jzed to t he same area. 

As is apparent from th is figure, Pexp(w) is 
completely different from D(w). Large spec
tral weight transfer from around Er to the 
energy region w ~ -l.SeV can be clearly seen 
in this fi gure. 

FIG. 6.9. From both p~.(w) and D"(w) a tail 
of the 0 2p band was subt racted, and thus we 
obtained Pexp(w) and D(w). D (w) bas been mult i
plied by a Fermi distribution function for 0 I( and 
bas been convoluted by a gaussian corresponding 
to t.he instrumental broadening (45meV). 

This spectral weight redistribution is sjm
ilar to those observed in the 3d1 correlated 
metals.~9 •9 1 As discussed in the previous chap
ter, when we increase he electron correlation 
strength U / W from the non-interacting limit, 
one finds tbat DOS splits into a characteristic 
Wlree-peak structure. The central "coherent" 
quasi-part icl peak at Ep narrows as the elec
t ron correlation is increased , corresponding to 
he increase of t he effective mass. Tills feature 

i accompanied by the emergence of the lower 
and upper Hubbard bands at energies of the 

order of ± ~ - These "incoherent" peak ac
quire the spectra l weight whkh is transferred 
from the lower energy region as the coherent 
peak narrows . 

There is another feature jn the observed 
Pexp(w) that needs fur ther attention. It is ob
vious in Fig. 6.9 t hat Pexp(Ep) is much small r 

than D (Ep). l.n the dynamical mean-field 
approach to the Hubbard model, t he single
par t icle self-energy is local and hence one 
can map the problem to the single impurity 
Anderson model. Then, the coherent quasi
particle band corresponds to a Kondo reso
nance p eal< and Pexp ( Ep) should be exactly 
equal to D(Ep). This is inconsistent with our 
experimental results; t he coherent peak is seen 
to be considerably suppressed. One may sus
pect that the suppress ion of Pexp(Ep} may be 
caused by smearing of a sharp peak at Ep due 
to li@ted resolution (45 meV). In that case, 
the peak would have to be extremely sharp 
(the width should be at most 45meV), and 
correspondingly the effective mass should be
come extremely large. However, the electronic 
specific heat coefficient in Sr2Ru04 (39 mJ 
K - 2 mol - 1) 11 2 is not so enhanced, if one com
pares with the heavy Fermion system. The 
thermal effective mass m• / mb in Sr2Ru04 is 
3.8, where the band mass nth obtained by the 
LDA calculation . 132 These resu lts are similar 
to what we have observed in Cat-~Sr~ V03 
system (Chaps. 4 and 5}; t herefore, we try 
to consider the effect of non local interaction 
also in this system. Since the im portance of 
t he ferromagnetic spin fluct uation has already 
been pointed out for Sr2Ru04 , the sell~energy 
in which all the interact ion is included must 
be nonlocal; moreover the low dimensionality 
of this system limi ts the screening path, mak
ing the poorly screened long range Coulomb 
interaction play an important role. 

This kind of nonlocal interaction , 
such as the long-range exchange/correlation , 
spin/orbi tal fluctuations, and so on, is known 
to suppress Pex1,( Ep) as well as to supress the 
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effective-mass enhancement~9.62 (see, Chaps. 4 
and 5) . 

Following tills scenario, let us now turn to 
a more detailed comparison of Pexp(w) with 
D(w). Here, we try to consider the effect of 
nonloca.l interaction by the self-energy correc
tion of LDA DOS with the phenomenological 
k-dependent self-energy E(w, k)S9 As men
tioned in Chap. 5, LDA band calculation is 
generally used as a reference of a mean-field 
state to which the self-energy correctjon is 
a pplied . Although the LDA band-strnctme 
calculations give correct .Fermi surfaces, these 
calculations do not consider electron corre
lation eft'ects properly, because of the spmi
ous self- interacb on inherent in the LDA po
tential. .Furthermore, since t he exchange po
tentia l is a ppro>cimated by a local potential 
in LOA, the k-dependence of the self-energy 
should be taken into account if one analyzes 
photoemission spectra starting from the LDA 
ba nd-structure. 

As d cribed in Sec. 2.5 .2, the Green func
tion can be written , in general, by the (ol.low
ing continued fraction expansion (Eq. 2.7) , 

- 1 
G(w,k)= LOA , 22 

w-ek -w1- w-w3-~ 

w b..ich is valid asymptotically at 
high energies,32 where £~0A corresponds to the 
energy dispersion of a single-electron band ob
tained by the LDA band calculation. l.n this 
study, we use ct0

A instead of £~ which is t he 
energy of a non..interact. ing Bloch electron. 

E(w, k}, as used in Ref. llO, corresponds 
to E(w, k) obtaiued by truncating the above 
expansion at t he "modified Pade-level" L = 3 
(see, Sec. 2.5.2 for details), i.e. , up to s4 , and 
w~. Under the general requirements of the self
energy near w = 0 and k = kF together with 
the Fermi-liqwd conditions, we write 

W] (0:- 1)Et0A 

S2 .jgM 

W3 -i(.6. +f) 

84 ~ 
w5 0 , 

where 4oA deJ.JOtes the one-electron energy 
oi the LDA band calculation, and a, g, .6., 
and r are controUing parameters, aU of which 
are real and positive. w 1 is thus the only k
dependent parameter, while the other param
eters are k-illdependent. 

Then, we obtain 

E(w, k) = E(w) + E(k) , (6.1} 

where 

and 

.6. r 
E(w) =gww+i.6. w+if · (6.2} 

(6.3} 

It should be noted here that this is exactly t he 
same analysis explained in detail in Sec. 5.3.4, 
but later in this section, we introduce another 
level of the approximation. 

Using thjs self-energy, we have calculated 
the quasi-particle spectrum p(w) (see Eq. 2.6), 

1100 -p(w} = -- d£t0AD (<t0A)JmG(k ,w) 
11' -oo 

and compared it with the observed spectral 
DOS Pexp(w) using t he adjustable parameters 
o:, g, .6. (w~ = 0) and r . 

The k-dependence of the self-energy leads 
the thermal effect ive mass to be expressed as 
the prod uct of t he "k-ma.~s" mk/mb and the 
"w-mass" mw/mb (see Eq. 4.9},35•59,73 i.e., 

m' 

X der 1- - + 8Re~fk,w) 1- .. 
k=kF k;kp 

rnw mk 
- -x-. 

mb mb 



92 Chapter 6. Pbotoemissioo Study of t:be Layered 4rl-Eiectron Superconductor Sr2RuO, 

TABLE 6.1. Parameters used in the self-energy 
correction of the LDA DOS with Eqs. 6.1 , 6.2, and 
6.3 to fit the UPS spectrum of Sr2Ru0.1. 

g L.'>(eV) r(eV) 
2.50 10.1 0.247 0.101 

4.43 11.1 0.40 

In Fig. 6.10, it is demonstrated how p(w) is oh
tained from LDA DOS D(w) by the self-energy 
correction. First, D(w) is uniformly widened 

FIG. 6.10. p(w) is obtained from LOA DOS D(w) 
by the self-energy correction; D(w) is widened by 
E(k), and then , by the effect of E(w), a narrow 
quasi-particle band appears at EF· No correction 
for the finite temperature nor the instrumental 
broadening has been made. 

by introducing E(k), and th n by the effect 
o( E(w), a narrow quasi-particle band appears 
at EF. Once we multiply a Fermi distribu
tion function to p(w) and a gauss.ian for the 
instrumental broadening is convoluted, p(w) 
gives a reasonable fit to Pexp(w) as displayed 
in Fig. 6.11 (left) with the values of parame
ters listed in Table 6.1. 

The value of m' /mb is in fairly good agree
ment with that obtained from the electrottic 
specific heat coefficient: m' /mb = 3.8. 

Nevertheless, in the above discussion, t he 
naive in roduction of the k-dependent self-

energy, by mode!jog w 1 = (o: - l )£t0
A with 

o: = 2.5 and by leaving the other parame
ters k-Lndependent, results in the strong k
depettdence of the self- energy, i.e., E( , k) = 
1.5et0 A. This leads to a violation of the Koop
man's theorem21 

Therefore, we introduce here the k
dependence in a more appropriate fashion. 
However, since it is rather a tough issue to 
consider the k-dependence for the self-energy 
up to s4 and w5, we truncate the expansion 
at s2 aud w3 (single-pole expression), i.e., the 
Pade approximation up to L = 1. Then, the 
self-energy is expressed as 

0: WJ2 
E(w) =w1 - -- , 

w -wa 

where o: = - Im(wl)/lm(w3)I42 The leading 
(Oth-order of w) term of the low energy expan
sion of E(w, k) is wr + o:w3. The Fermi liquid 
condition requires E(O, kp) = 0, which means 
w1 +o:w3 = 0 at k = kF. Thus we assume here 
that w1 +o:w3 would vary llnearly in e~0' in the 
whole Brillouin zone, i.e., wr + o:w3 = ')'£t0

'. 

Eliminating w3 by this equality, we obtain an 
explicit expression for the self-energy: 

E w - WJ (aw + ')'e~DA)- ('Ye~DA )2 
( ) - (lW + W j - ')'ezDA 

(6.4) 

ln Fig. 6.11 (right), p(w) calculated using this 
E(w, k) is displayed with the LDA DOS D(w) 
and the UPS spectrum Pexp(w). Here we 
should note that we have focused our fit on the 
low energy region between - 0.8eV to O.leV, 
where the single-pole expression is most pre
cise. The parameters used here are listed in 
Table 6.ll 

Tbe deduced value of m· /mb is again in 
good agreement with that obtained from the 
spec.ific heat measurement . Thus, we have cor
roborated that it is a fairly reasonable ansatz 
to consider some appropriate k-dependent 
self-energy, regardless of its precise shape, for 
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FIG. 6.11. Left: p(w) calculated from LOA DOS D(w) by the self-energy concction with Eqs. 6.1, 6.2, 
and 6.3. Right: p(w) calculated from LDA DOS D(w) by the self-energy correction with Eq. 6.4. For 
both figures, D(w) has been multiplied by a Fermi distribution function for 80 K and has been convoluted 
by a gaussian corresponding to the instrumental broadening (45meV). 

TABLE 6.II. Parameters used in the self-energy 
correction of the LDA DOS with Eq. 6.4 to fit the 
UPS spectrum of Sr2RuO,. 

1.625 -9.551 - 0.254 + 0.938i 

4 .. 017 10.55 0.381 

explaining consistent ly the strong depletion of 
Pexp(w) at Ep concomitant with the moderate 
mass-enhancement, each of which seems to be 
inconsistent with the other in the dynamical 
mean-field treatment of the electron correla
tions. 

In case of Hubbard models at half-filling, 
regardless of dimensionality, the relat ion s2 = 
U j2 holds exactly, where U is the eRective 

value of the electron correlation. Applying 
the relation to the above parameters, we oh
tain U~l.3eV. Although U~1.3eV is not a 
small value, it is rather a reasonable value for 
this kind of relatively narrow 4d band system. 
However, the validity of this estimation of the 
U value remains debatable, since Sr2Ru04 is 
not half-filled and the ground state .is degen
erate. 

With all these issues, a valid argument is 
that the large damplng of the spectral inten
sity at EF is caused by the k-dependence of 
the self-energy. The small m.k/m.b means that 
8E(kF, Ep)f8k is large at k = kp.62•72 ln 
conventional metals, where the Coulomb po
tential is short ranged because of the suffi
cient screening effect and the nonlocality of 
the exchange interaction is small, the above 
singularity of the momentum-derivative of the 
s ·If energy is strongly reduced. As we dis-
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cussed in Chap. 4, in most of the perovskite
type TM oxides, the carrier density is fairly 
small and thus the screening effect is very 
poor. Moreover, the degenerate ground state 
induces sp.injorbital fluctuat ions. Therefore, 
the nonlocal effect will be larger, and this wiU 
become especially significant in the vicinity of 
the MIT point. 

The Sr2Ru04 system has shown us an
other typical example of a material in which 
the Coulomb interaction is no longer a well 
screened short-range interaction. We think 
this is due to the limited number of screening 
paths inherent in low-dimensional systems, as 
well as the strong electron correlations. 

6.4. Summary 

Angle-integrated UPS measurements have 
been performed for the single-crystalline lay
ered-perovsk.ite-type superconductor Sr2Ru-
0 ,1. The surface of the samples was scraped 
in the nltra-h..igh vacuum chamber at 80 K, 
the possible surface degradation was care-

fully checked by monitoring the 0 l s core
level XPS spectrum, and we have confirmed 
with sufficient reproducibility the valence 
band pectra. This is thus the first well
characterized angle-integrated photoernission 
spectra of this material. 

RPES measurements have corroborated the 
band-like (itinerant) nature of the R.u 4d 
eledrons with weak 4p - 4d resonance en
hancement. Nevertheless, we have found that 
the UPS specLrum of Sr2RuO• around Ep 
shows significant spectral weight red istribu
tion. This seems to be ev idence of the ex
tremely strong electron correlations, but the 
effective mass is, on the other hand, not as 
strongly enhanced as expected. This contra
diction can be explained consistently by con
sidering the k-dependence of the self-energy; 
i.e., the nonlocal exchange/correlation, that 
results from the poor screening inherent in 
the low dimensionality, and/or from the fer
romagnetic fluctuation, are important in this 
system. 

Chapter 7 

Summary and Concluding Remarks 

7.1. Summary 

In this Thesis, we aimed at exploring 
the nature of the Mott 'Iransition from the 
view point that the nonlocal interaction must 
play an important role, especially near the 
transition point from the correlated metal 
to the Mott insulator. For this purpose, 
two perovskite-related systems were stud
ied. The first one was the metallic vana
date, Ca1-xSr, V03, which has nominally one 
3d electron per vanadium ion . The sec
ond one was the superconducting Sr2Ru04 
w·ith a layered-perovskite structure, which 
has the same crystal structure as that of 
1~-xBa,CuO,J. 

7.1.1. Electronic stales of Ca1-xS1% V03 

We have succeeded in preparing single crys
tals of the meta llic alloy system Cat-xSrx V03 
using the FZ method , for the first time. The 
system has nominally one 3d electron per 
vanadium ion; as we substitute a Ca2+ .ion 
for a Sr2+ ion , the one-electron bandwid th W 
decreases due to the buckling of the V-0-V 
bond angle from ~ 180° for SrV03 to ~ 160° 
for CaV03 , which is almost equal to the anal
ogous 3d1 insulator LaTi03. 

As for CaVOa, we have revealed that stoi
chiometric CaVOJ-6 (c5 ~ 0.00) shows better 
metallic conductivity than off-stoichiometric 
CaVOJ-6· In general, CaV03-6 has "oxygen
defects" and is difficul t to oxidize further (c5 < 
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0) around room temperature. Nevertheless, a 
very slight peroxidation (o ~ - 0.05) leads the 
system insulating without inducing any signif
ican.t structural changes. We have a lso found 
drastic, unconventional changes of the magne
toresistance, magnetic susceptibility, and Hall 
effect in single-crystalline CaVOa-6 (o > 0). 
The mechanism of these phenomena, as well 
as the nature of the MI transition in Ca V03_ 0 
(o < 0), are still under investigations. 

For the whole Cal-xSr, VOa system irre
spective of the value of x, the Sommerfeld
Wi lson ratio Rw is almost equal to 2. 
The Kadowaki-Woods ratio Ah2 lies in the 
same region as for the heavy Fermion com
pounds. There is also a large contribution 
from electron-electron scattering to the re
sistivity even at room temperature. These 
features above provide strong evidence of 
the large electron correlations in this system. 
However , the density of states at the Fermi 
level D(Ep) obtained by the thermodynamic 
(1') and magnetic (XP) measurements show 
only a moderate increase in going from SrV03 
to CaVOa compared to D (Ep) deduced from 
the LDA band calculations This is inconsis
tent to the divergence of the effective mass 
expected from the Brinkman-Rice pic ure. 

Accordingly, we suggest that LDA DOS 
cannot be interpreted as the bare non
interacting DOS, required as an input to the 
mean-field-type many-body formal ism of the 
electron correlations; this indeed invokes the 
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idea of the additional nonlocal electron corre
lations, i.e., the k-dependent self-energy. 

ln order to check ~he application of the k
dependent self-energy, we have performed sev
eral high-energy spectroscopies, such as XPS, 
XAS, and UPS. 

The core level XPS bas shown that the V 
2p and 0 Is spectrum consist of three peaks 
even in the end members, CaVOa and SrVOa; 
this can be attributed to the intrinsic surface 
electronic states, i.e., the charge dispropor
tionation (2V4+ -t ya+ + V 5+). 

Both t he 0 l s edge and V 2p edge XAS 
spectra cannot be explained by either the clus
ter model calcu lations or the LDA band calcu
lations; t his may be understood by the over
lapping surface contribution, or by the forma
tion of the Hubbard bands. 

UPS spectra were completely different from 
LDA DOS, and consist of two well-defined fea
tures: one is the quasiparticle peak at Ep, 
and the other is the high energy excitations 
~ 1.7 eV signaling the formation of LHB. As 
we increase the magnitude of U fW, a large 
amount of the spectral weight is transferred 
from the coherent band to the precursor of 
LHB. 

We have su ·ceeded to separate out the sur
face and bulk con~ributions from the total 
spectrum. We found a novel Ml transition at 
the surface with a change in x, while the bulk 
remains metallic. This can be caused by the 
charge disproportionation at the surface, and 
has never been observed in any other material. 

We have compared the ordinary UPS spec
tra to the bulk spectra of the newborn mea
surement in order to e..xtract the common 
properties. We havee calculated a spectral 
DOS using tbe large-d Hubbard model within 
the LISA method, as well as by he phe
nomenological introduction of tbe self-energy 
correction to the LDA DOS. The suppression 
of p(~). which was observed in both exper
iments, l1as indicated that there are some in
teractions ~reated insufficiently, t;hus, a cor-
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rection to the local single-particle self-energy 
is necessary to reproduce the observed spec
tra. By squashing all those undetermined in
teractions, which are omittec~ in either LDA 
or LISA, into the tentative k-dependence of 
the self-energy phenomenologically, we could 
obtain reasonable values of m' /mb as well as 
the reasonable fit to tb.e experimental spectra. 

7.1.2. Electronic states of S1·2Ru04 

Sr2Ru04 is the only copper-free supercon
ductor with tb.e same crystal structu.re as that 
of La2_.,Ba,Cu04. Sr2Ru0, exhibits super
conductivity below Tc = 1.50 K, and a great 
deal of work has been carried out i.nto the 
nature of its superconductivity, particularly 
since some fingerprints of a peculiar p-wave su
perconductivity have been recently reported. 

Angle-integrated photoemission spectro
scopic measurements have been performed for 
the single-crystalline Sr2Ru04; this is the 
first well-characterized angle- integrated pho
toemission study on this material. Because of 
the recent controversy regarding the surface 
contribution to the photoemission spectrum 
of Sr2Ru04 , we have taken particulru· care for 
the smface preparations. The surface of the 
samples was scraped in the ultra-high vacuum 
chamber at 80 K , the possible surface degrada
tion was cru·efully checked by monitoring the 
0 ls core-level XPS spectrum, and we have 
confirmed with sufficient reproducibility, the 
valence band spectra by a number of indepen
dent measurements. 

RPES measurements have corroborated the 
band-like (itinerant) nature of the Ru 4d 
electrons with weak 4p - 4d resonance en
hancement. Nevertheless, we have found Lhat 
the UPS spectrum of Sr2Ru04 around Ep 
shows signifi cant spectral weight redistribu
t ion. This seems to be evidence of the ex
tremely strong electron correlations, but the 
effective mass is, on the other han.d , r1ot a~ 
strongly enhanced as expected. This con-
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trad iction can be also explained consistently 
in the same fashion as we developed for the 
Cal-%Sr, yo3 system; i.e. , by considering the 
tentative k-dependence of the self-energy cor
rection to the LDA DOS. Therefore, Sr2Ru04 

gives us another example in which the non
local interaction may become important. We 
consider that Lhe origin of the nonlocal inter
action is the nonlocal exd1ange or correlation 
interaction resulting from the poor screening 
of Coulomb interaction inherent in the low di
mensionality of this system, and/or from the 
ferromagnetic as well as the orbital fluctua
tions. 

7.2. Description of the Mott transition: Fu
ture proble tns 

7.2.1. Alliance between large-d Hubbard model 
cmd LDA band calculations 

As demonstrated by the UPS spectra, the 
LDA band calculation should include some 
form of self-energy correction, since, in the 
LDA approach, we completely fail to produce 
t he satellite or the incoherent spectral features 
arising from many-body effects, that are not 
contained adequately in the LDA formalism. 
Tlils local many-body effects, i.e., the for ma
tion of the Hubbard band and its intensity, are 
well explained by the large-d Hubbard model 
within the LISA method. 

We have also found that LDA overestimates 
D(EF) as well as underestimates the bare 
bandwidth compared to those of the large-d 
Hubbard model within the LISA method; i.e., 
the DOS obtained from LDA cannot be inter
preted as an input to the bare DOS of the 
mean-field type many-body formalism. This 
discrepancy between LDA DOS and bare DOS 
of LISA in terms of the bandwidth and the 
D(Ep) was indeed the basis for invoking the 
nonlocal self-energy. We have also speculated 
that this nonlocal effect may become signifi
cant near the Matt transition or in a low di
mension system, where poor sc.reening of the 

Coulomb interactions exists. 
Although we have succeeded to introduce 

an appropriate but tentative k-dependent self
energy phenomenologically, it is no doubt a 
difficult task at present to estimate the in
trinsic k-dependent contribution to the self
energy experimentally, because in order to de
duce the form of t he k-dependence, we have to 
compare the experimental data to a theoreti
cal model of the non-interacting limit. 

Especially, with regards to the comparison 
to the LDA band calcu lation as we actually 
did in this work, the obtained k-depende.nce 
of the self-energy may be far from the in
trinsic one, because the obtained k-dependent 
self-energy might have only compensated the 
self-interaction effect inherent in the LDA po
tential. It is known that LDA includes the 
Coulomb interaction term within an effec
tively single- part icle-wise bnt self-consistent 
manner, and that this leads to a considerable 
narrowing of the bandwidths compared to the 
Hartree-Fock approximation in which nonlo
cal axchange is properly taken ir1to accou nt. 

On the other hand , for the large-d Hubbard 
model, the neglect of the degeneracy implicit 
in the practical use of the large-d Hubbard 
model may lead to a wider occupied band
width. Moreover, it is also not clear what the 
implications are of ignoring the oxygen sub
lattice in ~his case. Clearly it would be ideal , 
and therefore h.ighly desirab.le, to include the 
more realistic la~ice for the multiband Hu.b
bard model (the alliance be~een the large
d Hubbard model and the LDA band calcu
lation). But theoretical problems associated 
with such a task have not been made so far. 

I t is interesting to note that this important 
point has not been appreciated sufficiently in 
the context of electronic structures of strongly 
correlated systems. Thus, more elaborate the
oretical as well as experimental studies in fu
ture are really expected ~o elucidate th.e na
ture of the non local interaction, i.e., to clarify 
the true colors of the Mott transitions. 
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7.2.2. A Tale of Two Ene1yy Scales 

This Thesisis one of the first experimen
tal attempts to combine the high-energy spec
troscopy spectrum to the thermodynamic 
property and the static magnetization in a sin
gle Mott-Hnbbard system. To explain both of 
the mcperimental data consistently is a chal
lenging problem, since they belong to vastly 
different energy scales. The photoemission 
spectroscopy is a probe for typically a high en
ergy (0.1 ~ 1 eV), whiJe the thermodynamic 
and magnetic measurements probe electrons 
typically withi n ksT (~ I meV) of Ep. Hence, 
our attempt may be likened to use a sledge
hammer to crack a nu t. Actually, there is 
indeed a-prioT"i no reason to believe that t he 
same model physics will be valid in both the 
regimes. 

Nevertheless, our t ria l seems to have suc
ceeded to get a coherent view encompassi ng 
this vast energy scale. 

With the high-energy probe, we have ob
tained the p icture of the systematic evol u
tion of the photoemission spectru m, where t he 
DOS in the non-interacting limit splits into 
LHB, UHB, and the quasiparticle band at EF 
by the effect of on-site electron correlation. 
Moreover, with this high-energy probe, we 
found !J1e other interestin g feature: the bare 
DOS, which is the non-interact. ing limi t of t he 
large-d Hubbard model with LISA method, 
can not be similar to LDA DOS. In order 
to bridge-build between the two approaches, 

Chapter 7. Summary and Concluding Remarks 

we introduced the noulocal self-energy phe
nomenologically, which worked , in this case, 
to broaden the LDA band and t hus reduce 
D (EF); with t his broadened DOS, we can fit 
the observed data sufficiently by the J.a.rge-d 
Hubbard model. 

Wi th the low energy probe, on the other 
hand , we have confirmed the valid ity of this 
model; i.e., the la rge enhancement of the w
mass, which is expected from the lru·ge spec
tral weight tra nsfer in the high-energy region, 
is actually canceled. This is considered to 
be due to t he small k-mass; i.e., the effective 
mass is the product of thew-mass and k-mass 

m* mw mk 
-=-x-1 
mb mb 1nb 

the former corresponds to the high-energy 
spectral weight red istribution, and the latter 
comes from the nonlocal self-energy. 

The elucidation of what kind of intera -
tion is actually squashed into t he above phe
nomenological nonlocal self-energy, as well as 
to investigate whether this picture may val id 
in th e very vicinity of the Mott transit ion a re 
still an open question to be studied in the fu
ture work. This kind of study will give us 
the detail of two energy scale, which is one of 
the most important problems in the physics of 
strongly correlated electron systems, attract
ing a great deal of attention.9•

92 We hope t his 
work can be a milestone of th is attempt. 
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Appendix. Optical Conductivity of 
Cal-xSrx V03 

This clwpt.e.r has been publi:thed by Phys. Re11. 8 58 , 43 4 (1998) by H. Mok1~fi0 1 

J. Jl . lno'IJ.e, M. J. llozenberg, I. !lase, Y. Aittro, and S. Onari. 

Optical conductivi ty spectra of si ugle crystals of the perovskite-Lype 3d
1 

meta..!· 

lie alloy system Ca1-:.: Sr;3; VOs have be<:n studied to e lucidate how t.be electronic 

behavior depends on t.he strength of the electron correlation wi thou t changing 

the nominal nurn.ber of electrons. The refleclivity measu.remc.nt.s werP made at 

room temperat.ure between 0.05 eV and 40 eV . The cJTective mMS deduced by t.he 

analysis of the Orude-Iike contribution to the optical conductivity aud l.he plnsma 

[requency do not show critical enhancement, even though Lbe system is dose Lo the 

Molt transition. Besides the Drude-like contribution, two anomalous features of 

the i11traband transition within the 3d band were observed in the optical conductiv

ity spectra. T b(>'.se features can be assigned to transitions involving the incoherent 

a.rtd coherent bands near lhe Fermi level. T he large spectral weight redistrib1Jt.ion 

in this system, however, does uot involve a large mass enhancement. 

A.l. Introduction 

Over the past few decades, a considerable 
number of studies have been performed on 3d 
transition-metal oxides which have a c:onsider
ably narrow 3d band. In particular, a metal
to-insulator transition caused by a strong elec
tron correlation1 (Mott transition) as well as 
anomalous electronic properties in the metal
lic phase near the Matt transition have at
tracted the interest of many researchers. Since 
the discovery of the high-Tc cuprate supercon
ductors, there has been much discussion re
lating to the importanc of two different ex
perimental approaches to the Mott transition , 
namely a filling control and a band-wid th con
trol. The former involves doping holes or elec
t rons into the system, and the latter varying 
the strength of the electron correlation U /W, 

where U is the electron correlation due to 
Coulomb repulsion and W is the one-electron 
band-width. 

In recent years , the systematic evolution 
of optical conductivi ty spectra in going from 
a correlated metallic phase to the Mott
H ubbard insulating phase have been reported 
on both the fi lling controlled2- 6 and the band
width controlled Mutt-Hubbard systems.7- IO 

The smallest energy gap for charge excitations 
of the Matt-Hubbard insulator is th' excita
tion energy of the charge fluctuation d" +d" -+ 
d" _., + rf'+1, so-otlled a Mutt-Hubbard gap.IL 
The optical conductivity of the Mutt-Hubbard 
insulator is consider d to show a gap feattLre 
due to the above charge excitation from the 
lower Hubbard band to the upper Hubbard 
band. 

V 203 and related compounds have been ex-

L05 

j 
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tensivelv studied as typical materials which 
show tl~e Matt transition with varying the 
strength of the U fW ratio. The tempera
ture dependent opt ical conductivity of V20 3 
was reported by Thomas et al. through the 
metal-to-insu lator transit ion.9•10 The optical 
conductivity of V203 in the insulating phase 
shows a gap feature, which is attributed to 
the Matt-Hubbard gap excitation . On the 
other hand, in the metallic state, a low-energy 
contribu t ion to the optical conductivi ty shows 
an anomalous feature, which is reproduced by 
two Lorenzians. Moreover, the optical con
ductivity shows an anomalous enhancement of 
the spectral weight as a function of temper
ature. Rozenberg et al. reported that these 
experimental results are in good agreement 
with the theoretical prediction obtained by 
t he infinite-dimension Hubbard model within 
the mean-field approach. 10 Since the forma
tion of the Matt-Hubbard bands are predicted 
even in the metalHc state for this kind of 
strongly correlated system, the optical con
ductivity spectra should be affected by the 
precursor features12 It is very interesting to 
see how the spectral weight varies with the 
electron correlation in the correlated metaU.ic 
state near the Matt transition. For a detailed 
discussion, however, we need to control the 
st.rength of the electron correlation more pre
cisely. 

The perovsk.ite-type early 3d transition
metal oxides are ideal Matt-Hubbard systems 
for controlling the band filling and band-width 
by chemical substitutions. It has been re
ported that, for the filling controlled systems 
La1_,Sr, Ti03 and R 1_,Ca,Ti03 (R=rare 
earth) the spectral weight of t he optical con
ductivity transfers from the higher energy fea
ture correspond ing to an excitation t hrough 
the Matt-Hubbard gap, to the ruid-infTared 
inner-gap region corresponding to the Drude
like absorption extend ing from w = 0.2•3>

6 T he 
rate of the spectral weight transfer by doping 
increases systematicaUy with the increase of 
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the one-electron band-wid th W. 
On the other hand , the Ti- 0 - Ti baud an

gle can he decreased as we decrease the ionic 
radius of the R site. The decrease of the Ti-
0 - Ti bond angle gives rise to the decrease of 
t he value of W . A systematic change of the 
optical conductivity spectra was reported on 
RTi03 (R= La, Ce, Pr, Nd , Sm, and Gd). 7 

The lowest gap- like feature systematically in
creases as the ionic radius of the R site de
creases, namely, as the value of W decreases. 
A similar change was also observed on an al
loy system, La1_, Y, Ti038 These systematic 
variations of the optical conductivity are in
terpreted as a successive increase of the Matt
Hubbard gap with increasing the strength of 
the U f W ratio. In t hese materials, however 
the system remains an insulator even for the 
least correlated LaTi03 ; therefore one cannot 
study the evolut ion of the metallic properties 
under the band-width control in t his system. 

The purpose of tb.is chapter is to clarify t he 
evolution of the optical conductivity spectrum 
in the metallic phase near the Matt tnnsi
tion , as we control the strength of the elec
tron correlation U / W without changing the 
band filling. A perovskite-type 3d1 vanadate 
Ca V03 is considered to be a. strongly corre
lated metal close to the Matt transitionl3, l4 

We can control the strength of the U / W ra
tio, by chemical substit ution of a Sr ion for 
a Ca ion of the same valence without vary
ing the nominal 3d-electron number per vana
dium ion.15 We report t he optical conduc
tivi ty spectra in this strongly correlated al
loy system Ca1_.sr. V03 . The effective mass 
m• /mb estimated from the optical meas.nre
ments are shown in Sec. A.3.2. The evolu
tion of t he optical conductivity is discussed in 
Sec. A.3.3 . 

A.2 . Experiments 

Single crystals of Ca1-zSr. V03 (1:=0, 0.25, 
0.5, 1) were grown by a floating-zone method 
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using an infrared image furnace with dou
b.le halogen lamps. Since as-grown samples 
are slightly oxygen deficient, aU the samples 
were annealed in air at 200 °C for 24 hours 
in order to make t he oxygen concentration 
stoichiometric. 13·16•17 

Raman scattering spectra were measured at 
room temperature in back-scattering geome
try us.ing a triple spectrometer system (Jasco 
TRS-600) equipped with a charge coupled de
vice (CCD; Photometries TK512CB) cooLed 
by liquid nitrogen. The samples were excited 
by the 514.5 .nm Arion laser line. Polarization 
of the incident light was taken to be parallel 
to that of the scattered light. 

Optical reflectivity measurements were car
ried out at room temperature (- 300 I<) in 
the energy range between 0.05 eV and 40 eV 
using a Michelson-type Fourier-transform in
frared spectrometer (0.05- 0.6 eV), a grating 
monociltomator (0.5- 5.6 eV), a nd a Seya
Namioka- type grating for t he synchrotron ra
diation (5-40 eV) at the beamline BL-11 0 of 
Photon Factory, Tsuku ba. The surfaces of 
the samples were mechanically polished with 
diamond paste for the optical measurements. 
The absolute reflectivity was determined by 
referring to the reflectivity of a.n AI or Ag film 
w b.ich was measured at the same optical align
ment. 

We have calculated a complex dielectric 
function <(w) = <1(w)+ie2(w) by t he Kramers
I<ronig (I<-K) transformation of the measured 
reflectivity R(w), where w is the photon en
ergy. The real part of the complex optical 
cond uctivity Re[<T(w)] is related to t he im;~g
inary part of the dielectric function c2(w) by 
R.e[<T(w)] = (w/47r)<2(w). Since the K-I< anal
ysis requ ires R(w) for 0 < w < oo, two as
sumptions must be made to extrapolate t he 
observed data beyond the upper and lower 
bounds of the measurements. In the present 
study, t he reflectivity data were first extrapo
lated from the lowest measured energy down 
to w = 0 with the Hagen-Rubens formula 

which is au approximation for R(w) of con
ventional metals. Then, beyond the b.igbest 
measured energy, the reflectivity data. were e.x
trapolated up to w -t oo with an asymptotic 
function of w-4 

A.3. Results and discussion 

A.:J.J. Band-width control due to orthorhom
bic distortion 

Powder x-ray diffraction measurements 
were carried out to characterize t he samples 
and to determine t he lattice constants. In 
Fig. 7.1 , we present the lattice constants, a, 
b, and c against the Sr content x. The crys-
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FIG. 7.1. Latt ice constants, a, b, and c of the 
Ca,_,Sr, V03 single crystals plotted against the 
Sr content x. The data were estimated from pow
der x-ray diffraction patterns. 

tal structure of Ca1_.Sr., V03 belongs to the 
perovskite-type structure with orthorhombic 
distortion (GdFe03-type).18 The amount of 
tbe distortion is almost proportional to the 
amount of t he Ca content; i.e., SrV03 is a 
cubic perovskite. However, we assumed the 
crystal structure of all samples (0 ~ x ~ 1) to 
be orthorhombic and ded uced the lattice con
stants. The lattice constants increase mono
tonically with the increase of x, ensm ing the 
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appropriate formation of the solid solution 
over the whole composition range. 

Raman scattering measurements give indi
rect information about tl1e crystal symmetry, 
because the appearance of some Raman-active 
phonon Jines depends crucially on the crys
tal symmetry of the system. In Fig. 7.2, we 
show the Raman spectra of Cat-xSrx V03 at 
room temperature in the wave-number range 
of 80-400cm- 1 In this wave-number range, 

100 200 300 400 

Raman Shift (cm-1
) 

FIG. 7.2. RamanspectraofCal - •Sr,VO, at room 
temperature. Polarization of the incident light was 
taken to be parallel to that. of the scattered light. 

four Raman active A9 phonon lines are ob
served in orthorhombic CaV03 (x = 0). The 
energies of the phonon lines shift to the lower 
energy side, and the width of the peaks be
come broader, as we increase the Sr content 
x. The Raman active phonon lines disappear 
completely in SrVOJ. 

According to the group theory analysis, 19 it 
is predicted that several Raman active phonon 
modes 7A9 + 7B 19 + 5829 + SB39 can exist 
in the orthorhombically distorted perovskite 
which belongs to the point group symmetry 
of D2h. On the other hand, the cubic per-
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ovskite which belongs to the point group sym
metry of 0~ is "Raman forbidden", namely it 
bas no Raman-active phonon modes. There
fore , the experimental results tell us that the 
crystal symmetry actually changes from the 
orthorhombic distorted perovskite (CaV03) 
to the cubic perovskite (SrV03). The or
thorhombic to cubic transition is considered 
to occur between x = 0.5 and 0. 75. 

The orthorhombic distortion implies that 
the V- 0 - V bond angle is deviated from 180°, 
i.e., there is an alternately tilting network of 
the V06 octahedra. The V- 0 - V bond angle 
of SrV03 is 180° same as an ideal perovskite 
structure, while that of Oa V03 is ~ 160°. The 
bond angle deviation from 180° reduces the 
overlap between the neighboring V 3d orbital 
mediated by the 0 2p orbital. Therefore, the 
one-electron band-width W of V 3d band de
creases with decreasing the V- 0-V bond an
gle. Accordingly, we can control the value of 
W by chemical substitution of the Ca2+ ion 
for the Sr2+ ion of the same valence without 
varying the nominal 3d-electron number per 
vanadium ion. Since the electron correlation 
energy U is almost the same in CaV03 aud 
SrV03, we can thus control the strenb>tb of the 
UfW ratio by chemical substitution. The V-
0-V bond angle of CaV03, in addition, is al
most equal to that of LaTi03 which is a Matt
Hubbard type insulator, so that it seems rea
sonable to consider that Ca V03 is close to the 
Mott transition. Moreover, there is consider
able ev idence for the presence of strong elec
tron correlations. 13- 17 Thus, Cai_.,Sr., V03 
system is ideal for the study of the metallic 
states near the Matt transition. 

A .3.2. Effective mass 

In Fig. 7.3, we show optical reflectivity spec
tra of Ca1_,Srx V03 measured at room tem
perature (~300 K), for four single crystals 
with different x (x=O, 0.25, 0.50, 1). The 
chemical substitution of Sr2+ for Oa2+ seems 

A.3.2. E/Tective mass 

to make no remarkable change at, the lower
energy region (below~ 5 eV) in the optical re
flectivity spectra. All the samples exhibit high 
reflectivity from far-infrared to near-infrared 
region, and we can recognize a sharp reflec
tivity edge appearing at ~ 1.3 eV. Since 
Cat-xSr., V03 is metallic over the whole com
position range, the optical reflectivity is dom
inated by the signal of conduction electrons in 
thL~ photon energy region. Systematic spec
tral changes with x are observed in the energy 
range of the ultra-violet and vacuum-ultra
violet light. The changes are partly due to 
tl1e differences in the conduction bands of tbe 
Ca2+ and Sr2+ cations. But this is irrelevant 
for t he discussion of the main subject. 

First of all, we will concentrate on the low 
energy response of the itinerant carriers. The 
contribution of the conduction electrons to the 

FIG. 7.3. 
Reflectivity spectra for the Ca,_,Sr, V03 single 
crystals measured at room temperature. The fea
ture at ~ 0.1 eV for x = 0.25 is an experimental 
artifact. 
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complex dielectric function f(w) is well de
scribed by the Drude model. According to 
the generalized Drude model,20•2 l f(w) is ex
pressed as 

4m'T(w) 
foo--.-

ZW 

w~(w) = E. iw('Y(w)- iw) ' 
(A.l) 

where f 00 is the high-energy dielectric con
stant, which is a high-energy contribution of 
the interband transitions, i'i(w) is the complex 
conductivity, "Y(w) is the energy-dependent 
scattering rat.e, and wp(w) is the plasma fre
quency. The plasma frequency wp(w) is de
fined as 

where n is the total density of conduction elec
trons, and m•(w) is the energy-dependent ef
fective mass. 

To begin, Jet us confine our attention to the 
plasma frequency. If we assume that the nom
inal electron number per vanadium ion is ex
actly 1 for the whole composition range, we 
can deduce the carrier density n from the unit
cell volume. Then, we can estimate a variation 
of the effective mass m'(w) from the value of 
wp(w). 

The Energy-loss function lm ( -1/f) is ob
tained by Kramers-Kronig analysis of the 
measured reflectivity spectra R(w). Provided 
that 'Y(w) and m•(w) do not depend on w 
strongly, we can estimate wp(= canst.) from 
the Energy-loss function, because, the Energy
loss function pP.aks at t he energy of w; (w; = 

wpf ~). Accordingly, we can obtain the 
energy- independent plasma frequency wp from 
the peak position of the energy- loss function . 

In Fig. 7.4, the spectra of Im( -1/f) of 
Ca,_xSr ~ V03 are shown in the photon en
ergy range from 0.6 to 2.0 e V to focus on 
the peak near the reflectiv ity edge (around 
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FIG. 7.4. Energy-loss function Tm[-1/<(w)] ob
tained by the Krarners-Kronig transformation of 
the reflectivity data. The data in the photon en
ergy range between 0.6 e V and 2.0 e V are shown 
to focus on the plasmon peak (around 1.3 eV). 

1.3 eV). The peak position of the Energy-loss 
function w; systematically shifts to higher en
ergy with increasing x. At first, we have esti
mated w; from the peak energy, and deduced 
wp = fi;;w;. If we consider only the response 
of the conduction electrons, 600 is t he contri
bution from the high-energy interband transi
tions. Since the inter band transition appeared 
above ~2.5 eV, the value of €00 can be taken 
from the real part of the dielectric function 
<t (w) at around 2.5 eV.22 Then, we can deduce 
the value of m• /mb using the lattice constants 
and the val uc of wp. 

ln Fig. 7 .5, the ratios of tile deduced effec
tive mass m• to the bare electron mass mo 
are p lotted as a function of the Sr content x. 
The value of m• fmo systematically increases 
as varying x from SrV03 to CaVOa . This 
carrier-mass enhancement, however, is not so 
large, even though the system is near the Mott 
transition. This result is consistent with the 
value of m• /m.b estimated from the results of 
the specific heat measurements. 14 

It is instructive to compare the measured 
low frequency iT(w) with the simple Drude 
model , in which ')"(w) and m ' (w) do not de
pend on w. According to Eq. (A.l). the real 
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FIG. 7.5. Effective mass m· estimated by the 
plasma frequencies compared with the bare elec
tron mass m 0 . The value of m."/mo systematically 
increases in going from SrV03 (x = l) to CaV03 
(x = 0). 

part of the optical conductivity Re[iT(w)] -
a(w) is given by the formula 

a de 
a(w)=l 2j2' +w "f 

where a de is the de conductivity. The de con
ductivity is expressed by the scattering rate "f 
and the plasma frequency Wp by the following 
relation: 

ne2 w2 
Udc = --- = _P __ 

m*"f 47r"f 

Here, we have used the value of a de obtained 
by electric resistiv.ity measurements at room 
temperature. Then the value of')" can be de
duced from the above relation. Fig. 7.6 shows 
the comparison of the experimenta.lly obtained 
a(w) for CaV03 to t he optical conductivity 
calculated by the simple Drude model. As 
shown in Fig. 7.6, t he low-energy contribution 
to the optical conductivity. which is a response 
of the itinerant carriers, is not properly re
produced with this simple Drude model. As 
we increase the photon energy, the experimen
tally obtained a(w) deviates from that of the 
simple Drude model. The observed a(w) has a 

A.3.2. Effective mass 

CaV03 (x=O) 

---- Drude model 

FIG. 7.6. Comparison between the optical c;onduc
tivity calculated by the simple Drude model and 
that of the experiment of Ca V03. 

tail decaying slower than the Drucie-type w-2 

dependence. 
vVe consider that the discrepancy between 

the simple Drucie model and the experimental 
results is attributed to the energy-dependence 
of the scattering rate -y(w) and the effective 
mass m.'(w). We can determine "f(w) and 
m• /mb(w) from Eq. (A. l ); i.e., when we de
fine €(w) = £t(w) + i<z(w), 

l(w) = w<2(w) , 
€oo- ~l(w) 

• 4?re2n"((w) 
m (w) = f.2(w)w(·y2(w) +w2 )" 

Figs. 7.7(a) and 7.7(b) show -y(w) and m"(w) 
of Ca1- xSrx V03 as a function of photon en
ergy. In case of the simple Drude model, the 
scattering rate "f is taken to be independent on 
the photon energy. But, in this system, 'Y(w) 
actua.lly increases as we increase the photon 
energy, as shown in Fig. 7.7(a). 

The energy-dependent scattering rate is 
genera.lly attributed to electron-phonon scat
tering or electron-electron scattering. Since an 
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FIG. 7.7. (a) Energy dependent scattering rates 
"f(w) of Ca,_zSr, V03; (b) effective mass m· (w) of 
Cat-.Srz V03. m· (w) is norrn.alized to the bare 
electron mass m0 . 

extremely large T2-dependence of the de con
ductivity observed in the Ca1_,Sr, V03 sys
tem can be wcll ascribed to electron-electron 
scattering, 14 it is reasonable to consider that 
electron-electron scattering governs the be
havior of "f(w). According to the Fermi llquid 
theory, the electron-electron scattering rate is 
proportiona.l to w2 . Fig. 7.7(a), however, in
dicates that "f(w) looks more proportional to 
w rather than w2 On the contrary, since the 
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electron-phonon scattering is proportional to 
w5 up to the Debye frequency, it is necessary 
to elucidate the scattering process which con
tributes to ')'(w). This is still an open question. 

On the other hand, the energy dependence 
of m•(w) is not so large. Except for the 
.low energy region (w <~ 0.2 eV), the vaJue 
of m • /m0/mo increases with the decrease of 
Sr content x. In the Srt - xLa..: Ti03 system, 
which is a typical doping system, as one ap
proaches x = 1, a large energy dependence 
of m'/mb as well as a critical enhancement 
at the low-energy region are observed.2 How
ever, in Cat- xSrx V03 system, m'/mb does 
not exhibit such a critical enhancement with 
varying x in going from SrV03 to CaV03, al
though there is a difference between the filling 
control and the band-width control. 

In the low energy limit (w = 0), m• should 
correspond to the effective mass estimated by 
the specific heat measurement. We have inter
polated m•/mb(w) down to w = 0 with two 
kinds of tangential lines drawn from 0.4 eV 
and 0.15 eV. As shown in Fig. 7.8(a), the 
intercepts, at which the two tangential lines 
fi·om 0.4 eV and 0.15 eV cut the vertical 
axis, are defined as m. and mb· Fig. 7.8(b) 
indicates x-dependence of the values of m0 

and mb· The value of mb does not show 
any systematic behavior, presumably because 
phonons, randomness, or other extrinsic con
tributions cause this non-systematic change. 
However, the value of ma increases systemat
ically with decreasing x; moreover, tbe values 
are almost equal to the value of m· deduced 
from plasma frequency. We regard ma as a 
good measure of m'/mo for this system. 

The effective mass estimated from the 
plasma frequencies and the generalized Drude 
analysis (m.) appear in Table 7.1. It is ex
pected that we shonld observe, near the Matt 
transition, a critical enhancement of the ef
fective mass of the 3d conduction electrons. 
If we substitute tiP Ca2+ ion for t.he Sr2+ 
ion in the Cat - zSrz V03 system, the 3d band-
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FIG. 7.8. (a) Energy dependent effective mass 
m•(w) of CaV03 compared with the bare electron 
mass. Ita" and "b11 indicate intercepts at which 
tangential lines drawn from 0.4 eV and 0.15 eV 
cut the vertical axis, corresponding to the values 
of m. and m,. (b) m. and m, are plotted against 
t.he Sr content x. 

width successively decreases. Then, the value 
of m• /mo is expected to increase dt·astically 
reflecting the cl1ange of the U /W ratio. HOw
ever, it is clear from om observations that such 
a large mass enhancement does not actually 
take place in this system. 

A.3.3. Spectml weight redistribution of 3d
band 

The density of states (DOS) of orthorhom
bic CaV03 and cubic SrV03 calculated us
ing the full-potent ial augmented plane-wave 
method with the local density approximation 
(LDA) are shown in the top of Fig. 7.9. The 
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TABLE 7.1. Effective mass m· fm 0 deduced from the plasma frequencies wp and the generalized Drude 
model (m.) . 

X 0 0.25 0.5 1 
m' /mo (deduced from wp) 

m. (generalized Drude analysis) 
3.9 3. 7 3.5 3.3 
3.5 3.2 3.1 2.7 

2.0 0.0 -2.0 
Binding Energy (eV) 

Drude"part 
02p - Y3d 

Photon Energy (eV) 

FIG. 7.9. DOS of CaV03 and SrY03 obtained by 
the LDA band calcuJation (top) and a schematic 
picture of optical conductivity expected from the 
calculated DOS (bottom). 

band-calculation shows that the DOS near the 
Fermi level Ep is dominated by the V 3d elec
trons. The V 3d band crosses the Fermi level , 
and the DOS below 4 eV is mainly the 0 2p 

band. 

1n the metallic state, a(w) is expected to 
consist of two basic components: intraband 

transitions within the V 3d conduction band , 
i.e., the Drude part extending from w = 0, 
and interband transitions appearing at much 
higher energy. The latter is regarded from the 
calculated DOS as the charge-transfer contri
bution (an excitation from the 0 2p band to 
the unoccupied part of the V 3d band above 
Ep ). A corresponding schematic picture of 
the optical conductivity is shown in the bot
tom of Fig. 7.9. As seen in this picture, the 
charge-transfer contribution is expected to ap
pear above ~4 eV, and the absorption edge of 
the charge-transfer transition in SrV03 is con
sidered to shift slightly to lower energy bha.n 
that of Ca. VOa, reflecting the shift of the 0 2p 
band. 

Based on this picture, let us now look at 
the experimental results, Fig. 7.10 shows the 
real part of the optical conductivity, a(w), of 
the Cat-xSr, V03 single crystals (x=O, 0.25, 
0.50, 1). The optical conductivity spectra 
are different from our naive schematic picture 
(Fig. 7.9 bottom); they show the presence of 
two anomalous features in the intraband tran
sition part below 4 eV besides the Drude-like 
absorption (discussed above): a small peak 
which appears at ~ 1. 7 c V and a large peak at 
~ 3.5 eV. It must be noted that the two peak
likestructures below 4 eV have no naive origin 
as far as we can infer from the calculated DOS 
(Fig. 7.9). This large spectral weight redistri
but.ion is generally believed to be a manifesta
tion of the strong electron correlation in this 
system. 

Fig. 7.11 shows a comparison of the opti
cal conductivity spectra of CaV03 to those 
of other perovskite oxjd.cs, Sro.95Lao.o5Ti03 
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FIG. 7.10. Optical conductivity spectra of 
the Ca,_,Sr, V03 single crystals (x=O, 0.25, 
0.50, I) at room temperature obtained by the 
Krarners-Kronig transformation of the reflectivity 
data. 

(lightly doped 31f!-05 metal),23 and YTiOa 
(3d1 insulator) reported by Okimoto et a18 ln 
the optical conductivity of Sro_gs Lao.osTiOa, 
the most prominent low-energy feature, that 
distinctly rises around 4 eV, can be inter
preted as originating in a transition from 
the 0 2p band to the Ti 3d band, whicl1 
corresponds to t he optical gap of the par
ent insulator SrTiOau The doped 3d elec
trons contribu te to a(w) with a small spec
tral weight extending from w = 0. On 
the other hand, YTi03 is considered to be 
a Matt-Hubbard insulator. Two electron ic 
gap-like features are observed around 1 eV 
and 4 e V. These features have been respec
tively interpreted as originating in excita
tions through the Matt-Hubbard gap, nan1ely, 
from the lower-Hubbard baud (LHB) to the 
upper-Hubbard band (UHB), and excitations 
through the charge-transfer gap, i.e., from the 
0 2p band to the UHD.8•25 Recently, Bouarab 

Appendix. Optical Conductivity of Ca, _,Sr, V03 

2 4 
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FIG. 7.11. Comparison of the optical conductivity 
spectra of CaV03 to those of other perovskite ox
ides, Sr0_95 L11{)_05Ti03 (lightly doped 3~ metal),"' 
and YTi03 (3d1 insulator) reported by Okimoto 
et al.8 Shaded portions correspond to the inter
band transition , and remaining white portions cor
respond solely to the intraband transitions within 
the V 3d band. 

et at. have reported interband optical conduc
tivities obtained by the energy- bands calcula
tion of the YM03 (M=Ti-Cu) system with 
a local spin-density ap proximation26 Their 
calculated results of inter band optical conduc
tivity in YTi03 is shown in the bottom of 
Fig. 7.11 as a shaded portion. We find from 
this comparison t hat the peak at around 5 eV 
cannot be explained by the t ransit ion between 
the 0 2p band a nd the Ti 3d band alone. 

In Ca V03, photoemission spectroscopy15•
27 

has revealed that t he 0 2p band is located at 
a binding energy which is almost t he same as 
that of metallic Sro.9sLao.osTi03; hence, the 
absorption edge of the charge-transfer excita
tion of CaV03 should be approximately equal 
to that of Sro.9sLao.05T i0a. Therefore, it is 
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reasonable to consider that the shaded por
t ions of a(w) in Fig. 7.11 correspond to the 
charge-transfer type transitions as well as the 
other interband transitions with much higher 
energies, by analogy with the baud-calculation 
in YTi03 26 Accordingly, the remaining white 
portions corre:pond solely to the intraband 
transition within the V 3d band. 

In order to focus on the spectral weight of 
tile optical conductivity arising from intra-
3d-band transitions, we have subtracted t he 
shaded portion in the middle of Fig. 7.11 as 
background, assuming an appropriate func
tion of (w- D.) 312 , where D. has been obtained 
by fitting the lower energy tail of t he 0 2p 
band in photoemission spectm scopy spectra 
of Ca1-xSr,V03 single crystals28 

A quantitative measure of t he spectral 
weight has been obtained by deducing the ef
fective electron number per vanadium ion de
fined by the following relation 

N 2mV low 1 1 err(w) = - 2- a(w )dw, 
7rC 0 

where e is the bare electronic charge and m is 
the bare band mass of a non interacting Bloch 
electron in the conduction baud. V is the cell 
volume for one formula unit (one V atom in 
t his system). The significance of N.rr will be 
a ppreciated by considering the sum rule of the 
conductivity 

{ co a (w)dw = 7rNe2 
lo 2mV 

where N = N.rr( oo) corresponds to the to
tal number of electrons in the unit formula . 
That is, N.rr(w) is proportional to the num
ber of electrons involved in the optical exci
tations up to w. In Fig. 7.12, we show N,rr 
of the Ca1-xSrx VOa system, after subtract
ing the higher-energy background. Since, in 
Fig 7.12, we have assumed m = mo, where 
mo is the bare electron ic mass, the total num
ber N = N.rr(w = oo) c:: N.rr(w = 5 eV) turru; 
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FIG. 7.12. Effective electron number per vana
dium atom N.rr obtained after subtracting the 
higher-energy background (Fig. 7.11). 

out to be smaller than 1, reflecting the dif
ference between m and m 0 (m > m 0 ). If 
instead we use the value m obtained from 
LDA, rn ~ 1.5mo for the V 3d band, we 
find N.rr(5 eV) "" 1. Thus, we conclude 
that the assumed background (shaded area in 
F ig. 7.11) is reasonable to deduce the intrinsic 
contributioru; of the interband transition. 

The initial steep rise of N"" i dne to the 
Drude-like contributions extending from w = 
0. The Drud.e-Jike contribution can be dist in
guished below ~ 1.5 eV, where N,rr exhibi ts a 
fl at region. Therefore , N •• at~ 1.5 eV is con
sidered to be a good measure for t he effective 
mass of the carriers. T he values of m' /mo 
estimated from N, .. (w = 1.5 eV) are 3.1 (6), 
3.0(5), 3.0, 2.7 for x = 0, 0.25, 0.50, 1, which 
are almost equivalent to t he values of m • /rno 
discussed in Sec. A.3.2. 

Fig. 7.13 shows the optical conductivity 
spectra a(w) of the Ca1_xSr, V03 single crys
tals (x=O, 0.25, 0.50, 1) in the photon energy 
rangeo£0~5 eV. T he high-energy background 
corresponding to the interband transition has 
already been subtract d. As discussed above, 
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FlG . 7.!3. Optical conductivity spectra of the 
Ca1_,Sr, V03 in the photon energy range of 
0~5 e V. The high-energy background correspond
ing to the interband transition has been sub
tracted. (a) a small peak at~ 1.7 eV is denoted as 
peak "A" in the text. (b) a large peak at ~3.5 eV 
is denoted as peak "B" in the text. 

a(w) (0 $ w $ 5eV) .reflects only t he intra
band transitions of the V 3d electrons. In the 
spectrum, there is a smal l feature at~ 1.7 eV, 
which we call peak "A" [Fig. 7.13(a)] and 
also a large feature at ~ 3.5 eV, which we 
call peak "B" [Fig. 7.13(b)]. With the in
crease of x, the excitation energy of peak "B" 
shifts slightly to lower energy, and its spectral 
weight decreases; whereas, the excitation en
ergy of peak "A" shifts to higher energy, and 
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its spectral weight increases. In addition, the 
width of peak "A" broadens with increasing 
x. Fig. 7.14 shows the excitation energy, the 
full-width at half maximum (FWHM), and the 
spectral weight of peak "A" and peak "B" as 
functions of x.29 

In the valence band photoemiss.ion spectra 
of the Ca1_zSrz V03 system, two features have 
been observed: one is a peak at~ 1.5 eV below 
EF and the other is the emission from a broad 
quasiparticle band which lies on EF.15•

27 The 
former is assigned to an incoherent emission 
associated with t he formation of the lower 
Hubbard band and the latter corresponds to 
a reuonnalized 3d baud at Ep. We reported 
that, upon increasing the strength of U JW in 
Ca1- zSr, V03 system, the spectral weight is 
J>')'stematically transferred from the quasipar
ticle band to the incoherent part15 In the 
inverse-p.hotoemission spectra. of Ca YO a and 
SrV03, Morikawa et al. have found a promi
nent peak at 2.5~3 eV above EF and a shoul
der within around 1 eV of Ep.27 These fea
tures have been also assigned to the incoherent 
and coherent parts of the spectral function of 
the V 3d electron. 

These results lead us to consider that the 
two features (peaks "A" and "B") observed 
in the optical conductivity spectra originate 
from possible combinations of the transitions 
among the incoherent and coherent features of 
V <ld electron around the Fermi level. 

The experimental results of the optical con
ductivity can be compared to the theoreti
cal prediction obtained by the self-consistent 
local-impurity approximation of the infinite
dimension Hubbard model. 12 The theory 
seems to give us a clue to understand the 
origin of the two features. According to the 
prediction, the optical response .is composed 
of basically three contributions in addition 
to the Drude part: a broad part centered at 
a frequency w = U, a few narrow features 
near w = U /2, and an "anomalous" part that 
is present in the range w = 0 to 1 e V ap-
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proximately. The contribution at U corre
sponds to direct excitations between the Hub
bard bands, the features at U /2 corresponds 
to excitations from the LHB to the empty 
part of the quasiparticle band and from the 
filled part of the quasiparticle band to the 
UJ-ffi , and finally, the "anomalous" part cor
responds to excitations from the -filled to the 
empty part of the quasiparticle band. In our 
previous paper,30 we analyzed the spectrum 
of Ca V03 in the light of these predictions. 
The parameters U and W , which were used 
in the model calculation, were taken from the 
results of photoemission spectroscopy.30 Al
though it was expected that the parameter 
W would systematically change with compo
sition , we chose to vary U for the sake of 
simplicity, given that fits of equivalent quality 
cou ld be obtained for the photoemission spec
tra. In CaV03 , which has the narrowest 3d 
band in the Ca1-zSrz V03 system, the peaks 
"A" and "B" have been well described by the 
features at U /2 and U , respectively, so that 
the infinite-dimension Hubbard model seems 
to reproduce the experimentally obtained op
tical conductivity reasonably weU.30 

We find that our experimental gives re
su lts as summarized in Fig. 7.14: with in
creasing x, the peak energy of peak "B" 
shifts slight ly to lower energies and its spec
tral weight gradually increases. The spectral 
weight of peak "A" increases with x. Peak 
"A", however , shifts slightly to higher energy. 
We should now like to emphasize an impor
tant point. Our present systematic study of 
the Ca1_,Srx V03 compound gives conclusive 
evidence that we can tune the band-width of 
the system by controlling x. The position of 
peak "B" gives a direct measure of the value of 
U and the fact that it remains almost a con
st:.Ot is a clear evidence that the ratio U / W 
is controlled by a change of the band-width 
W. This situation is in sharp contrast with 
our previous analysis30 based on photoemis
sion data which did not allow us to resolve 
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FIG. 7.14. Excitation energy, full-width at half 
maximum (FWHM ), and spectral weight of peak 
"A" and peak "B" plotted as funct.ions of x. 
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FIG. 7.15. Calculated optical conductivity by IPT 
for the parameters U = 3 eV and W indicated in 
t.he figure. 

which parameter was act ually controlling the 
U j W ratio. A crucial ingred ient that makes 
t he study of the optical response so valuable 
for this analys is is that, unlike photoemission, 
it probes aL5o the unoccupied part of the spec
tra, therefore, it is sensitive to t he relative po
sition of the Hubbard bands. 

In order to gain some further insight in the 
qualitative behavior o£ the systematic evolu
tion of our experimental data, we have used 
our initial estimates for U and W as inpu t 
parameters in a calculation of t he optical re
sponse of the Hubbard model and changed the 
value of W instead of U. We shall consider the 
model within the dynamical mean fie ld t he
ory which becomes e..xact in the limit of largo 
lattice connectivity (or large dimensionality). 
For convenience we have computed the optical 
respo nse using the iterated perturbation the
ory (IPT) method which allows for a simple 
evaluation of this quantity at T = 0 and near 
the Matt-Hubba rd transition.3 l,32 

In Fig. 7.15 we show the theoretical predic
tion using t he value of U = 3 eV for the loc.'1.l 
repulsion and for the half-bandwidth W /2 = 

1.05 and 0.95 eV for SrV03 and CaV03 , re
spectively. Note that t he spectra do not dis
play the Drucie contribut ion as it corresponds 
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FIG. 7.16 . Theoretical spectral density of states 
obtained by IPT at T = 0 for the pa.ran\eters 
U = 3 e V and W indicated in the figure. 

to a delta-function at w = 0 since om model 
does not contain disorder and the calculation 
is performed at T = 0. The particular line
shape that we obtain ls originated in t he be
havior of the spectral density of states that is 
obtained within t he IPT method as shown in 
Fig. 7.16. We should point out that while t he 
details of t he line shape may not be correctly 
given by this method, the main distribution 
of t he spectral weight of the various contribu
tions and their systematic evolution are very 
reliably captw·ed. 12 

We observe t hat the theoretical results for 
t he systematic dependence of the various con
tributions to the optical response by control
ling the value of W are in a better qualita
tive agreement with the experimental data of 
Fig. 7.14 than the previous calculation where 
we changed the value of U. One of the most 
notable improvements is t.hat the unexpected 
systematic evolution of the feature at U / 2, 
which shifts upward with increasing W , is well 
captured qualitatively. This peculiar effect 
can be interpreted M a ''band repulsion" be
tween the Hubbard band and the quasiparticle 
band. As we increase W, the latter becomes 
broader and "pushes" the Hubbard ba.ncl fur-

A.4. Summruy 

t her out. 
However, there arc still some discrepancies. 

Such a large spectral weight redistribu tion is 
predicted to be concomitant with a large ef
fective mass in the mean-field treatment of t he 
Hubbard mode1. 1·2•33 This is, however, incon
sistent with the observed effective mass in this 
system. Moreover, in the opt ical conductivi ty 
spectra, there is apparently a notable discrep
ancy in respect to the relative spectral weight 
of peak "A" to peak "B"; it is much more snp
pressed in the experimental data, than in the 
theoretical data. 

Other discrepancies between some experi
mental re ults and the prediction of the mean
fi eld approach for the electron correlation 
were also reported in the photoemission spec
t roscopy measurements in this system. 15•27 

In the mean-field Fermi liquid approach, the 
renormalizecl quasiparticle band at Ep should 
be narrowed with increasing t he value of 
u;w' 12·33 but, in those experiments, the 
quasipart icle band-width remains broad, even 
if the system approaches the Matt transition. 
Since peak "A" has been assigned to transi
tions associated with the quasiparticle band, 
the conspicuous suppression in spectral inten
sity of peak "A" reflects he broadness of t he 
quasiparticle band. The broad quasiparticle 
band also accounts for the lack of a strong 
mass enhancement in this system. 

The momentum-dependent self-energy be
comes significant near the Matt transition, 
resul ting in a reduction of the mass en
hancement. Although our measurements 
cannot clarify the validity of introducing a 
momentum-dependent self-energy, we con
clude that there must be other interact ions 
not present in t he mean-field treatment of 
the electron correlation in the meta.Ilic regime 
close to the !Vlott transition. 

Finally, t he presence of t he "anomalous" 
contribution at low frequencies that extends 
clown to w = 0 in the theoretical data sheds 
a different light for t he interpretation of the 
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Drucle-like response discussed in Sec. A.3.2. It 
may he possible to say that the deviation from 
the simple Drude model would be partly chte 
to this "anomalous" contribution. The origin 
of this effect is again traced to t he presence of 
the incoherent contribution coming from the 
low energy tails of the Hubbard bands that is 
observed in the theoretical density of states. 
However, it is ex perimentally very clifficnlt to 
disentangle unambiguously the contrib\lt ion of 
the coherent optical response of carriers and 
that of the incoherent process in optical con
ductivity, so this issue remains an open ques
tion. 

A.4. Summary 

This study bas aimed at elucidating the 
electronic structure of the correlated metal
lic vanadate by means of the optical spec
troscopy measurements. We have synthesized 
the ca, _xSr X vo3 sy tem to control solely t he 
3d band-widt h without varying the band fill
ing. 

We have found that the low energy con
tribution to the optical conductivity spectra 
cannot be reproduced by the simple Drude 
model with the energy- independent scatter
ing rate and P.ffective mass. The energy
dependent -y(w) determined by the generalized 
Drude model shows relatively large energy de
pendence. However, -y(w) is proportional tow 
rather than that of the electron-electron scat
tering w2. 

The effective mass of the V 3d electron bas 
been evaluated from the plasma frequency. 
The value of m • fmo gradually increases with 
decreasing t he band-width W . However, any 
symptom of t.he critical mass enhancement has 
not been observed, even though the system is 
close to th Matt transition. 

We observed two anomalous p •aks in the 
optical cond·uctivity spectra around 1.7 eV 
and 3.5 eV . These features can be assigned 
to the possible combinatious of transitions be--
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tween the incoherent peaks and the coher
eoL quasiparticle band around t.be Fermi level. 
Th.is large spectral weight redistribution sub-
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