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Abstract

Studies of correlation effects in layered transition metal oxides
by

Kwan-Woo Lee

For a correlated system, conventional ab initio band theory, the local density approxima-
tion (LDA), frequently fails to supply a correct ground state due to lack of consideration
of correlation effects. In this research, I will investigate the strength and effect of Coulomb
correlations in the three layered transition-metal oxides, using a correlated band theory
LDA+U including correlations due to intra-atomic Coulomb repulsion U.

First, the LDA+U method is applied to study charge disproportionation, and
charge and spin ordering in Na,; CoOs, which forms a superconductor (7, ~4.5 K) when hy-
drated. My results display a charge disproportionation transition (for example, at z=0.5,
2C0%5t —Co3T + Co*t) at a (moderate) critical U, for 0 < < 1. The disproportionation
in the Co a4 orbital results in a fraction x of Co ions becoming electronically and magnet-
ically dead, which subsequently undergo charge ordering and metal-insulator transition.
In particular, precisely at £=0.5, the observed antiferromagnetic insulating phase, various
ordering patterns are analyzed and an observed “out-of-phase stripe” pattern of antiferro-
magnetic Co*T spins is discussed in terms of distinct analogies and substantial differences
with cuprates. Also, by comparison with experiments, I suggest a crossover from effective

single-band character U > W for £ > 0.5 into a three-band regime for x < 0.5, resulting
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in the Coulomb repulsion strength significantly dependent on the carrier concentration.

Second, in LaNiO, with the Ni ion having the same formal ionic configuration 3d°
as does Cu in isostructural CaCuQOs which is a parent material of high T, superconductor
cuprates, correlation effects do not appear to be large. However, ad hoc increase of the
intra-atomic repulsion on the Ni site is found to lead to a novel correlated state: (i) the
transition metal dg>_,» and ds,>_,> states undergo consecutive Mott transitions and (ii)
their moments are antialigned leading (ideally) to a “singlet” ion in which there are two
polarized orbitals.

Third, for SroCo0O4 newly synthesized by two groups, the system (formal oxida-
tion state Co*T) shows a high Curie temperature (~ 250 K). But the two groups report
different moments of 1.8 yup and 1 pp per Co. Using both LDA+U and LSDA, the com-
bined effects of correlation and hybridization with O 2p states are calculated and analyzed.
SroCo0y is already ferromagnetic within LSDA (M=1.95 up). At a critical value U.=2.5
eV, a metal to half metal (M=1 up) transition occurs. Keeping U at U, fixed spin mo-
ment calculations show similar behavior. Although the energy minima occur very near
integer values of the moment/Co (1up,2up), the strong 3d — 2p mixing and resulting 3d
orbital occupations seem to preclude any meaningful S = % or § = 1 assignment to the

Co ion.
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3.31 Effect of Na concentration z on the critical on-site Coulomb repulsion U,
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Isocontour plot of the spin density of the “singlet” Niion (U = 8 eV) when
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SIBN. L . L e e e e e e
Comparison of LDA projected paramagnetic DOS LaNiOsy (upper panel)
and CaCuO; (lower panel). Note the separation of the Ni 3d states from
the O 2p states in the upper panel, which does not occur for the more
strongly hybridized cuprate. . . . . . . .. . ... Lo oL

Crystal structure of SroCoQy4, a body-centered-tetragonal type. The planar
0-Co bond length is 1.878 A, about 6% shorter than the apical O-Co bond
length. Lattice constants used here are a=3.755 A and ¢=12.6 A. . .. ..
FM LSDA majority (top) and minority (bottom) band structures along
symmetry directions. The thickened (and colored) lines emphasize Co
ds,> > (green or light) and d,2>_,» (red or black) characters, which form
bonding and antibonding bands with apical and in-plane O p, states re-
spectively. The symmetry points for the body-centered-tetragonal structure
follow the Bradley and Cracknell notation as given in Fig. 5.6. The dashed
horizontal line denotes the Fermi energy. . . . . . . . . .. ... ... .. ..
Total and atom-projected densities of states for LSDA FM calculation. Near
Er, there is a van Hove singularity in the minority channel. While AO is
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Chapter 1

Introduction

Since the discovery of high temperature superconductivity in cuprates, there
has been intense interest in transition-metal oxides with strongly layered (quasi) two-
dimensional (2D) crystal structures and electronic properties. A second surprise appeared
in 2001 with the discovery of T,=40 K in MgBs, where the physics is entirely different
but the 2D character is crucial for the surprisingly high value of critical temperature 7.
A further stimulus for study of 2D transition-metal oxides was provided in 2003 with the
discovery of superconductivity in hydrated Na,CoO, at T=4.5 K.

The electronic structure of transition-metal oxides with incompletely filled 3d
shells, for example monoxides, has been studied for a long time. From a bandstructure
point of view, e.g., the local density approximation (LDA) within the density functional
theory (DFT), the monoxides, such as MnO, CoO, and NiO, should be metals, owing to
incompletely filled 3d states. In contrast to the prediction, experiments show these systems
are insulators. A strong Coulomb correlation between the d electrons is responsible for

the insulating gap of the monoxides. Briefly, the d electrons remain localized at the metal



ions, because their Coulomb correlations prevent them from forming an incompletely filled
3d band. LDA frequently fails to predict the ground states in the strongly correlated 3d
or 4f systems. In particular, there are three well-known failures: this insulating gap
problem, underestimating equilibrium lattice parameters, and under- or over-estimating
magnetism. The failures of LDA require more accurate methods like LDA+U (local density
approximation + Hubbard U), which have been relatively successful for some correlated
materials. The LDA+U method has been suggested to classify the correlated orbitals and
describe their electronic interactions as strongly correlated states.

In this thesis, I will focus on three layered transition-metal oxides (Na;CoOo,
LaNiOg, and SroCoQy), possibly showing strongly correlated behavior and analogies with
the cuprates, using the LDA and LDA+U methods to study the correlation effects. In
addition to the superconductivity, Na,CoQO2 shows a rich variation of properties: phase
separation between correlated and uncorrelated regimes at £=0.5, insulating antiferromag-
netic phase with a tiny gap precisely at x=0.5, presumed Mott insulating phase at x=0,
and magnetic phase diagram dependent on z. A striking picture is the triangular lattice
of CoOs layers which can be frustrated when allowing antiferromagnetic interaction of
Co ions. Second, LaNiQOs is isostructural to CaCuO2 which is a parent system of high T,
superconducting cuprates. Both Ni and Cu in each system have the same formal ionic con-
figuration 3d°. Since it is reported to be nonmagnetic and probably metallic, correlation
effects do not seem to be strong. Third, the recently synthesized SroCoO4 has the ideal
(no tilting) 2D KyNiF, structure as in LayCuQy, which is another parent system of high
T. superconducting cuprates. Instead of superconductivity, this system shows interesting

ferromagnetic behavior with high Curie temperature. Two recent reports, using samples



synthesized by different methods, indicate different magnetic moments.

The thesis will be organized as follows. In Chapter 2, the theoretical background
of my approach methods will be provided. In following separate chapters for each system,
observations will be reviewed and then my results mainly obtained with the LDA+U
method will be addressed. In particular, in Chapter 3, I will indicate how the frustration
is relieved by charge disproportionation/ordering of Co ions in the sodium cobaltates,

which is one of the most remarkable successes of the LDA+U method.



Chapter 2

Theoretical background

2.1 Density Functional Theory

Modern electronic structure calculation methods can be divided into the tra-
ditional wave function (for example, Hartree-Fock approach) and the density functional
methods. The wave function method is based on the Schrodinger equation (for the many-
electron wavefunction) obtained within the Born-Oppenheimer approximation, in which
the much heavier nuclei than electrons are assumed to be fixed in space. Generally speak-
ing, the wave function methods supply accurately properties of solids for sufficiently small
atom systems. But, for a many-electron system, a lot of Slater determinants are required,
so that they are too time-consuming to solve due to the so-called “exponential wall” named
by Kohn.[1] Instead of the many-body wavefunction described by Slater determinant, the
density functional theory (DFT) is focused on the electron density n(r). At the current
stage, DFT can be applied up to a system containing a order of 10?2 -103 atoms. In

this section, I will review briefly DFT and the local density approximation, which is the



simplest approximation employed to solve the Kohn-Sham equations.

Two theorems given by Hohenbeg and Kohn (HK) are the foundation of the
DFT.[2] First, the potential (to within a constant), and the resulting energy, is uniquely
specified by the electron density n(r). Second, the HK variational principle shows that
the ground state energy is determined by minimizing the energy functional with respect
to the density. One year later, Kohn and Sham[3] invented the energy functional, for
an interacting electron system, as a sum of the kinetic energy term T[] of the ground
state of the noninteraction electron system with the same density, the Hartree energy

interaction term Eg[71]:

) drdr’ ), the exchange-correlation term F,.[72], and the electron-ion

E[ﬁ] =T [ﬁ] + EH[ﬁ] + E:cc['ﬁ’] + Eewt[ﬁ]a (2'1)

where 71 is a valid density. Applying the HK variational principle in the following form,

MY‘L E[#) -I—Ze] [/qﬁ%lr—l] =0 (2.2)

with a Lagrangian multiplier £;. The effective single-particle equation is obtained! such

as

(=57 + g () = 5185(r) =0, (2.3

where the minimizing density n(r) is taken in the form

# of electrons

nfr)= Y e (2:4)

i=1

'Note that T is explicitly expressed as a functional of the orbitals, i.e., Ts = —% Ej |[V¢;|?. Thus,
0Ts _ _1y2g.
s = —1v%;.




and the effective external potential vy (r) is given by

Veff(1) = Vet (1) +vu (1) + vge(r)- (2.5)

The local exchange-correlation potential v,.(r) is defined by %Em[ﬁ]ﬁ(r):n(r), depend-
ing on the density distribution 7(r). Equation (2.3) is called the Kohn-Sham equation.
The ground state energy can be calculated from Eq. (2.1), or combination of Egs. (2.1)

and (2.5) gives an equivalent form:

E = Z €5 + Egc[n] — /UIC(T)’I?,(T)dT — Eg. (2.6)

J

Equations (2.3)-(2.6) may be solved self-consistently: (1) guess approximately an initial
n(r), (2) construct vesr, (3) solve Eq. (2.3), (4) recalculate n(r) from Eq. (2.4). Then,
check whether a new n(r) is close to an old n(r). If not, one must iterate until they are
equal (to some prescribed tolerance) to each other. Note that v.fs(r) , and hence vg(r)
can be directly determined by the density n(r) if the density is independently known from

experiment or wave function based calculations for a small system.[4]

Local Density Approximation

The only unknown part of the Kohn-Sham equations is the exchange-correlation
energy. The practical usefulness of the Kohn-Sham equations relies wholly on the accuracy
and simplicity in approximation of the exchange-correlation energy functional E,.[n] which

can be written in the form[1]

Buln) = [ exclrs [n@Dn(r)ar (2.7)

Here, e,c(r; [n(7)]) describes an exchange-correlation energy per particle at the point . It

is a functional of the density n(7) at points 7 near r. (The “near” means a distance like



the Fermi wavelength or the Thomas-Fermi screening length.[1])
We need an approximation for Ej.[n], coming from outside of DFT, in view of
the physics of electronic structure. The simplest, but very successful, approximation is

the local density approximation (LDA):

BLDA = / exe (n(r))n(r)dr, (2.8)

where ey.(n) is the exchange-correlation energy per particle of a uniform electron gas
of density n. Although LDA is undoubtedly best for the systems having slowly varying
density, practically it has been found to be effective for most systems, because underes-
timation for the exchange energy and overestimation for the correlation energy partially
cancel out in most systems.[1] However, it is a well-known fact that LDA fails to produce
some crucial properties, for example insulating gap and magnetic moment, in correlated
systems having strong d — d or f — f interactions, like transition-metal oxides and heavy
fermion systems. (I will address one of the correlated band theory methods in Sec. 2.3.)

Nevertheless, LDA can still supply some useful information even in these systems.

2.2 Full Potential nonorthogonal Local Orbital Schemes

Methods to solve the Kohn-Sham equations are frequently based on one of two
different physical pictures: the tight-binding and the weakly bound (free electron) pictures.
The foundation of the former is atomic functions, which broaden into bands due to large
overlap integrals as the atoms become closer together. It is a better choice for the briskly
oscillating wave functions near the ion cores. On the other hand, the basic idea of the

latter is that, when switching on the periodic potential, the free electron bands folded into



the first Brillouin zone open a gap. The weakly bound approach works well where the wave
functions are free electron-like, and in practice requires a pseudo-potential technique[5] to
produce plane waves representing the wave functions.

It seems most appropriate to use a local orbital method, based on the tight-
binding picture, for the correlated materials. In these studies, I have used the full-potential
nonorthogonal local-orbital (FPLO) scheme,[6] which originates from the linear combina-
tion of atomic orbitals (LCAQ) method.[7] (FPLO has been shown to be computationally
efficient yet accurate.) In the FPLO method, the orbitals are given by a linear combina-
tion of the atomic-like basis orbitals ¢sz(r — R — s) which is centered at sites s in the

primitive cell defined by R.:

Uien(r) = D ot — R — 5)Crspene™ BF9), (2.9)
RsL

where L is a set of an atomic quantum numbers and Crg k, is a coefficient of the wave
function. The orbital ¥y, (r) is a Bloch state. Since the basis is nonorthogonal, the secular

equation is given by
HC = SCe, (2.10)

where the Hamiltonian H and overlap S matrices are defined by

HE' = Y < OSL'|HRsL > et (Bts=s), (2.11)
R

SH' = 3 < OsL'RsL > et(Bs=s), (2.12)
R

Furthermore, in the FPLO method the set of basis orbitals is divided into the core and
the valence orbitals to reduce the size of the matrices. Then, the core orbitals are chosen

to be orthogonalized, resulting in the simplified eigenvalue problem.|[6]



Now, I will focus on the basis set in FPLO. The core orbitals are strongly local-
ized, resulting in no overlap with different sites. So the core orbitals are satisfied with the

equation

(T + Ugt)¢ch = ¢chgch; (2.13)

where the crystal potential v is spherically averaged around the site center s and T is the
Kohn-Sham kinetic energy operator. In contrast to the core orbitals, the valence orbitals
have usually higher energy than the averaged crystal potential. As a result, if the valence
orbitals were assumed to obey Eq. (2.13), i.e., atomic-like, the orbitals would have a long
range tail, leading to many overlap integrals. In FPLO, an additional spherical confining

potential is employed to compress the long range tail. The valence orbitals are defined by

[j; + U:t + Uconf]¢va = ¢va5va- (2.14)

Here, the confining potential veon; = (%)a, with o = (#FX )% for nearest-neighbor
distance rnyy and dimensionless compression parameter xg, and the exponent a=4 empir-
ically chosen for most systems (except for rare earth compounds). Moreover, the confining
potential pushes up the orbital resonance energies €51, to near the band centers of the
orbital projected DOS. An important feature of the FPLO basis treatment is that the
total energy is minimized with respect to the set of compression parameters. The basis is
readjusted at every iteration and is optimized in the course of iteration, thus, the basis of
FPLO is not fixed.

Although in principle there are two classes in the basis of FPLO, practically we
must treat the basis more carefully since the result and efficiency may depend on the basis

set chosen. A few orbitals near the top of the core orbitals may violate the orthogonality



with orbitals from different sites. These orbitals (semi-core orbitals) must be treated as
valence orbitals, although in fact they are fully occupied. Another important set of orbitals
to be considered carefully is polarization orbitals, which have very small occupancy (less
than a few tenths). In spite of the small occupancy, including the polarization orbitals
typically enhances the effectiveness and accuracy of FPLO. For example, basis orbitals for
Co can be chosen such as (3s3p)4s4p3d, where the orbitals in parenthese denote semicore

orbitals.

2.3 LDA-+U method

Although LDA has been demonstrated to be very efficient and accurate for con-
ventional (uncorrelated) systems, it often fails to produce a correct ground state in strongly
correlated systems. Correlated systems typically contain partially filled d or f shells, so
LDA predicts the system to be metallic. In fact, however, the d or f states are localized
and Hubbard model studies? have shown there is an energy splitting between occupied
and unoccupied bands due to Coulomb repulsion U. The problem of LDA can be ad-
dressed by the Hartree-Fock method[8] and the GW approximation[9]. The former has
a serious problem, usually a 2-3 times larger gap than the experimental value, due to
the nature of the unscreened Coulomb interaction in this method. For example, for a 3d
metal, the Coulomb interaction is reduced efficiently (about 50%) by the screening of 4s
and 4p electrons.[10, 11] The GW method seems to be appropriate for a weakly correlated

case.

’In the Hubbard model, the many-body Hamiltonian consists of two parts: electron-hopping and
electron-electron interaction (on-site Coulomb repulsion U) terms. The former leads to metallic behavior.
On the other hand, the latter tends to localize electrons on a site, resulting in insulating behavior (driving
the transition to a Mott insulator.)

10



For highly correlated systems, one of the improved methods is LDA+U.[12, 13]
The main idea is to separate electron states into two classes. The first is the delocalized s,
p electron states, which could be described by LDA. The second is the localized d (or f)
electron states where the Coulomb d—d (or f— f) interaction should be considered roughly
by a term %E#jninj, with a d orbital occupancy n;. With this correction, unoccupied
orbital energies, in simple models, for large U raise by %, while occupied orbital energies

lower by %, leading to energy gap.

Correlated Orbital and LDA+4U Energy Functional

The essence of the LDA+U method is to identify correlated orbitals {¢prme },[15]
which are assumed to be angular momentum eigenstates® centered at R. (m is the az-
imuthal quantum number. Hereafter, we will use simply {¢rmo} = {Pm}-)

The LDA+U variational total-energy functional[12] is given by

E"!p,7) = E*P4(p) + E**(2) — E*(0), (2.15)

BU

where EP4(p) is the L(S)DA energy functional of the total electron density p. (Only in
this subsection, the L(S)DA electron density is represented by the notation of p.) E%(7)
with the local orbital occupation matrix 77 = n? , for the orbitals {¢,,} is a “double-
counting” term. This “double-counting” removes an averaged LDA energy contribution of
these correlated orbitals from the LDA energy (see below). The electron-electron Coulomb
interaction E°(7) is represented by the Hartree-Fock type[13, 14]:

/

1 - .
Fee — 3 Z ({(mima|b|mamy) — dg,o (M1M2|W|MAM3) )1, 11a Miriima (2.16)

{m},00’

3In the FPLO method, real orbitals

mi —m
% are used.
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with the screened electron-electron interaction w. Here, (|) denotes an angular intergral.

The corresponding effective single-particle U potential V'V is

U
yv - 9 (2.17)

'
ong,. ma
1

= 3 Z ({mama|d|mamy) — 8g,5t (Mimol®|mams))ng, m. — Ve,

{m},00’

where V% is a “double-counting” potential. If the occupation matrix 27 is diagonal,[13]

the expression simplify

g

Nyym! = 5mm’ Nmo
Umm’ = <mml|w|mml)7
Jmmy = (mm!|w|m'm), (2.18)

where J is Hund’s rule exchange parameter. The on-site Coulomb repulsion U is the
Coulomb energy cost to place two electrons at the same site. Thus, the electron-electron
Coulomb interaction F¢ can be written simply in terms of the Hubbard-like density-

density interaction:

1
B¢ = 5 Z [Umm’ - (50,0’ mm’]nmonm’o’- (2'19)

m#m/ o0’

This form displayed in Eq. (2.19) is schematic in the sense that it does not display all of
the indices involved in the full coordinate-system-independent form that is implemented
in the code.

Since only on-site interactions are considered in the E°¢ functional, U and J are
determined by on-site matrix elements for the screened electron-electron interaction w

from the atomic expression

2l;
(m1m2|7]1|m3m4) = Zﬂal(m1m2m3m4). (2.20)
=0

12



Here, the matrix should be satisfied with the conditions o1 = o3 and 02 = 04. The

coefficient a; and the Slater’s integrals F; [16] are given by

l

47'(' *
ay(mimomamy) = T mz_:_ Yiimy [Yin| Yisma ) (Yiima | Yim [Yiima )™
) Tl
F =~ // drldrz(rlRi(rl))Q(rgRi(rg))QT<1, for ! > 0. (2.21)
0 >

Here, r-(rs) is the smaller (larger) of 71 and r9. Combining Egs. (2.20) and (2.21) with

the sum rules[15]

Z(m1m2|1ﬂ|m1m4) = 5m2jm4(2l—|—1)U,

mi

D (mama|Blmsmy) = Sy ms (U + 217), (2.22)
mi1

the relations between the Hubbard U and exchange J and the Slater’s integrals are derived
as
U=Fy; J=(Fy+ Fy)/14 , for 3d systems,
U=Fy; J=(286F,+ 195F,; + 250F;)/6435 , for 4f systems. (2.23)

The ratio F»/Fy and F,/Fg are taken from atomic situations. For example, for all 3d ions,

the ratio Fy/F» is between 0.62 and 0.63.[17]

Double counting

There are two popular schemes for treatment of the “double counting” term,
intended to subtract out the shell-averaged interaction that has already been included in

LSDA. One choice is the so-called “around mean field” (AMF) scheme?, which is expected

4Note that the AMF scheme produces no contribution in case of orbital-independent occupation number,
for example, 4f-shell of Gd (4f" configuration).
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to be more suitable when the on-site Coulomb repulsion U is not so strong.[18] The
other choice, called the “fully localized limit” (FLL) (also called “atomic limit”), is more
appropriate for large U systems.[19] The method to treat the double counting problem in

each scheme is given by

1 _
EffchF Y Z [Urnim = 86,0 S’ ] 70 1,
m#m/ o0’
1 _
B, = 5 > Uit = S50 Trnm! 1T (2.24)
m#m/ o0’

where 7 is the shell-averaged occupation, while 7, is its spin-decomposed analog. These
double-counting terms can be written in other forms that emphasize other aspects of the
interaction.[20] However, this form is illustrative because it emphasizes that the difference
lies in the magnitude of the (self-consistent) atomic moment. Clearly it is only the spher-
ically averaged values of U and J that enter the double-counting terms. The difference
between the two forms given in Eq. (2.24) is that the double-counting term, and the

resulting potential, includes a spin dependence in the FLL form.

Constrained LDA

The question (and also a weak point) for the LDA+U method is how to define the
Coulomb repulsion strength U in a real system. Introducing a constraining field induces
the change of electron density dp. The energy change due to Jp is often evaluated in LDA,
and this approach is called the constrained LDA (CLDA).

The basis of Kohn-Sham equations can be divided into two classes: delocalized
orbitals () and localized orbitals (L). LDA works well for the former, whereas the latter

requests an improved approach. Herring[21] defined the Coulomb strength as the energy
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cost required to move a localized electron between two atoms at R and R':
Urr = E(ngr + 1,nLrr — 1) — E(nzr,nLr!)- (2.25)

Here, nyr and nrrs are the occupation numbers of the localized electrons at R and R/.
Assuming a smooth function of the occupation numbers,[22] by a Taylor expansion the

Coulomb repulsion is given by

82E . Oe LR
Bn%R Onir’

UR,R’ ~ U1 = (226)

where e r = ang is a single particle energy of the localized electron. The definition of

Eqg. (2.26) is usually used in CLDA calculations. Using Slater’s transition state arguments,

Solovyev and Dederichs[22] obtained an another form:

1 1 1 1
Urr = U =err(nIr + o7 IR~ 5) —€err(NIR — 5o MIR + 5)- (2.27)

That is, U is the energy difference of two transition states. McMahan et al.[23], and
Solovyev and Dederichs[22] showed that the difference between the Coulomb repulsion
strengths (U, Uy, and Us) obtained from these definitions is less than 5%, indicating these
definitions can be considered equivalently.

On the other hand, the delocalized orbitals stimulate charge-transfer excitations
between a localized orbital and a delocalized orbital at R and R’ independently. In a real
system, these excitations (screening effect) compete with the mechanism of Eq. (2.25).

Thus, the appropriate Coulomb repulsion strength U[22, 24] is given by
UR,R’ = E(nLR +1,nmr—0,nrr — 1,nLr + (5) — E(”LR,”IR,”LR’,”LR’)- (2.28)

Here, the amount of charge transfer § is determined by minimizing U. This representation

15



indicates that the value of U strongly depends on how well localized electrons are screened

by the delocalized electrons.

2.4 Fixed Spin Moment Method

The fixed spin moment (FSM) method[25] is a procedure to calculate the total-
energy F(M) with respect to constrained magnetic moments M through spin-polarized
DFT (LSDA) calculations. The fixed magnetic moment may be considered as an effective
externally applied magnetic field given by H = %.[26] The stable states are located at

% > 0. This method can be used

minimum points in £ vs. M plot where H=0 and
to study metastable magnetic states and magnetic phase transition. Now, I will briefly

address this method in a practical point of view.
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Figure 2.1. Schematic DOS for (a) a normal spin polarization and (b) a fixed spin moment
(FSM) calculations. In the normal calculations, majority and minority states have a
common Fermi energy, and the total magnetic moment M is determined self-consistently.
However, in the FSM method, the densities of states for majority and minority states are
separately calculated from M and N = N4 + N_ known in advance. Thus each state has

a different Fermi energy.

The number of electrons N and the magnetic moment® M are given by

EF+ Ep_

N = N;y+N_ =/ dE ny(F) —i—/ dE n_(E), (2.29)
—0o0 —00
EF+ EF,

M = N,-N_— / dE n, (E) - / dE n_(E), (2.30)
—0oQ —0Q

where n,(F) is a spin-dependent DOS and Ep, is a spin-dependent Fermi energy. As

illustrated in Fig. 2.1(a), in a normal spin polarization calculation, majority and minority

SStrictly speaking, M used here is the spin magnetic moment. In the FSM method, the orbital magnetic
moment is always neglected. Only one of shortcomings due to neglecting the orbital contributions in the
FSM method has been known. In principle, a threshold field of metamagnetic transition can be calculated
from slope of total energy vs. fixed spin moment plot. The theoretical number is overemphasized. For
example, in CoGd, the calculated field is 11% larger, due to neglecting the Co orbital moment.[27]
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states have a common Fermi energy, and the total magnetic moment M is determined self-
consistently. On the other hand, the spin dependent electron numbers N, are calculated
from N and M given in advance in the FSM calculations,[25] so that 2N = N + oM.
Then, using Eq. (2.30), the spin dependent Fermi energies are determined, displayed in
Fig. 2.1(b). The FSM self-consistently solved provides the lowest possible total energy
for a given M. In general, Er, # Er_, but at metastable state (extrema in the E vs. M
plot) difference between these Fermi energies becomes zeroes.

Applying FSM is specially useful for a system having more than one magnetic
state. In some systems, the FSM procedure yields several extrema (meaning metastable
or unstable states) in E vs. M plot. Near equilibrium, F(M) gives the enhanced sus-
ceptibility, allowing to calculate the Stoner I (see Appendix A). The FSM method may
result in predicting a metamagnetic transition in which a nonmagnetic system is rendered

ferromagnetic.
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Chapter 3

Sodium Cobaltates

3.1 Introduction

Initially, alkai-metal intercalated layered cobaltates, particularly Na,CoO- at
z~ 0.50-0.75, have been pursued for their high thermoelectric! properties.[30, 31, 32, 33,
34, 35, 36, 37, 38] In early 2003, Takatada et al. found superconductivity with T,.~4
K in the system Na;CoO2-yH20 for £=0.3 when intercalated with water y~1.3.[39] The
discovery and confirmation[38, 40, 41, 42, 43, 44, 45, 46, 47] of the superconductivity
led to intense interest in the Na,yCoOg2 system. (So far, several hundred papers have
been published.) Much has been made of the similarities of this cobaltate system to

high T, superconducting cuprates. Both are in the vicinity of a Mott insulator (although

'In a conducting isotropic solid, a temperature gradient should induce oppositely an electric field, the
so called thermoelectric field. The phenomenon has been known as the “Seebeck effect”. The field Eq is
written as QVT, where () is the Seebeck coefficient, conceptually the average entropy per charge carrier
divided by the electron charge. The efficiency of a thermoelectric solid depends on material properties
through the dimensionless parameter ZT. The figure of merit Z is given by Q*/kp with the thermal
conductivity x and electric resistivity p. The efficiency of power generator is (T, —T¢)(y—1)/(Te+~T%), and
the coefficient of refrigerator performance is (YTe —T%)/[(y+1)(Th —T¢)]. T and T}, are the temperature of
a cold and hot ends, respectively. Here 7y is given by v/1 + ZT with the average temperature T'. Therefore,
when ZT > 1, the Carnot engine (or refrigerator) is achieved. But, the number for thermoelectric materials
currently used is between 0.4 and 1.3.[28, 29]
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CoO32 seems to be metallic). The carrier concentration can be varied, and then there
are specific superconducting regions: in the cuprates it is a dome-like shape in range of
0.06< z <0.33, while in the cobaltates there are two different reports for the dome in
both ranges of 0.27< z <0.33 [47] and of 0.28< z <0.37.[48] However, the distinctions
between the cobaltates and cuprates are substantial. The Co layer forms a triangular
lattice, which can be frustrated allowing AFM order (i.e., three neighbor spins cannot
be antialigned simulataneously),[49, 50| instead of the bipartite square Cu lattice of the
cuprates inviting AFM order. While the cuprates have corner-sharing CuQOg octahedra
(the Cu-O-Cu bond angle 180° ), the CoOg octahedra are edge-sharing (the Co-O-Co bond
angle 98.5°), resulting in much narrower bandwidth and smaller exchange coupling. In
contrast to cuprates which are hole-doped AFM correlated insulators, the cobaltates are
hole-doped band insulators.[51, 52] Most striking, in the cobaltates T/***=4.7 K compared
with T;"**=130 K (or higher under pressure) in cuprates.

In addition to interesting properties of the cobaltates in view of superconductiv-
ity, its normal state has a rich phase diagram depending on carrier concentration.[53] For z
in the 0.5-0.8 range, the susceptibility x(7") is Cuire-Weiss like with reported magnetic mo-
ment of order 1 g per Co**t.[33, 39, 40, 46, 54, 55] For z=0.75, A-type AFM ordering (FM
layers stacked by AFM) at 22 K with small ordered moment has been observed through
transport and thermodynamic data, [56] and separately SR studies.[57, 58] Boothroyd et
al. performed inelastic neutron scattering on £=0.75 single crystals and measured FM spin
fluctuations.[59] Field dependence of the thermopower indicates that the spin entropy of
the magnetic Co system is responsible for the unusual thermoelectric behavior.[38] Ando

et al. for z=0.55, [60] and Jin et al.[61] and Miyoshi et al.[62] around £=0.74 reported a
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rather large linear specific heat coefficient. Lupi, Ortolani, and Calvani shows five times
mass enhancement of a carrier at z = 0.57 using measurements of optical conductivity.[63]
At z=1, a band insulator, nonmagnetic Co®* has been observed as expected.[64, 65] As
a result, for x > 0.5, magnetic Co ions are evident and strongly influencing the elec-
tronic low energy excitations.[66, 67, 68, 69, 70] Specially at z=0.5, the system has been
observed to undergo a metal-insulator transition at 50 K,[53, 71, 72] implying a charge
disproportionation (2C03->* —Co3T+Co**).[73, 74]

However, for z < 0.5, a Pauli-like susceptibility? has been observed.[40, 45, 46, 75]
Besides, the linear specific heat coefficient is small,[41, 42, 61] comparable with my cal-
culated value in LDA.[76] The local moments vanish in the region, so that the super-
conductivity emerges in the moment-free regime. In the strongly interacting single-band
triangular lattice picture, the =0 end member CoQO, corresponds to the half-filled tri-
angular lattice, but experiment finds it to be nonmagnetic and metallic, i.e., no local
moments.[77] The £=0.3 region of superconductivity in NayCoOg initially reported[39]
is well away from the expected Mott-insulator regime. It must be noted ,however, that
several new reports identified the oxonium ion (also called hydronium) H3Ov, leading to
the effective doping level z.;;=0.5-0.6.[48, 78, 79, 80, 81]

Although the primary interest has been in the superconductivity, there is first
a real need to understand the electronic structure of the normal state of the unhydrated
material, and its dependence on the doping level z. The electronic structure at z=1/2
in the LDA has been described first by Singh.[82] Within LDA, all Co ions are identical

and the ?9, manifold has a band width W~1.5 eV. Singh expected the on-site Coulomb

2The unusual susceptibility observed by Sakurai et al.,[40] with dx/dT positive above 130 K, was
interpreted to include a Curie-Weiss term that would imply a Co moment of the order of 0.01 ugp.
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repulsion U=5-8 €V on Co, giving U > W so that correlation effects can be anticipated.

Most theoretical researches[83, 84, 85, 86, 87, 88, 89, 90, 91] have been based
on the strongly interaction limit, and (furthermore) presumed U is large enough to forbid
double occupancy. But, the experiment observations, for example, change in enhancement
of the linear specific coefficient and no local moments, suggests that a more realistic
picture may be required. Since the near octahedral symmetry in the cobaltates makes
the triplet #5, states quasidegenerate, unquestionably the single band scenario is a limited
one. Koshibae and Maekawa have reported unexpected complications of the to, manifold,
including some analogies to a Kagomé lattice.[92]

Much of the interest in the cobaltates lies in the expectation that the system
should be addressable in terms of nonmagnetic Co?T and spin-half Co** ions as well as
the triangular lattice of the Co layers. In this chapter, we focus on the correlation question
for all z ranges, specifically =0 (presumed Mott-insulator), 1/3 (close to the supercon-
ducting optimal concentration), 1/2 (unique insulating phase), and 2/3 (a representative
of the correlation regime), by using the correlated band theory LDA4+U method. The
main achievement of the LDA+U method in this system is the charge disproportionation
(CD),[73, 76] definitely reasonable for the insulating £=0.5 system. The critical on-site
Coulomb repulsion U, for CD shows strong z and magnetic ordering dependence. Com-
parison of experimental observations with my findings suggests z evaluation of moderate
correlation strength.[93] Moreover, a crossover from a single-band regime to a three-band
regime at z=0.5 results in dramatic reduction of the correlation strength below z=0.5.[76]

In the next section, I will summarize several important observations and con-

troversies in the cobaltates: crystal structure (including effect of Na order), effect of
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intercalating water, superconducting phase diagram, mechanisms of pairing, fermiology,
insulating AFM phase at £=0.5, and magnetic tendencies around z=0.75. In the rest?
of this chapter, I will address the uncorrelated behavior and correlated behavior in the
cobaltates, using both LDA and LDA+U methods. In Sec. 3.3, I study the electronic
structures, including variations dependent on z and Co-O bond length, for z=0, z=1/3,
and z=2/3, using the virtual crystal approximation (VCA) within the local density ap-
proximation. In Na;CoQ,, carriers donated from Na control valence states of Co ions,
leading to xCo®* and (1 — z)Co?* formally. This charge-disproportionation (CD) can
be expected from the Curie-Weiss behavior. Since it is impossible for the LDA method
to produce CD, I employed the LDA+U method, accounting for correlation effects, and
obtained successfully with a moderate on-site Coulomb repulsion. The mechanisms of CD
will be discussed in Sec. 3.4. Then, I study two important phases, z=0 and 0.5. The for-
mer is a presumed Mott insulator, although observations seem to indicate a nonmagnetic
metallic state, and the latter is a unique insulating phase with a tiny gap. In Sec. 3.5,
I will account for how close to a Mott insulating state the phase is. Then, in Sec. 3.6,
the AFM patterns which have been suggested will be contrasted and the observed stripe
pattern will be compared with cuprates. Since there is no agreement on the best value of
U, a combination of experiment observations and my results will supply the value, varying

for = (Sec. 3.7). Finially, I will summarize my results and indications.

3Most of these parts will be based on my published papers.[73, 74, 76, 93, 94, 95, 96]
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3.2 Summary of Observations

3.2.1 Structure

S:O S= UZ

Figure 3.1. In the cobatates, the t5, bands are broken in symmetry by the layered structure
and the squashing of the CoO, layers away from ideal cubic coordination by six O ions.
In view of low spin configuration, which has been observed in the system,[97] Co** ions

are magnetic ones with § = 1/2, while Co3*t (d%) ions become S = 0 nonmagnetic.

The crystal structure of both the normal and superconducting materials[33, 98,
99, 100, 101, 102, 103] is based on a two-dimensional CoOs layer in which edge-sharing
CoQg octahedra lead to a triangular lattice of Co ions. The triangular lattice, which can
be frustrated, stimulates one’s interest more extensively. The layered structure and the
distorted CoOg edge-sharing structure result in the symmetry lifting of the three-band #,
states into singlet a, + doublet ey. Additionally, in Na,;CoOz, Na lying halfway between
the CoO- layers donates its electron to the CoO4 layers, hence z controls the doping level

of the layer: =0 corresponds to Co*t, S :% low spin ions with one minority ¢4 hole, and
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x = 1 corresponds to non-magnetic Co®t.

Effect of Na order

There is some controversy of the effect of Na order: Na-Na repulsion accounts
for the preferred order [104] without further mechanisms; Na® order and Co®*/Co**t
order are coupled [105]; the observed Co®*/Co*t order can be obtained from a single-
band extended Hubbard model [106] without any further complications; the small e
Fermi surfaces are destoryed by Na disorder.[107] Li et al.[108] used the observed Na
superstructure [109] and included O ion relaxation but did not compare the results with
simpler Na arrangements. Geck et al. have presented high-energy x-ray diffraction data
and first principles calculations that provide new information, Na stripe-like ordering and
connection with Co stripe ordering, in Naj 75C002.[110] I do not address this question in
this research but note that the Na ordering I adopt [73, 74, 76] serves to break the the

symmetry of the Co sites.
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3.2.2 Superconducting state

Effect of Intercalating Water
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Figure 3.2. Left panel: Sketch of structure change, when intercalating water, showing
two well-defined stages of hydration (see text). Note that the phase y ~0.6 is not a
superconducting state yet. Right panel: Change in the ¢ axis lattice parameter with the
intercalating water, in two systems Nag,3CoO2-yH20 and Na, /3TaS;-yH2O. The similarity
in increase in the ¢ lattice parameter between the two systems is evident. For the cobalates,
the data are from Ref. [111] (empty circles), Ref. [46] (filled circle), and Ref. [47]
(asterisk). For the chalcogenides, the data come from Ref. [112] (empty diamond) and

Ref. [113] (filled diamond).

The hydration shows two well-defined stages, as illustrated in the left panel of
Fig. 3.2. In the first stage, HoO is incorporated into the same layer as the cation, and in
the second stage two HoO layers are formed on either side of the cation layer, resulting
in superconductivity*. As a result, increase in c lattice parameter also shows two steps,

displayed in the right panel of Fig. 3.2. (Note that, in the superconducting sample

“The superconductivity in the system also occurs in another structure, called a three-layer
superconductor,[114, 115] due to different stacking pattern.[116] It has 50% larger c-lattice parameter
than the intially reported superconductor, but similar 7% of about 4.3 K.

26



containing H3O™ ions, the ions are incorporated into the same layer as Na and act like a
cation, although the stacking sequence® of the CoO, layers is different from the initially
reported superconductor.) This trend is very similar with the transition metal disulfide
based one Na,/3TaSy-yHoO having similar 7.

Whether the system stays in the first or second stage strongly depends on hu-
midity. Although high humidity is anticipated to weaken the quality of oxide super-
conductors, [118] all existing reports show that high humidity is a crucial factor in the
superconductivity.[119, 120, 121, 122] Potavets et al. have reported that the superconduct-
ing phase having ~1.2H50 is stable at relative humidity higher than 30%, while the phase
~0.6H20 is stable below 30% humidity.[120] Foo et al. discuss in some detail that the
superconducting phase exists above 43% humidty, the phase ~0.6H50 is stable between
10 and 50 %, and the normal state (without intercalating water) is stable below 35%.[119]
Ohta et al. report the superconductivity also depends on the number of days stored in the
humid atmosphere: observing no superconductivity less than 1 day and achieving final T,
after 7 days.[121]

The role of intercalating water in the system is still unclear. However, as seen
before, intercalating water obviously increases the ¢ lattice parameter, and subsequently
squashes the CoOs layer.[111, 123] It results in enhancing two-dimensionality,[124, 125,
126, 127] which is believed by some to be a cause of the superconductivity. Recently,
Arita showed that the a1y band, which is a topmost valence band along I'-Z line (i.e.,

¢ direction), in the bilayer hydrate (superconducting phase) becomes much flatter than

5The superconductor[80] is synthesized from a parent material having a O3-type structure, while the
initial superconductor[39] from a parent material with a P2-type structure[117]. As a result, the new and
initial superconductors are P3- and P2-type structures, respectively.
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in the monolayer hydrate along the ¢ direction, using first principles calculations.[126]
Moreover, the water may shield a random Coulomb potential of Na ions,[111, 123, 128]
resulting in redistribution of charge in CoO; layer.[124] Ning and Imai suggest that water
intercalation leads to homogeneous CoO4 planes and enhancement of spin fluctuation near

T,=4.5 K (probably due to nesting).[69]

Superconducting Phase Diagram
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Figure 3.3. Left panel: Variation of the superconducting critical temperature T, by Na
concentration z. Neglecting a few deviating points, each phase line T.(z) can be fit well
by dome-like shape, but each maximum lies on different position. The symbols of x and +
are for samples containing H3O" ions and the asterisk symbols for samples intercalating
D50 instead of water. The data are from Ref. [129] (circle), Ref. [130, 131] (diamond),
Ref. [132] (empty triangle), Ref. [47] (filled triangle), Ref. [48] (x), Ref. [103] (asterisk),
and Ref. [133] (4). Right panel: Change in 7. by Co oxidization state (see text). The

data come from Ref. [134].
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Although it is possible to vary Na concentration x, there are specific super-
conducting regimes, just as for cuprates. In contrast to the cuprates reported only a
dome-shape, in the cobaltates there are two controversial reports: dome-like [47, 48, 134]
and plateau.[132] But, as shown in Fig. 3.3, all reported data can be fit well by a dome
even though each maximum lies on different concentration, if one neglects a few devi-
ating points. (However, whether dome or plateau in shape of the phase diagram seems
to be unclear yet.) Roughly, the maximum shifts to a little higher concentration when
intercalating D2O instead of HoO. Compared with the cuprates having roughly a dome
0.05 < z < 0.33, each dome exists in a much narrower range. These domes are reproduced
within the charge-spin separation fermion-spin theory, as suggested in the cuprates, by
Liu et al. who suggest the superconductivity is attributed to kinetic energy of dressed
fermions.[135] Additionally, Barnes et al.[134] suggest an asymmetic dome having a max-
imum near Co oxidization state ~+3.5, which is estimated from oxygen site occupancy,

as displayed in the right panel of Fig. 3.3.
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Figure 3.4. Effect of ¢ lattice parameter on the superconducting critical temperature 7.
The maximum 7, is achieved in the range 19.6 < ¢ < 19.8 A, and at the boundaries 7T,

decreases sharply. However, we should note that Na concentration is not fixed. The data

are from Ref. [129] (circle) and Ref. [39, 46, 111, 120, 136, 137, 138, 139, 140] (triangle).

Another important factor to determine the superconducting phase diagram is
believed to be the c lattice parameter (strictly, ¢/a ratio, but the a lattice parameter does
not change much), because the two-dimensionality is considered by some to be a crucial
element of the superconductivity. Lorenz et al. expected to increase T, when intercalating
larger molecules than water.[41] However, T, drops sharply at ¢~19.8 A. A maximum 7T,
is achieved between ¢x~19.6 and 19.8 A. Similar behavior has been observed in a sample
containing H3O™" ions, but with no observation of sharp T,-drop for the large ¢ limit.[133]

In fact, as the various data diagrams imply, the system seems to have much more
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distinct factors to determine superconducting phase diagrams than in the cuprates. In
addition to carrier concentration and c/a ratio, there are a few known factors: air humidity
keeping a sample, duration to store a sample in humidity, and amount of H3O™ ions[141].
More careful studies are required to determine the full nature of the superconducting phase

diagram.

Correlation Strength of the Superconductivity

As said in the Introduction, comparison between experimentally measured and
theoretically calculated values for linear specific heat coeflicient indicates a phase sepa-
ration of correlated and uncorrelated regime at x=0.5,[73, 76] starting to be confirmed
by other more experimental observations[142, 143]. Furthermore, even for a sample in-
tercalated with water, which becomes superconducting at T, the measured coefficient is
comparable with that of a normal state z ~0.3 (without water),[46, 144, 145, 146] implying
the superconductivity is in an uncorrelated regime.

A system for comparison is the transition metal disulfide based one, with
Na; /3 TaSe-yH20 as the primary comparison. One of two structures of the TaS; layer[147]
is identical to that of the CoOs layer, consisting of edge-sharing transition metal chalco-
genide octahedrons. In these dichalocogenides, as in the cobalates, two well-defined stages
of hydration have been identified, as shown in the right panel of Fig. 3.2.[148] The elec-
tron concentration in Naj/3TaSe-yH2O is specified by the Na concentration z=1 /3, and
superconductivity occurs at 4-5 K (the same range as in the cobalates) regardless of the
concentration y of water molecules intercalated into the structure.[149] Specific thermo-

dynamically stable phases were identified at y=0, 2/3, 0.8, 1.5, and 2.[112, 113, 150] The
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long-known behavior of the tantalum disulfides also suggests that the superconductivity
in the cobalates may be in the uncorrelated regime.

However, Chainani et al. have observed Co 2p core level spectra showing well-
separated Co®t and Co*t in Nag.35C002-1.3H50, using high-energy photoemission spec-
troscopy (for normal state bulk electronic structure) and cluster calculations.[151] The
Co 2p spectrum of Nag 35C0042-1.3H20 is similar with that of Nay7CoQOs, which shows
the A-type AFM ordering. The similarity has been also suggested by Ohat et al. using
ZNa NMR measurement.[152] Chou et al. reported heavy Fermi-liquid behavior through
thermodynamic and transport measurements.[45] Moreover, several new reports charac-
terizing the oxonium ions as leading to the effective doping level around z=0.5 suggest
strongly that the cobalates may be in correlated regime. In the next subsection, I will

summarize the details.

Mechanism of the Superconductivity

Magnetic fluctuations. There are several reports to show analogy to heavy
fermion systems. Ishida et al. [137] and Thara et al.[139] suggested the superconductivity
is related to magnetic fluctuations, using 5"Co NQR measurement. This viewpoint has
been confirmed by Na NMR measurement[152]. High-enegy photoemission spectroscopy
studies[151] also suggest that this superconducting sample shows similar behavior with
2=0.7 which has been observed FM fluctuation (see below). However, 17O NMR measure-
ment gave no evidence of ferromagnetic correlation.[153]

Fermi liquid behavior, pseudogap and line nodes. These behaviors have been dis-

cussed for a decade in high T, cuprates. Whether these phenomena enhance or weaken su-
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perconductivity is still questionable.[154] In the cobalates, Fermi liquid behavior has been
observed around z=0.7.[62, 155, 156] Even near the superconducting regime, Fermi liquid
behavior has been measured by **Co NMR[157] and thermodynamic transport studies[45].
However, recently, Ribadulla et al. reported that the Fermi liquid behavior is suppressed
to spin glass and non-Fermi liquid characteristics due to a magnetic quantum phase tran-
sition in the superconducting regime using magnetic measurement.[156] Shimojima et
al.[158] and Lemmens et al.[159] suggest the formation of a pseudogap, which seems to be
associated with charge ordering, below 7' ~150 K. Several reports suggest the cobaltates
show line nodes in the supercondcuting gap.[130, 145, 160, 161]

Superconducting pairing symmetry. According to Pauli exclusion principle, “pairs
with a singlet (triplet) spin part have a corresponding even (odd) spatial part”, represented
by s-, p-, d-, or f-wave pairing.[162] At first, for the spin part, Sasaki et al. suggest a
spin singlet pairing, indicated by upper critical field H.s suppressed to the Pauli magnetic
limit.[163] Using 5°Co-NMR Knight shift, Kobayashi et al. have measured the shift de-
creasing below T, in both ab-plane and c-axis directions, suggesting singlet pairing.[164]
However, both observations are contradicted by the Knight shift studies, interpreted as
indicating spin triplet pairing.[44, 140, 165] Maska et al. suggests a competition between
the singlet and triplet pairing through careful measurements of H.y: singlet in a weak field
regime, but triplet in a high field regime.[166] Kuroki et al. also predict the competition
depending on the size of off-site Coulomb interaction using effective single band mode.[167]
More recently, Zheng et al. measured a 3°Co Knight shift due to spin susceptibility, being
substantially large and anisotropic, in a single crystal.[168] The shifts along both a- and

c-axis directions decrease below T, indicating spin singlet pairing.
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Second, for the spatial part of superconducting pairing, Higemoto et al.[169]
have observed no breaking of time reversal symmetry through ZF-uSR studies, excluding
a p + ip-wave pairing (one of pairings theoretically suggested). 3°Co NMR studies by
Kata et al. show invariant behavior of the Knight shift in high field (~7 T) below T, and
suggest a p- or f-wave pairing.[44]

Most theoretical predictions,[167, 170, 171, 172, 173] whether singlet, triplet,
odd gap, p-wave, or f-wave, have been based on six small cylindrical Fermi surfaces
forming along the I'-K lines. Although the Fermi surfaces have been predicted by LDA
calculations[76, 82], however, ARPES studies have been not observed these surfaces so
far (see below).[174, 175, 176, 177] Recently, Kuroki et al. modeled the superconductivity
from an assumption of no e Fermi surfaces.[178] The assumption is of two I'-centered
Fermi surfaces having the a4 character. Their model of a4 originated superconductivity
shows an unconventional s-wave pairing with a gap which changes its sign between the

Fermi surfaces.

3.2.3 Normal state
Fermiology

Within LDA, Singh[82] at z=0.5 and my calculations[76] at z=1/3 produced
two kinds of Fermi surface with very simple and strong two-dimensionality (cylindrical
shape). One is a [-centered large cylinder having mostly a, character, and another is six
small cylinders near the K point in the hexagonal Brillouin zone. The latter has largely
e; character and is a main gradient to model a mechanism of the superconductivity by

several groups (as said previously). However, ARPES measurements for z=0.7 and z=1/3
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have observed renormalization of the ¢, band width and more strikingly no e; Fermi
surfaces.[174, 175, 176, 177]

At first, Zhang et al.[179] suggested the e'g Fermi surfaces can disappear due to
modest correlation strength: U.=2 eV for low z and U,=4 eV for large z. The critical
values (dependent on z) are consistent with U, for charge disproportionation suggested by
my group.[76] Using the fluctuation-exchange approximation, Yada and Kontani claimed
that for small J(~ U/10) strong AFM fluctuation emerges due to nesting and subse-
quently absence of the Fermi surfaces is required to reproduce the observed pseudogap
behavior.[180, 181] (For no AFM fluctuation, the Fermi surfaces always exist in these mod-
els.) Although the models accounted for absence of the Fermi surfaces, they did not seem
to explain well the bandwidth renormalization. Zhou et al. used the multiorbital Hub-
bard model within the Hartree-Fock and strong-coupling Gutzwiller approximations.[182]
Both approximations explained why ther are no e’g Fermi surfaces, but only the Gutzwiller
approximation accounted for the bandwidth renormalization. On the contrary, Ishida, Jo-
hannes, and Liebsch showed the Fermi surfaces are stabilized by dynamical correlations
through dynamical mean field studies.[183] More recently, Singh and Kasinathan claimed
the Fermi surfaces are destroyed by Na disorder.[107] So far, this seems to be one of the

important questions, still controversial, in the cobalates.

Insulating AFM phase at £=0.5

Since Foo et al. first observed a charge-ordered insulating phase precisely at
£=0.5,[53] there have been many attempts to reveal the mechanism. As the temperature

is lowered, a kink in the in-plane susceptibility x5 at T.1=88 K signals antiferromagnetic
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Table 3.1. Temperature dependent change in Nag 5CoQO,. For details, see the text.

Temperature (K) phenomena

Te1=27 - sample dependence
- (no) kink in x4
- (no) kink in p(T) or more highly insulating

- commonly no entropy change

Teo=52 - so called charge-ordered T
- gap opening ~15 meV

- kink in x,p and x.

Tc3:88 - kink in Xab

- on-set AFM ordering (T)

(AFM) ordering of some Co spins.[53, 71, 72, 184] Infrared reflectivity studies[51, 185, 186]
detect a gap of ~15 meV opening below T, = 52 K, where Foo et al. observed[53] the
onset of insulating behavior in the resistivity p(7'). T2 has been called the charge-ordering
temperature but there is also additional magnetic rearrangement, signaled by a kink in
the in-plane susceptibility x,; and the c axis susceptibility x..[71, 72, 187] At T =27 K
Gasparovi¢ et al. observed an additional kink in ., with no signature in p(T'); this is
the temperature where Foo et al. had observed structure in p(7') reflecting more highly
insulating behavior.[53] Unlike the upper two transitions, there is no entropy change[109]
at T,3.

There are still some controversies for the AFM spin-ordering pattern at z=0.5.
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(I will address in some details in Sec. 3.6.) Although Na zigzag ordering pattern has
been reported,[188, 189, 190] Co ions seem to be ordered in stripe patterns.[188, 190,
191] Besides, Mendels et al. suggested a A-type AFM ordering as around z=0.75.[191]
The Co charge-ordering pattern was unclear until neutron scattering studies showed a
out-of-phase stripe AFM ordering in the Co layers (and also antiferromagnetic ordering
along the c direction).[71, 72] However, the neutron studies cannot provide Na ordering
pattern, resulting in making it impossible to decide how crucial Na-Co interaction in the
system is for Co charge-ordering. Although my first principles calculations using the
LDA+U method have achieved successfully both patterns, Co zigzag and stripe orderings,
by breaking the symmetry of the Co sites,[74] it will be a further challenge for theorists

to clarify whether the Na zigzag ordering produces a Co stripe pattern.

Magnetic Tendencies around z=0.75

Although the region z > 0.5 phase has been interesting initially due to high
thermoelectricity, the various magnetic behaviors have stimulated much of interest. The
cobaltates show strong z-dependent magnetic variation: roughly, nonmagnetic around
£=0.35, AFM at £=0.5, nonmagnetic around xz=0.65, A-type AFM between x=0.75
and 0.82,[192, 193, 194, 195] and an incommensurate spin density wave at £=0.9.[196]
At £=0.7, Wang et al. suggest FM fluctuation to interpret two interband transition
peaks.[197] Also, Thara et al. indicate magnetic crossover dependent on temperature: FM
fluctuations below 100 K and AFM fluctuations below 4 K.[198] There are another re-
ports to claim a spin density wave around T=22 K.[199, 200] Theses various behaviors

may be understood by observations of Luo et al. which show a metamagnetic transition
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from AFM state to FM state at applied magnetic field 8 T at low temperature, indicating
both states can be realized in the low temperature.[201] It is still an unanswered question
why magnetic properties depend on z in the cobaltates and the existing AFM states are

(seemingly) 3-dimensional in such a strongly 2-dimensional system.

3.3 Na,Co0O;, in Weakly Correlated Limit

3.3.1 Method of calculation

My calculations have been based on the hexagonal structure, containing double
Co0; layers and having lattice constants a=2.84 A, ¢=10.81 A, obtained by Jansen and
Hoppe.[98] (The end member CoO4 has considerably different lattice constants which will
be specified below.) In most of the calculations, a single layer cell is chosen unless said
otherwise, because the system has been observed to have very small interlayer coupling. In
this section, the Na atom in Na,; CoO, was treated within the virtual crystal approximation
(VCA): Na nuclear charge Z=10+z. In the treatment, leading to space group P3m1 (No.
164), atomic positions are Na at 1b site (0,0,1/2) above and below the Co site at 1la site
(0,0,0). Oxygens sit at 2d site (1/3,2/3,2p). The O height zp=0.168(c/2)=0.908 A, relaxed
within LDA by Singh, was used. It produces the Co-O-Co bond angle 98.5° (this angel
would be 90° for undistorted octahedra).

In the section, we used the LDA method, implemented in the FPLO code (version
5). Valence orbitals included Na 2s2p3s3p3d, Co 3s3p4sdp3d, and O 2s2p3s3p3d for all
calculations in Na;CoQOy. The Brillouin zone was sampled by k-mesh containing 202

irreducible k-points.
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3.3.2 Electronic structures at x=1/3

Nonmagnetic state

r M K r A

Figure 3.5. LDA PM band structure of Na; 3C00 in the virtual crystal approximation.
The Co ey manifold lies around 2 eV, whereas the t5, manifold lies between —1.3 and 0.3
eV. The six O 2p bands lie below —1.5 eV. The thickened (and red colored) lines emphasize

strong a, character. The horizontal dashed line indicates the Fermi energy.
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Figure 3.6. Top panel: Total and atomic-projected DOS for LDA PM Na; /3C003. The
crystal field splitting between the unoccupied e, and partially occupied to, manifold is 2.5
eV. The Co 3d states show considerable hybridization with the O 2p states, which can
be seen by the 3d character in the O 2p region (below —1.5 V) and vice versa. Bottom
panel: Orbital projected DOS for Co efq and a, characters near Fr. The a4, and e; states

differ a little in width. although both states have indistinguishable centers. Nearly all of

the efq states lie within 1.0 eV range, while the a;, bands spread over 1.5 eV.
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As said previously, superconductivity is been observed around z=1/3 through
intercalating water, so that it is important to investigate first the normal state (without
water). First I will address the electronic structures for the nonmagnetic phase in the
normal state. The e, — t24 crystal splitting of 2.5 eV, which can be seen in the band
structure and corresponding DOS given in Figs. 3.5 and 3.6 respectively, designates the
unoccupied e, states with width of 1 eV well out of consideration for most low energy
effects. The 23, manifold, which lies in the range of —1.3 to 0.3 eV and is intersected by
the Fermi level, can be broken into singlet a, + doublet e; by the hexagonal ligand field.
The a4 state is highlighted by the thickened (and red colored) line using the “fatband”
representation shown in Fig. 3.5. The symmetry-breaking in the 5, manifold can be seen
in the orbital-projected DOS for the e; and a4 states displayed in bottom panel of Fig.
3.6. The centers of both states are almost identical, but nearly all of the e; states lie
within 1.0 eV range whereas the a, bands extend over 1.5 eV.

It is of interest to view the band structure through a single isolated tight-binding
picture to model the a4, band dispersion of 1.5 eV width. The dispersion corresponds to an
effective hopping parameter t=0.16 eV. Although the a, band dispersion resembles that
of the simple tight binding model, the a4 projected DOS (shown in the bottom panel of
Fig. 3.6) is nothing like that of the model. There are two reasons;(1) mixing with the
e; bands through most of the Brillouin zone even though the hybridization is less evident
along the K-T line than along the M-I line, and (2) the actual shape of the DOS comes
from significant 2nd-neighbor hopping. Rosner et al. show that the 2nd-neighbor hopping
makes the a4 band near the I' point much flatter than in the tight-binding model.[202]

It is worthwhile to clarify some details of the a, band near the I" point. Interlayer
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coupling would be expected to be suppressed near k=0, but the upward dispersion of the
ay band seems to be affected by the interlayer coupling. (For details, see the enlarged
band structure shown in Fig. 3.8.) Johannes and Singh have reported[125] the upward
dispersion even for the hydrated system, which has 80% larger separation between CoOs

layers than in the dehydrated system and nearly zero of interlayer coupling.

Magnetic tendencies

Although no ferromagnetism has been observed in the system (except AFM at
z=0.5 and A-type AFM® at £=0.7—0.9), Singh found that FM phases always seemed
to be energetically favored for all noninterger z.[82, 203] So Na,;CoO2 becomes another
member in small but growing number of systems (for example, ZrZns, ScsIn, and NizGa),
whose tendency toward FM is overestimated by LDA because they are near a magnetic
quantum critical point.[203, 204] In Na,CoOq having the two-dimensionality that quantum
fluctuation is an important aspect, the z=1/3 system may be a “fluctuation-induced
paramagnet” due to lack of consideration of the effect of fluctuations in the electronic
structure calculations.

My calculations confirmed the FM tendencies, a half metallic FM state with a
magnetic moment %,u B/Co for z=1/3. The FM energy gain is about 45 meV/Co. The
minority bands are metallic, and the Fermi level lies just above the top of the fully occupied
majority states. The exchange splitting of the ¢9, states is 0.5 eV, consistent with Singh’s
result.[82] Considering the minority t5, bands filling of 2 for the half metallic FM states,

the FM phase has larger e; hole than for the PM states, which suggests a multiband

5Tn the A-type AFM ordering, the interlayer coupling is antiferromagnetic, while the intralayer coupling
is ferromagnetic.
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(ag—l-e'g) behavior rather than a popularly assumed single a, behavior for around z=0.3
regardless of magnetic states. My attempts within LDA to obtain an AFM state within

the CoOs layer always converged to the nonmagnetic or FM states.

Fermiology

Figure 3.7. PM Fermi surface at z=1/3 (VCA). The I'-centered large cylinder contains
0.43a4 holes/Co, while each six small cylinder holds 0.04 holes/Co which has mainly e;

character. The total is the 0.67 holes.

The PM Fermi surface (FS) shown in Fig. 3.7 is consistent with the £=0.5 one
given by Singh.[82] A lage I'-centered cylinder (mean radius Kr) shows some flattening
in the perpendicular direction to the I'-K line. The six small cylinders (radius kr) has
become a central component of several models of the superconducting phase, as noted

earlier.[170, 171] The total holes of 0.67 corresponds to the amount required by Luttinger’s
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theorem to account for the £=0.33 system. This FS geometry leads to several interesting
features. There are three distinct intercylinder nesting vectors, as depicted in Fig. 3.7, to
translate one of the small cylinders into another. If these cylinder with an eccentricity of
1.25 were perfect cylinders, these vectors would represent strong nesting vectors leading to
charge- or spin-density waves. There are additional processes corresponding to () < 2Kp

of the large cylinder.

3.3.3 Variation dependent on sodium concentration

L\ Vx=1/3 LA

E-E_(eV)
E-E. (eV)

Figure 3.8. LDA PM blowup band structures near ¢y, manifold at =0, 1/3, and 2/3.
The ty4 — e4 crystal-field splitting of 2.5 eV remains unchanged regardless of z, so that
the e, states lie out of consideration (and out of these figures) for most low energy effects.
Although the system is strongly 2-dimensional, the a4, bands (the top of the valence bands)
show some dispersion along the ¢ direction. The thickened (red colored) lines highlight
the bands with strong a, character. Lattice constants a=2.8048 A, c=4.2509 A and the
oxygen height z=0.235 (0.999 A) are used at z =0, while a=2.84 A, ¢=5.405 A, and

20=168 (0.908 A) at  =1/3 and 2/3.
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Figure 3.9. Orbital-projected DOS of the a, and ey states for z=0, 1/3 and 2/3. Holes
doped into the band-insulating NaCoOg phase go initially into the a, band, and enter only

the band until z ~0.6 where the e; holes begin to emerge.

The enlarged band structures near Fr with the emphasized a4 character (d,z,
where z is perpendicular to the CoO4 layer) using the “fatband” representation at z=0,
1/3, and 2/3, and corresponding orbital-projected DOS of the a, and e'g states are given
in Figs. 3.8 and 3.9, respectively. The a, band has strong character at the bottom
of the 73, manifold as well as at the top. Holes doped into the band insulating phase
NaCoO; enter only the a4 states until z ~0.6 where an efq Fermi surface starts to emerge,
as illustrated clearly in Fig. 3.9. Considering the indistinguishable centers of the a4
and efq states, this distinction is due to a little larger band width of the a4 band. In
addition, increasing hole doping, i.e., decreasing x, produces several important aspects.

The Co-O bond length at =0 is 2.5% larger than at the others, suggesting less Co-O
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coupling. However, the O 2p states move toward the to, complex, implying the d — p
mixing is strongest at =0, because the decrease in mixing due to t,4 is compensated by
the decrease in the e;,, — €, energy separation. It can be also come from a change in the
Madelung potential, and rehybridization of Co 3d and O 2p states.[124] Second, as can
be seen clearly in Fig. 3.9, the width of the ¢3, complex shows some change, becoming a
little narrower, i.e., more localized, as = increases. It is consistent with my suggestion that
the on-site Coulomb repulsion depends on z (see Sec. 3.7, for details). As z increases,
the downward movement of the O 2p states and little change of the ¢5, manifold lead to
increasing p — d separation around —1.5 eV. The reason is still unclear in detail, whether
it is due directly to change of carrier concentration (1 — z) or indirectly through change
of the Co—O bond length. In the CoOs system, my calculation shows that a change
of the Co—O bond length (keeping everything else fixed) hardly affects the separation,
implying decreasing holes (or increasing electrons) has responsibility for the separation
(see Sec. 3.5). However, another calculation for Nag5Co0O2 exposes that the separation
decreases monotonically as the Co—O bond length increases (see Sec. 3.3.4). Third, as
expected from 20% smaller ¢ lattice constant and 25% larger Co—O bond length at =0,
the a4 band along the I'-A line at =0 has twice larger dispersion, about 200 meV, than
in the others. This dispersion indicates a reduction of quasi-two dimensionality at x=0.
A change of the a, band dispersion along the I'-A line between 2=1/3 and 2/3 is little.
As a result, it suggests that the amount of doped holes (or electrons) hardly affect the

quasi-two dimensionality in the system.
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3.3.4 Effect of change of the Co-O bond length

E-E, (eV)
E-E, (eV)
E-E, (eV)

Figure 3.10. Effect of the O height 2y on the #5, bands of PM Nag 5C00O; in the VCA. In
the calculation, we used 20% larger ¢ lattice constant than the experimentally observed
value to remove unphysical O—QO interlayer interaction as the O position was varied. The
value zp=1.14 A corresponds to perfect CoOg octahedra. The thickened line emphasizes

the a4 character. The horizontal dashed lines indicate Er.
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Figure 3.11. Effect of the O height z; on the orbital-projected DOS of the a4 and e; states.
For the undistorted CoOg octahedra (1.14 A), the ag and e'g bands have the same amount
of holes, but below Er the bands are considerably different from each other. However,
the highly squashed case, the doped holes go into the a4 state before encountering the e;
state. It should be noted that the densities of states are already different from each other
near the Fermi level even for unsquashed octahedron. The vertical dashed lines indicate

Ep.

I address next the effect of the O height.” The O height has been reported in
range of 0.96 and 1 A in the normal state (0.33 < z < 1), whereas the superconducting
phase intercalating water has about 0.88 A. Additionally, when intercalating D5O ions
instead of HyO, the O height is in 0.90—0.95 A range. To elucidate the question of

the effect of squashing, I present the change of the ¢35, bands and corresponding orbital-

"When using artificially large lattice constant, it tends for Na atom to be isolated, leading to nonphys-
ically neutral Na atom rather than Na™ ion in the system. It indicates that careful monitoring in the case
is required.
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projected DOS for O height (from the Co layer) of 1.14 A (corresponding to perfect CoOg
octahedra), 0.96 A (typical value for intermediate ), and 0.88 A (the smallest value
reported) in Figs. 3.10 and 3.11.

Simple crystal-field analysis based on negatively charged O ions would suggest:(1)
the ay and e, DOSs should be the same for the perfect octahedron, and (2) the ej, states
should rise relative to the a;, band as the Co-O bond length decreases. My calculations
show that these expectations are severely disobeyed. In fact, the effects of squashing are
much complicated than what suggested by the crystal-field model. The mean energies
of the a4 and e'g bands are nearly identical, and remain unchanged for the squashed O
height. The most remarkable change is in the ay band width, compared with the e; band
width. At the highly squashed end, doped holes can go into the a, band before facing
the e'g bands. As seen in band separation around —1.5 eV, the squashing decreases d — p
interaction.

The changes in the band structure of Fig. 3.10 are more informative. For the
cubic octahedron (z=1.14 A) at the T point the ag band lies around —0.4 eV, and the
maxima occur midway along both I'-M and T'-K lines instead of the A point. The e
bands also display considerable changes not only in the I" point but also in the degeneracy

at the K point, on squashing. This behavior is similar to the result of a multiorbital

!

Hubbard model using the fluctuation-exchange approximation with a variable of the a;,—ej

crystal field splitting (estimating distortion of CoOg octahedron) by Mochizuki et al.[205]
However, my result at the I' point is much more dramatic, while for both approaches the
small e; hole FSs forming along the I'-K line vanish as the octahedron is close to being

ideal.
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3.4 Charge Disproportionation

Figure 3.12. Depiction of CD and spin ordering in the v/3 x v/3 supercell used for z=1/3
and 2/3. In the supercell (space group P31m, No. 157 for FM ordering), Na atoms at
la site (0,0,1/2) lie above/below the Co site at the la site (0,0,0). The other Co sites
are 2b (1/3,2/3,0). Oxygens are at 3c site (2/3,0,z9) and 3c site (1/3,0,29) positions.
The unconnected large blue spheres indicate S=0 Co3T ions, while the connected spheres

represent oppositely directed S=1/2 Co*t when allowing AFM ordering.

As often occurs in transition metal oxides, in this system LDA cannot explain
several important features. There are three important failures of LDA which request to
include correlation effects;(1) favoring FM within LDA for all noninteger z although a
FM is favored only for 0.7< = <0.9, (2) existing e; cylindrical F'S below x=0.5, and (3)
no charge disproportionation (CD)® at z=0.5. In this section, I will focus on the issue
of CD by applying the LDA+U method to model correlation effects. (Although it is well

known that increasing U drives local orbital occupations to integral occupancy, there have

8Strictly, CD is different from charge ordering (CO). For example, when M“~®+ — ¢ M3+ (1 — z)M*+,
it is called charge disproportionated state. On the other hand, CO means to arrange different type ions in
a mixture such as M*"+(1 — z)M**.
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been only a few pioneering applications, including mine, of correlated band theories to
model CD.[73, 76, 206, 207, 208] In view of formal charge, Na,CoQz consists of zCo3*
+ (1 — )Co**t. But, within LDA, there are only one-type Co(*~#)* ions. Since Co has
low spin configuration in the system,[97] Co3T is S=0 nonmagnetic ion whereas Co**
is S=1/2 magnetic ion. At first, I will show that moderate values of U drive CD at
both z=1/3 and 2/3. z=1/3 is near the superconducting composition, while z=2/3 lies
on the region (z >0.5) that shows correlated behavior. In the calculations, a V3 x /3
supercell, leading to three Co sites, was used, as shown in Fig. 3.12. Second, I will address
microscopic behaviors at x = 0.5, which shows a metal-insulator transition at 7= 52 K,
using a two Co supercell. According to my studies, the sodium cobaltates seem to be in
an intermediate regime where the both popular schemes, AMF and FLL, (see Sec. 2.3) of
the LDA+U functional supply similar results. (Because of this similarity, in this section
I will show only figures obtained from the AMF scheme appropriate for relative small U
and small moments since the system is metallic except precisely at £=0.5.) The similarity
may come from small spin polarization, resulting in small difference in the double counting
correlations. So far, there is no agreement on the best value of U in the system. Thus, the
Coulomb repulsion U was varied within realistic range, while the intraatomic exchange
integral J=1 eV remained fixed.? So in the LDA+U calculation, strength of U is varied.
But, in a small range, varying U will be analogous to applying pressure which changes the

U/W ratio. Hence, I expect my predictions to be detected by high pressure research.

9There is some dispute about the effect of Hund’s rule exchange parameter J. In general, however, J is
affected only little by screening effects, so that atomic value J=1 eV is accepted popularly in most systems
without physically significant change in results.
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3.4.1 Macroscopic behavior

Figure 3.13. Effect of U on the Co magnetic moments and energy gap at z=1/3 (top)
and 2/3 (bottom) in FM ordering. Changes in the magnetic moments show that charge
disproportionation (CD) begins at U.=3 eV for both cases. Above U, in view of the

formal charge, Col becomes nonmagnetic Co®*, while Co2 is magnetic Co**. In addition

to CD, gap opening occurs simultaneously at U,.
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First, I studied the behavior for z=1/3 and 2/3. Changes in the Co magnetic
moments and energy gap due to U for FM ordering are given in Fig. 3.13. At z=1/3, in
LDA (U—0 limit), the difference between magnetic moments of both Co ions (Col and
Co2) is very small, only less than 0.1 up. (Note Na sits above Col.) Before CD occurs at
U.=3 eV, Col and Co2 have similar magnetic moments to the LDA values. The magnetic
moments show dramatic change above U,, and CD into Co*t (S=1/2) and Co®** (S=0)
ions is evident at U=3.5 eV. CD is accompanied by a metal-insulator transition (MIT),
from half-metallic to insulating phase in this case, at U,. The energy gap increases linearly
at the rate of dE,/dU=0.6 above U.. Co2 has a maximum magnetic moment of 0.7 pp
at U=4 eV, while Col has nearly zero magnetic moment around U=6 V.

At £=2/3, the Co magnetic moments decrease slowly and are nearly identical
with the LDA values below U,=3 eV, where CD occurs suddenly. CD develops more slowly
than at z=1/3, and is complete at U=4 eV. Co2 has a maximum magnetic moment of
0.63 up at U=5 eV. As at z=1/3, gap opening occurs simultaneously at U,=3 eV. Above

U,, the gap increases linearly at the rate of dE,/dU=0.67, similarly to the z=1/3 case.
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Figure 3.14. Effect of U on the Co magnetic moments at z=1/3 in AFM ordering. CD and
gap opening occur at U,=1 eV. The magnetic moment of Col is zero by the symmetry.
Note that my attempts to obtain an AFM solution within LDA always converge to a
nonmagnetic solution. Applying even small U, AFM ordering is recovered, although the

gap only opens around U=1 eV.

When allowing AFM order in Co** (Co2) ions, the analogous calculation can be
carried out. (In my choice of supercell, there is only one Co** ion at £=2/3, so only FM
ordering can be considered.) The results for z=1/3 are shown in Fig. 3.14. On applying
U, the magnetic moment of Co2 increases rapidly from zero moment. The Col magnetic
moment remains zero for all U due to symmetry. The gap opens just around U=1 eV
and grows at the rate of dE,/dU=0.4. It is found that for AFM ordering at z=1/3 U,
is no higher than 1 eV. This easy gap opening is obviously stimulated by the narrower
bandwidth of the unoccupied a4 band than in the FM case. A spin-up Co2, having six

nearest neighbors, is surrounded by three spin-down Co2 and three Col ions. (It has
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no spin-up Co2 nearest neighbor.) The nonzero bandwidth of the a, band reflects the
effective hopping between the a4 states of second neighbor Co ions.

There has been an earlier report[209] very different from my results showing CD
at U,=3 (FM) and 1 eV (AFM). In the earlier report, where symmetry breaking by CD
was not allowed, change was very little even for large U. The difference implies that
LDA+U result can be altered by allowed degrees of freedom.

Considering thermal and quantum fluctuations, even at a rational concentration,
CD and charge ordering (CO) may not occur simultaneously. In my calculation which
neglects fluctuation and uses a small supercell (v/3 x v/3), CD is necessarily coincided by
CO. As a result, it leads to a honeycomb lattice of spin half ions, but the lattice relieves
possible frustration due to CD. Accounting for CD, according to the Mullikan charge
decomposition'? in the FPLO method, the charges on the distinct Co sites differ by only
0.25 — 0.3 electrons, much smaller than difference in the formal charges. The small value
reflects the well-known knowledge that the formal charge designation does not represent
actual charge correctly though the viewpoint of formal charge is very useful for physical

understanding.

10The charge density in the nonorthogonal local basis consists of two contributions, net and overlap.
While the former contains only products of the same-site basis function, the latter does products of basis
functions from different sites. In the Mullikan charge decomposition, the overlap term is distributed equally
to each site.
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Figure 3.15. Progression of the Col and Co2 3d projected DOS in the critical region for
z=1/3 in FM ordering. The middle panel for U=3.5 eV shows that the a, minority state
of Co2 (upper Hubbard band) starts to split off from the valence (occupied) state. Note

that the progression starts from a half-metallic state.

Although CD, CO, and gap opening are expected physically to be closely related,
it is unclear why the phenomena should occur simultaneously in this LDA+U calculation.
The development of the Col and Co2 3d projected DOS for FM z=1/3 as CD occurs is
given in Fig. 3.15. In LDA, the system shows a half-metallic behavior, which survives up
to U=3 eV. The gap opening occurs just when the minority ay, band splits off from the
valence band. At the point, the minority a4, bands containing 2/3 holes per Co split into

an unoccupied band containing one hole for each Co** ion and an occupied band of Co3
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ions. This CD can be classified by dramatic movement of bands around —0.6 to —0.3 eV
along with seemingly continuous changes in 0-1 eV region. In principle, CD can occur
before the gap opens, although it does not happen in these cases. (It has been realized
at =1/2 that CD occurs before gap opening, when using a bigger supercell which allows
charge disproportionated AFM state. See Sec. 3.6.)

Additionally, one might expect CD to couple to the lattice. Considering the radii
of Co?t and Co?* differ by 15% (0.74 A and 0.63 A), CD into the charge states can be
expected to couple strongly with local oxygen mode. However, radius of the Co** ion is
indistinguishable from that of the Co®T ion in octahedral coordination. Thus, the coupling

may be little even for Co®t-Co*t charge disproportionated configuration.

3.4.2 Microscopic mechanism

In Na,CoOs2, I address a question of correlation versus band-filling effects in a
multiband system with Na;CoOs. In this system, the effects relate to the mechanism
of CD-CO-MIT transition. In the previous subsection, I looked at the mechanism with
the v/3 x v/3 supercell at z=1/3 and 2/3. However, while the rest of the phase diagram
is metallic, this £=0.5 phase experiences a CO+MIT around 50 K. Thus this research,
which studies more extensively the £=0.5 case, will be more informative. I used a two Co
supercell, which allows for CD into Co?t and Co**t ions. This doubled supercell contains
only one magnetic ion, so there is no issue of spin order except simple alignment. In this
subsection, I will investigate overall the FM case. (For issue of the CD AFM, see Sec.

3.6.)
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Figure 3.16. Effect of U on the magnetic moments of Co (left panel) and O (right panel)
for FM Nag 5C002, using a two Co supercell. The supercell (space group P2/m) allows
two ions, Col and Co2, to be realized in the cell. (The Brillouin zone was sampled with
306 irreducible k points.) The left panel shows that CD (2Co*5t —=Co?t+ Co*t) and gap
opening (metal-insulator transition) occur simultaneously due to a first-order transition
at U,=3.2 eV. Note that it is possible to follow hysteresis within the range 3.2 < U < 3.6
eV, but outside this region only one of the states, the undisproportionated (UD) or CD
states, is obtained. Solid and dashed lines denote UD and CD states, respectively. Right
panel: charge transfer from Co to O results in a small increase in the O1 and O2 magnetic
moments. O1 is the O site that is shared by two Col and one Co2, whereas O2 is shared

by one Col and two Co2.

As reported first by Singh,[82] in LDA FM is favored energetically over the
nonmagnetic state at z=0.5. The FM state has a total magnetic moment of 1 yp/doubled

cell, which remains unchanged upon applying U though there is no presumed restriction.
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The system shows half-metallic behavior in the metallic phase, i.e, below U., while a gap
opens in the CD phase.

The effect of U on the Co magnetic moments is displayed in Fig. 3.16. In LDA,
the Co ions have differing moments because the symmetry is already broken by the Na
ordering. (The Na ions are ordered above the CD temperature.[101]) Increasing U, the
both moments decrease slowly at the rate of —0.025 pp/eV, resulting from some charge
transfer between majority Co and O. At U.0=3.6 €V, the character of the solutions changes
discontinuously, with a sharp change in the moments evidently identified with Col—Co*
and Co2—Co*t. At U=4.5 eV, Co2 has a maximum moment, while Col is very tiny.
Decreasing U, the magnetic moment undergoes sharp change again, but at slightly lower
critical value of U,1=3.2 eV. The solutions return to the initial undisproportionated (UD)
state below Ug. There is a 0.4 eV hysteresis region in this CD transition centered at
U,=3.4 eV. The hysteresis is different from the results at z=1/3 and 2/3 discussed in
the previous section. At those concentrations, the hysteresis regime of deriving CD is
inaccessible due to its higher energy than either UD or CD states. This CD first order
transition is similar with low spin <> high spin transitions in fixed spin moment calculations
of two dimensional space of Col and Co2 magnetic moment. The fixed spin moment

thechinique was considered first by Moruzzi et al.[26]
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Figure 3.17. Fixed spin moment calculation for Nag5Co02 using a supercell containing
two cobalts at U=3.3 eV. The total magnetic moment M is given in unit of up/2Co.
The left and right sides of the y axis indicate the total energy difference and difference
between minority and majority Fermi energies, respectively. The arrows pinpoint zeros of

the Fermi energy difference, corresponding to extrema of the energy (metastable state).

The two solutions can be probed in another way, using fixed spin moment (FSM)
calculations within LDA+U in the critical region, as shown in Fig. 3.17. The energy
vs. constrained total magnetic moment curve shows sharp jump at M= 1 up, which is
identical with the value obtained from the self-consistent calculations. As already noted
by Singh,[203] this jump is due to the gap arising from the large toy — e4 crystal field

splitting. Interestingly, the energy vs. moment curve becomes two curves, in which one
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state or the other is achieved depending on starting point. Comparison with Singh’s LDA
FSM results shows two main differences from my LDA+U FSM results. First, at M =0
1B, my system is AFM with the Co magnetic moment of 0.34 pup, while Singh started
from a nonmagnetic state. Second, the plot is nearly flat at small M, whereas the LDA
results show much steeper decrease. This nearly flat region has two extrema, a stable one
at M=0.16 up and an unstable one at M =0.5 up, which can be identified from the zeros
of the Fermi energy difference. Due to the trifling energy barrier, this small net energy

moment minimum will be inaccessible experimentally.
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Figure 3.18. Change with U of d charge for the two Co ions. The top is for the total 3d
charge and the bottom for the majority and minority charges separately. It is based on

the Mullikan charge decomposition in the FPLO method.
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At the CD transition, the Col charge is continuous, whereas the Co2 charge
jumps by ~0.1 electrons, as shown in the top panel of Fig. 3.18. The bottom panel of Fig.
3.18 displays the discontinuities in the majority and minority charges separately. The CD
transition does not appear as strongly in the charge transfer as in the spin redistribution.
In the CD state, the Co magnetic moments indicate clearly Col—Co3t and Co2—Co?*t,
but the charge difference between the Co ions is only ~0.15 electrons. Increasing U from
zero, there is only small amount of charge transfer by (0.04—0.05 e/eV) from Co ions into

the O ions.
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Figure 3.19. Left panel: Change of the occupancy of the a4 states versus U, revealing the
strong ay, CD in the critical region. The minority states of both Co ions show a sharp
jump at the transition, while the majority states are fully occupied regardless of U. Right
panel: Effect of U on orbital-projected DOS of the minority a4 states for the Col and Co2
near the critical region. It discloses that CD arises from differentiation of the a, minority
states depending on U. As increasing U, holes of Col ion go into the Co2 ion. Note that
the a, majority states are fully occupied for all U. The e'g states are magnetically dead

before reaching the critical region.
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The left panel of Fig. 3.19, picturing the change in the a4 occupation, shows
clearly the charge rearrangement, i.e., spin redistribution. At the CD transition, a large
charge transfer occurs from the minority a, charge on Col to the majority charge on Co2.
But, the total charge difference between the two Co sites is only a fraction of the transferred
charge from the minority states, because it is compensated strongly by a rehybridization
with the O ions and back polarization of the other 3d (e} and ey) states. Although there
is no large change in total charge, a large change in spin is realized due to the multiband
character of the system near EFf.

The right panel of Fig. 3.19 shows the minority a4 orbital-projected DOS, lying
within a 1eV range from Ef, for the Col and Co2 near the critical regime. It reveals that
movement of the a, minority states due to the Coulomb repulsion U is a main cause of
the CD transition. The a, majority states are already occupied fully even at U=0. The
e; states, which have a small amount of holes in LDA, are also occupied even for small U,

resulting in magnetically dead character even before the critical region is reached.
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Figure 3.20. Change of energies versus U in FM Nag5C003. The energy is relative to
E(U=3 eV), except the LDA+U energy Eyy whose actual value is plotted. Inset: Enlarged

critical region.

To gain some insight into the cause of disproportionation, the change in energy
E(U), with various contributions, is displayed in Fig. 3.20. The total energy is basically
continuous at the transition. During CD transition, large discontinuities occur in the
(Kohn-Sham all-electron) kinetic energy Ex and (electron + nuclear) potential energy
Ep. Ek jumps sharply by 0.74 eV /Co, while the other contributions decrease (in eV/Co):
0.46 for Ep, 0.09 for the LDA exchange-correlation, and 0.18 for the LDA+U correction
energy. The LDA+U correction energy is rather small, but is large enough to compensate
the balance at U..

In this system, Na ions order above MIT.[53] So my Na-ordered cell, leading to
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CD at modest U, is realistic. In £=0.5 samples, Co®>* —Co** CD occurs at high tempera-
ture (Curie-Weiss susceptibility), but charge/spin become ordered around 50 K (indicated
by MIT). Considering my results in which CD occurs above U,=3.4 eV and the exper-
imentally observed tiny optical gap (~15 meV)[51, 185, 186], the magnitude of U for
£=0.5 phase (allowing FM ordering) should be near its minimum value for CD, i.e, 3.5—4
eV. However, it must be noted that this U value is varied when allowing AFM ordering
(see Sec. 3.6). Within LDA+U, the MIT is orbital selective,[210, 211] but the result is

obviously affected by the larger a, band width than that of the efq.

3.5 1Is CoO,; a Mott insulator?

Although in the =0 end of the Na;CoO, phase diagram Mott insulating behav-
ior has been widely anticipated, there have been few theoretical studies because of limited
experimental data, resulting from extreme difficulty to reach the phase. Most of the mod-
els in this system[124, 212, 213] assume that the Co on-site Coulomb repulsion U is large
enough to produce a Mott insulator, and the existing LDA+U calculations[104, 209] also
start from the same viewpoint to model the presumed insulating phase. From this point of
view, the e; states remain occupied and out of picture, so that Mott physics occurs within
the a4 states alone and the system becomes a Mott insulator. However, this scenario has
two obstructions: (1) what breaks the balance between the a, and ej, orbitals?; and (2)
since the existing experimental information states that CoOs is a nonmagnetic metal, is
a CoO2 close to a Mott insulating phase or not?

In this section, my study of the strength of correlations in Na,CoOs is extended
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to the =0 phase, using the LDA+U method. Since the appropriate value of U for this
system is not well determined,!! T will vary its value within a realistic range to clarify its

effects and require it to be consistent with the available data.

Experimental Information and Crystal Structure

Amatucci, Tarascon, and Klein [214] synthesized first CoOy powders, which had
been thought to be too unstable to produce, reproducibly by deintercalation of Li from
LizCoO2 using a dry plastic battery technology. The group reproduced the CoOs material
through subsequent research on the Li;Ni;_,Co,O3 system.[215] The CoOy compound is
metallic and nonmagnetic.[77] In the CoOs compound, the layers of charged “O% ” ions
are neighbors. This proximity of negatively charged layers has been thought to be the
cause of the instability of CoQOs. The possibility of O—O bonding across the van der
Waals gap in CoO; has been discussed,[215] and is consistent with the observed metallic
character.

All reports [215, 216, 217] of CoOq suggest the usual edge-sharing octahedral
structure (space group P3ml, No. 164) of the layers. I used the experimental lattice
constants a=2.8048 and ¢=4.2509 (in units of A).[215] The O height in the octahedrally
coordinated CoQOg arrangement was not established, being only weakly constrained in the
range of 0.17 < zp < 0.23. (Venkatraman and Manthiram measured zpc=0.257¢, but for a
nonstoichiometric CoO1.72 sample.[217]) Within LDA, I optimized the O height through
minimizing energy for both FM and PM cases. I found identical values for both cases, so

the value is insensitive to magnetic order. The resulting value of zyc=0.235¢=0.999 A leads

" The size of U seems to be significantly = dependent. I will address the issue carefully in Sec. 3.7.
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to a Co—O—Co bond angle of 95 deg and Co—O bond length of 1.90 A (compare with
20¢~0.269c=1.14 A, 90° and 1.98 A for perfect octahedra). Compared with the relaxed
value (29c=0.908 A, 98°) at z = 0.5 by Singh,[82] my value is 9% larger, implying a large
effect of the Na™ ions or the c lattice parameter, or perhaps as important, the added
electronic charge. Zhang et al.[104] reported 0.1 A smaller than my optimized zy, because
they used an 50% larger c lattice constant than the experimental value to remove artificial
interlayer interaction. The difference suggests that the interlayer interaction (i.e., the
effect of ¢ lattice constant) is quite coupled to the O height. There is other data that
shows the effect of the added electronic charge: when the c lattice constants are fixed for

all z, the relaxed z increases nearly monotonically for z > 0.3.[104, 218]
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Nonmagnetic CoO2 in LDA

DOS (states/eV)

Figure 3.21. LDA nonmagnetic full band structure (top) and corresponding DOS (bottom)
of CoOgz. The e, bands lie above 1.5 eV, and the ty, bands in the range of —1 to 0.5 eV,
leading to the 9, — e, crystal field splitting of 2.5 eV. Note that the t5; manifold at z=0
(i.e., CoO2) has much stronger hybridization with O 2p bands, which are mainly below

—1 eV, than for the z > 0 case.
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This nonmagnetic state is closest to nonmagnetic metallic state, observed by
Tarascon and coworkeres.[77, 214, 215] The LDA PM band structure and corresponding
DOS of CoOs in the region containing Co 3d and O 2p states are displayed in Fig. 3.21.
The result is metallic, containing one hole per Co in the tp, manifold, having a bandwidth
of 1.5 eV. The tog—e, crystal field splitting is 2.5 eV, identical with the value for 1/3 < z <
2/3.[73, 74, 76, 82] (The splitting seems to be identical independent of z in the system.)
Additionally, although the t5, manifold lies mainly in the range of —1 to 0.5 eV, the #y,

bands are strongly hybridized with O 2p bands, as addressed carefully in Sec. 3.3.3.
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Effect of Co—O bond length in a FM order
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Figure 3.22. Effect of the oxygen height zy on the LDA FM DOS at £=0. Increasing the
Co—O0 bond length (by increasing zg, the ta4 — e4 crystal field splitting decreases, but the
mixing of Co 3d and O 2p states remains strong. In contrast to half-metallic behavior in
the case of 0 < z < 1, the system at =0 is just metallic within LDA though it is nearly

half-metallic at the relaxed zp=0.235. The vertical dashed line denotes the Fermi energy.

Within LDA, a FM state at z=0 has lower energy by 18 meV/Co than a PM
state. (This favoring of ferromangetism is generic for Na,CoOg2 system.) The energy
difference is quite small for a system with magnetic moment of 1 yp. Considering a
simple Stoner instability for comparison, the energy gain is I'm?/4~150 meV, assumed

I =0.7—0.8 eV. The disagreement with experimentally reported nonmagnetic state will
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be discussed below.

I already discussed the effect of the Co—O bond length for the PM state in Sec.
3.3.4, but I could expect additional information for the FM state. Figure 3.22 shows the
FM DOS at the relaxed height 2p=0.235, compared with zp=0.20 (corresponding to Co—O
bond length of 0.85 A).

In addition to narrowing of the #3, bands, increasing the height in this range
reveals several trends: narrowing of the unoccupied e, bands as well as the ¢, manifold,
leading to a reduction of the crystal field splitting; a shift of the occupied O 2p bands
toward E; electrons transfer at the rate AQg/Azy ~ 1 from O 2p to Co 3d states. The
charge transfers primarily into the a, majority band, since the e; majority manifold is
almost fully occupied even at zp=0.20. As a related effect, the magnetic moment also

increases as the O height increases within LDA.
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Ferromagnetic tendencies in the correlated limit
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Figure 3.23. Left panel: Effect of the on-site Coulomb repulsion U and the oxygen height
2o (from the Co layer) on Co magnetic moment in the FM state at z=0. At zo > 0.21,
there is a first-order transition at U,=2.5 eV. At zy < 0.20, the system shows a different
behavior, always metallic independent of U. The inset shows the change of the total mag-
netic moment with respect to U. Right panel: phase diagram depending on the oxygen
height 2y and U in the FM state at z=0. Note that the lattice constant ¢=4.2509 A is
used. The change in O height between 2zp=0.22 and 0.23 is the same variation as mea-
sured between £=0.3 and 0.7. The symbols describe metallic (*), half-metallic (4+), and

insulating (diamond) states.

The change in the magnetic moment with U is shown in the left panel of Fig.
3.23, for the range of 0.20 < 2y < 0.235. At zy > 0.21, the Co magnetic moment jumps
sharply at U.=2—2.5 eV, accompanying the gap opening (metal-insulator transition). The

amount of jump tends to decrease as the O height increases. As a result, the zp=0.235
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case shows a slightly smoothed transition, but the slope at U, remains sufficiently steep.
In contrast to the z=1/2 FM case,[73], no hysteresis has been observed at z=0. Because
a hysteretic region means that two states are nearly degenerate, no hysteresis indicates
that the difference in energy slopes dE/dU of the two states is much larger than for the
z=1/2 FM case.

In addition to the MIT, for zg > 0.21, there is another feature to be noted. At
U=1 eV, a kink results from a transition from metal to half-metal. The inset of the left
panel in Fig. 3.23, displaying a change in the total magnetic moment with respect to U,
elucidates the transition, because the total magnetic moment must be 1 yp for a half-metal
or an insulator. The phase transition is illustrated in the right side of Fig. 3.23.

On the other hand, 2;=0.20 case shows no Mott/disproportionation transition
even for large U, much different behavior from the zy > 0.21 cases. Applying U, the
magnetic moment decreases rapidly, resulting from keeping metallic independent of U.
The reason is not entirely clear. However, it may come from the increased hybridization
between Co a4 states and O p, states. Already at U —0 (LDA), the a, bandwidth at
20=0.20 is about 25% larger than at zp=0.235. The increased hybridization will make
the ag-derived Wannier orbital less localized and eventually less sensitive to correlation
effects. While the O height of z;=0.20 lies outside the accessible range, it does show that
there is a regime where correlation effects are very strongly coupled with the Co—O bond

length, and that the system is not so far from that regime.
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U=1eV B U=2.5eV '

Figure 3.24. Change of the a4 states near the critical value of U in the FM state at
the optimized O height 2p=0.235. This large difference elucidates the Mott transition
within the a4, band. The gray and black lines indicate the ay minority and majority band,

respectively. The U=1 eV result is indistinguishable from the LDA (U=0) result.

I focus now on the optimized O height case. The transfer of the a, spectral
weight from U=1 eV to U,=2.5 eV given in Fig. 3.24 reveals the dominating role of the
ag minority band for the MIT. Note that the majority orbitals of the a, state as well as
the e; (not shown here) are fully occupied regardless of U. At U,=2.5 eV, the minority
ag band is completely unoccupied, so becoming the upper Hubbard band. The majority
ay band (lower Hubbard band) lies much deeper, resulting in mixing strongly with the O
2p bands. The Mott transition can be visualized by change in the occupancy of the a,
minority orbital (not shown here), decreasing by 0.27¢ at U,. This Mott transition of the
a4 orbital (rather than of the efq oribitals) would be favored by the slightly larger band

width of the a4 orbital.
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Antiferromagnetic tendencies in the correlated limit
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Figure 3.25. Effect of U on the Co magnetic moment in the AFM state of CoOy (z=0)
at the optimized O height zp=0.235 . There is a first-order transition at U.=2.3 eV. The

left axis represents a Co magnetic moment, while the right axis shows the energy gap.

Although FM is always favored energetically over AFM, I used a two-Co supercelll
with the optimized 2y to study AFM which can be obtained as a metastable state. The
effect of U on the Co magnetic moment is shown in Fig. 3.25, with the change in energy
gap. Below U,, the moment decreases rapidly as U increases, being only 60% of LDA at
U=2 eV. It is related with a tendency of Co—0 charge transfer, as also found in the FM
case. As in the FM case, a first-order MIT occurs at U.=2.5 €V, little lower value than in

the FM case. At the transition, the magnetic moment increases more dramatically than

for the FM cases, to 0.72 pup.
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Fixed Spin Moment Study
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Figure 3.26. LDA fixed spin moment calculation at z=0. In contrast to the cases of
0 < z < 1, showing a sharp jump at M=1 up due to the large ¢34 — e, crystal field gap,
it has a minimum at M=0.86 up before the jump. M is the total magnetic moment per

formula unit in pp.

As already noted, Na;CoQO9 shows an energetically favored FM state throughout
all z within LDA. However, while for z > 0.75 the CoO3 layers are FM (and stacked with
alternating spin direction), for z < 0.75 no FM is observed. This favoring within the
local density theory can be changed when correlation effects are considered, i.e., applying
U.[74, 108] In the CoO system the FM state is always favored in both LDA and LDA+U
calculations, though it is reported to be metallic and nonmagnetic. Fixed spin moment

(FSM) calculations help to understand the contradiction to some extent. Figure 3.26
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displays the total energy vs. fixed total magnetic moment (on a per formula unit) plot.
It is very similar to the FSM result of Singh at £=0.3, 0.5, and 0.7, specially the sharp
energy increase at M=1 pp due to the large tog — e4 crystal field splitting.[203] However,
the plot at =0 shows different behavior, a minimum at M=0.86 up (the value from the
self-consistent calculation).

I have evaluated the Stoner (exchange interaction) I from these FSM calculation.
The method accordingly explains the small contribution from the O sites. The enhanced

susceptibility is given by

X = 1_3%% (3.1)

where the bare susceptibility is given by xo = 2u% N (0) and N(0) is the single-spin density
of states at the Fermi level. At small M, the energy difference is given by (1/2)x~'M?2.
Since N(0) for FM is 1.36 states/eV-spin, we obtain I =0.89 eV, [IN(0) = 1.2]. This
value of I is comparable with the value obtained from the exchange splitting.

Although there are now several metals where enhanced paramagnets are pre-
dicted by local or semilocal density theory to be FM, it is somewhat peculiar for this state
to extend to z=0 and a moment of nearly 1 up. It might be that the Moriya theory
for the correction of the susceptibility of weak ferromagnets [219] or perhaps dynamical
effects such as are contained within dynamical mean field theory [183] will be necessary

to correct the prediction. These questions give important directions for further work.
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3.6 Insulating AFM Nao,5COOQ

Rather unexpectedly for a hole-doped band insulator, the system shows corre-
lated behavior for z > 0.5, while it displays uncorrelated behavior for z < 0.5.[76, 93]
The correlation strength can be measured by an enhanced linear specific coefficient and
Curie-Weiss susceptibility for z > 0.5. Whereas both of the regimes are metallic, as said
already, precisely at £=0.5 the system becomes insulating[53] with a tiny gap (~15 meV)
through Na ion ordering, charge ordering, and magnetic ordering transitions.

The LDA results by Singh at z=0.5 [82] predict FM to be much more stable
than a simple AFM arrangement, consistent with my LDA results. He also showed that
accurately treating the Na ions rather than using the virtual crystal approximation does
not change the conclusion. So I employ the LDA+U method to find that CD and AFM
ordering is favored energetically, with the disproportionation resulting in relieving the
frustration on the triangular lattice. It must be noted that correlation effects must be
strong enough to drive CD but small enough to leave a tiny gap. In this section, I
will address the energetics, behavior of the magnetic moments, and characteristics of the
electronic structure in the insulating phase for two recently observed superlattices shown

in Fig. 3.27.

78



Structure
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Figure 3.27. Charge and spin ordering of (a) zigzag (ZZ) and (b) stripe patterns in the

Co layer of AFM Nag5Co002. In the stripe pattern, the Col ion lies at a site of inplane
inversion symmetry and is neighbored symmetrically by up and down spins. The triangle
and solid circle indicate magnetic (Co2) and nonmagnetic (Col) cobalts, respectively. In
the calculations, Na lies above Col, which become the nonmagnetic Co* sites. (I used
the same conditions as my previous calculations,[73, 76] but with attention to Brillouin

zone sampling up to 312 irreducible k points.)

In the triangular lattice with one spin per site, the nonbipartite nature frustrates
AFM ordering, and several nearly degenerate charge order patterns are suggested.[104,
106, 220] However, x=0.5 with CD correponds to one spin for every two sites allowing
for patterns that relieve the frustration. In this calculation, I used two experimentally
suggested patterns, the zigzag and stripe patterns as displayed in Fig. 3.27. Cava and
coworkers [109, 188, 190] have presented electron diffraction data, indicating robust Na
ion zigzag (ZZ) ordering in an orthorhombic four-Co supercell as shown in Fig. 3.27 (a).
The Na ordering survives above room temperature. The Na ZZ ordering, including the
two distinct types of Na sites, was confirmed by Yang et al.[189] Zhang et al. calculated

the Coulomb interaction energy between the Na™ ions and concluded that the ZZ ordering
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is favored.[104] Note that the Na ion ZZ phase is not the same as the Co ZZ order. The
Na ZZ order contains one site on top of Co and another site not on top of any Co, so it
is “less zigzag” than this Co ZZ order.

Although the insulating behavior begins at Te2=>52 K, the interpretation of the
onset was suspected to be charge ordering. So, it invited neutron diffraction studies. The
two recent studies[71, 72] have confirmed two types of Co ions, ons consistent with spin-half
but with reduced moment (0.25 — 0.34up) and another with much smaller moment, and
AFM ordering at T,1=88 K of stripe pattern as shown in (b) of Fig. 3.27. The observed
structure shows also antiparallel spin ordering along c¢ direction. But, in this calculation,
I used the simplified single layer, i.e, parallel spin ordering along the direction.

The symmetrical difference in the Col ions is clear. In the ST pattern of Fig.
3.27(a), the Col ions are surrounded symmetrically (by in-plane inversion) by two spin-up
Co2, spin-down Co2, and two nonmagnetic Col. Although the ions in the ZZ pattern of
Fig. 3.27(b) are surrounded by the same six-nearest neighbor ions, there is no inversion
symmetry. So, the ST pattern has the higher symmetry of the Col ions than in the ZZ

pattern.

Energetics

As for all other values of z,[82] FM is favored energetically over AFM for both
77 and ST patterns. But the energy difference between FM and AFM is substantially
large for ZZ, while surprisingly small for ST. This favoring of FM by LDA requests to
include correlation effects in the system, so I utilize the LDA+U method. Although an

appropriate value of U is essential, especially for CD, gap opening, and favored AFM
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ordering, almost independent of U the ZZ pattern is favored over the ST pattern by the
very small amount of 22 meV /Co. Considered that I use simplified model for the patterns,

however, I can conclude that these two patterns are nearly degenerate in view of energy.

Effect of U on the Co magnetic moment
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Figure 3.28. Left panel: Effect of U on magnitude of the Co local magnetic moments m;
in the stripe and zigzag patterns of AFM Nag 5Co0s. At Un=1.5 eV, gap opening occurs,
whereas CD (Col—Co3* and Co2—Co**) starts already at U.;=0.5 eV. Note that Hund’s
rule J=1 eV has been kept fixed. Right panel: Change in Co 3d charges by U in the both
patterns. The bottom panel shows that the charge difference between two Co sites is only
~0.2 e. As seen in the top panel, this difference is ~0.02 e smaller for ST than for ZZ. It

is based on the Mullikan charge decomposition in the FPLO method.

I first review behavior vs. the on-site Coulomb repulsion U. The left panel of
Fig. 3.28 shows the change in magnitude of the Col and Co2 magnetic moment for both

patterns, varying U. Even for LDA (U—0 limit), the effects of the symmetry determined
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by the position of Na ions are obvious. For ZZ, the Col and Co2 magnetic moments
are almost identical. But, for ST, the Col moment is already very tiny, only half of up,
while the Co2 moment is 0.27 ppg. The difference reflects the higher symmetry of the Col
ions in the ST patterns. Increasing U, the Co2 magnetic moments increase monotonically
and become identical at Uxn=1.5 eV, where the band gap opens for the both patterns.
The Col moments show more different behavior in both patterns. For ZZ, above U.,1=0.5
eV, the Col moment decreases almost linearly, but undergoes one more discontinuity at
Uc. Whereas the Col moment for ZZ never becomes zero due to no in-plane inversion
symmetry at the Col sites, the moment for ST becomes immediately zero at U,;=0.5 eV,
where might be identified as the CD transition. While the Col and Co2 ions are clearly
disproportionated, the charge difference is only ~0.2 e as shown in the right panel of Fig.
3.28.

It is worthwhile to note that CD had occurred already at smaller U=U,; than
the critical value U for the gap opening. Recalling that CD and gap opening occurs
simultaneously when the smaller supercell or different Na concentration is used,[73, 76]
we find here a richer behavior. This difference of the critical values between the CD and
the gap opening was also obtained for a similar supercell by Li et al., but a little higher

critical value.[108]
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Electronic structure at U=2 eV
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Figure 3.29. Blowup of the AFM band structures in the ¢34 manifold at U=2 eV for (left)

the zigzag (ZZ) and (right) the stripe (ST) patterns. For ZZ, the minimum gap occurs at

a corner of the zone that is not shown. The plot is along perpendicular (I'-Y') and parallel

(I-X) directions for the each chain. Z indicates the zone boundary point along the (001)

direction. The thickened lines highlight the band having strong a, character for each spin

of a magnetic Co2.
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Figure 3.30. Total and atom-projected DOS for both patterns at U=2 eV. Although
the band structures are different in dispersion through the zone, the DOSs are extremely
similar for the both patterns. For the total and (nonmagnetic) Col only the majority spin
channel is shown, whereas the (magnetic) Co2 DOS is displayed for both channels. The

dashed vertical line denotes Er (set to zero).

Since the results depend on U, as emphasized previously, the appropriate value
of U is necessary. In this system (at x=0.5), it is rather straightforward to determine
the required value. The system should have CD, AFM ordering, and a tiny gap. So the
appropriate value should lie slightly above U, i.e, U=1.5—2 eV.

I will address the results at U=2 eV, a value chosen slightly higher than U, to

make the gaps more clearly visible. The critical interaction strength accompanies a Mott-
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like transition in the Co2 a4 states, with upper and lower Hubbard bands separated by
2.2 €V which can be seen in the the band structure of Fig. 3.29. The band structures are
described along directions parallel () and perpendicular (4) to the ZZ or ST chains of Co
ions at U=2 eV. The upper Hubbard band, unoccupied Co2 ag4, is nearly flat, but shows
some 3-dimensionality; there is more dispersion perpendicular to the layers (200 meV)
than within the layers. The most different behavior between the ZZ and ST patterns is in
dispersions going away from the zone center (I" point) of the uppermost two valence bands
having primarily Co2 e'g character. The dispersions are positive for ST and negative for
77. Nevertheless, the corresponding DOS, pictured in Fig. 3.30, are extremely similar for
both patterns.

From now on, I focus on the observed ST pattern. As displayed in Fig. 3.29
(b), the unoccupied Co2 minority a4 state is above the gap and primarily Col e'g states
lie below the gap. This is an unusual d — d charge transfer gap (not the usual p — d
case). Since the crystal field (t2g — eg) gap is ~2 eV, the optical transitions in the
IR for the magnetically disordered metallic phase (T>T,) reflect e — a, excitations,
i.e. transitions within the ¢35, complex. Below the metal-insulator transition at T.y, the
excitations across the gap are to the upper Hubbard band, and the main weight of these
transitions — the new (Col <+ Co2) charge-transfer type — is shifted up in energy by only
a few tens of meV.[51, 185, 186] This small shift is consistent with the small bandwidth
that we find for the unoccupied Co2 a4 band (upper Hubbard band).

Moreover, in the ST pattern, the upper Hubbard band shows stronger dispersion
along the Y-T" line than along the X-I" line. The stronger dispersion can be understood

as follows. Electrons excited into the upper Hubbard reside in the minority a4 states on

85



Co2, for example, a spin 1 electron will hop between Co2 ions with moments oriented .
Propagating in the g direction, it can hop through a single Col ion; in the £ direction,
however, it must avoid the U cost of hopping onto an oppositely aligned Co2 ion, thus
requiring hops through two Col ions before returning to another Co2 | ion, and its dis-
persion is reduced accordingly. Valence band holes introduced into the system will occupy

nonmagnetic Col efq states, while electrons will occupy minority a4 states on Co2.

Temperature evolution: possible SDW?

My results suggest a specific picture of the temperature progression at z=0.5.
Counsidering that the FM ordered layers for z >0.75 are consistent with itinerant charac-
ter and the 0.5 < x < 0.75 regime with fluctuation-suppressed magnetism, the magnetic
ordering below T.; may be more of a spin density wave (SDW) character which gaps some
but not all of the Fermi surface; recall that for the ST pattern the FM-AFM energy differ-
ence is tiny at small U, and that even at U=0 there is a substantial difference in moments
on Col and Co2, that is an SDW. Several band structure studies have designated nesting
features in the paramagnetic Fermi surface.[76, 82, 170] The challenge that this picture
must face is that the primary magnetic order is unchanged at the insulating transition
Teo: Gasparovic et al. find that the principal ordered moment grows with decreasing
temperature[72] continuously through the insulating transition at T.. The additional
order that results in a kink in . at T, has not yet been clarified, but my results are
consistent with the dominant picture that CD arises finally at T.o. The redistribution of
spectral weight below T observed in optical experiments shows differences (weight shifted

to 20-30 meV[186] or 70-100 meV[51]), but they seem consistent with the correlated band
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Table 3.2. Analogy and distinctions between the strip pattern and cuprates (see text, for

details). Note that the first 2 lines (analogy) apply to both systems.

ST Cuprate
Analogy - AFM
- bipartite lattice, with axes at 90 deg
Energy gap 15 meV 2 eV
U 1.5-2 eV 6—8 eV
metal-metal nn hopping 10—20 meV 30—50 meV

Low energy excitation

three d bands single dj2_,»

structure of Fig. 3.29 and particularly the narrowness of the unoccupied band.

It can reasonably be asked whether the ground state of this system should be

considered as a correlated insulator, as outlined above, or instead as perhaps a SDW

(at Te1) — CDW (at Te2) system. Balicas et al. have found that, when an applied in-

plane field increases beyond 25 T the conductivity increases by a factor of two (a sort of

insulator-metal transition), and observation of magnetoresistance oscillations suggests the

restoration of part of the Fermi surface.[187] Certainly the insulating phase is delicate.

However, the observation of a substantial ordered moment on Col (0.25-0.34 up)[71, 72]

and little or none on Co2 speaks for a CD picture (into identifiable Co** and Co3*

moments) and hence a correlated insulator below To.
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Comparison of the stripe pattern with cuprates

Finally, I will address an interesting similarity of the AFM configuration of the
ST pattern, illustrated in Fig. 3.27 (b), with the AFM cuprate layer. The ST AFM
ordering has the bipartite (and 90°) topology of spins, characteristic of the cuprate plane.
However, in contrast with the cuprate layer, the ST ordering shows anisotropy of (Co**-
Co*") parallel and perpendicular hopping amplitudes t,, ty and exchange couplings J;,
Jy. Note that J, is between near neighbors, while Jy is between second Co neighbors.

In spite of this similarity, there are obvious differences. Cuprates are robust Mott
insulators represented by the 2 eV gap, and the value of U required to explain the insulating
character is 3 — 4 times larger. Besides, the effective metal-metal near neighbor hopping
is 2 — 3 times greater. In the cobaltate, the tiny gap indicates a marginally insulating
correlated state, and the low energy excitations require three ty, bands instead of the
dominance of the single d,2_,2 state in the cuprates. It also seems that magnetic coupling
cannot be treated in the usual Heisenbeg form, because the superexchange mechanism is
not dominant and the somewhat flimsy moments depend strongly on the type of magnetic
order. (A spin Hamiltonian might be reasonable to treat spin waves within a given ordered

state.)
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3.7 Correlation Strength U(z) Dependent on Na Concentra-
tion
Enhancement in Linear Specific Coefficient

For z > 0.5, local moments are obvious in thermodynamic and transport data,
and spin fluctuations have been observed in neutron scattering studies. In particular, the
linear specific coefficients are large, y=48—56 mJ/mol K?,[60] or more recent data ~ 34
mJ/mol K? [61]. Compared with my calculated value 7p=104+2 mJ/mol K2, dynamic
correlation effects lead to at least three times enhancement. My finding of CD for U > 3
eV is consistent with the experimental information indicating a correlated behavior: for
example, a large field-dependent thermopower [30, 38] and a large Kadowaki-Woods ratio
[155].

In the superconducting regime x=0.3, similarities with cuprates seemed to say
that correlation effects might play an essential role in the superconductivity. However, the
existing data seem to suggest otherwise. The specific heat coefficient is customary, with
the reported values around y=12 — 13 mJ/mol K2.[41, 42, 61] The value is nearly identical
with my calculated value yp=13 mJ/mol K?. It is consistent with the fact that evidence of
correlation effects is lacking for < 0.5: Pauli susceptibility (no local moment) and small
magnetic field dependence of the resistivity. In addition, as discussed in Sec. 3.5, the =0
phase is not a Mott insulator, but rather a nonmagnetic metal. This comparison with the
experiments suggests that U(z) is significantly dependent on the carrier concentration z,

i.e., Na concentration.
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Change in the critical on-site Coulomb repulsion for charge disproportionation
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Figure 3.31. Effect of Na concentration z on the critical on-site Coulomb repulsion U, for
CD. The CD accompanies gap opening, except for the AFM order at £=0.5. (U — U¢/f =
U/+/3) Considering FM ordering, comparison with the experiments indicates a change of U
with sharp jump at £=0.5, depicted by the shaded region. The arrows represent decrease
of the effective on-site Coulomb repulsion U¢// due to three-band nature for z < 0.5. In
this case, CD occurs at U=0.5 €V (open circle), while the gap opens at U=1.5 eV (filled

circle).

Since there is no agreement on the best value of U in the system, it is essential to
harmonize my finding values with observations. Change in U(z) required by my studies is

depicted in Fig. 3.31. At first, focusing on FM ordering, U, for CD increases linearly below
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£=0.5 and is almost flat above £=0.5. For the end member £=0, Tarascon and coworkers
have been observed nonmagnetic and metallic behavior,[77] suggesting U(z = 0) should
be less than U,=2.5 eV for a Mott-like transition. Below £=0.5, no observation'? for CD
(Pauli-like susceptibility) nor any significant correlation effects indicates U(z < 0.5) <
U.=3 eV. Since only a tiny gap (~15 meV) has been observed at z=0.5,[51, 185, 186]
U(z = 0.5) should be near the minimum value for the CD (3.5 — 4 eV). As said in the
previous subsection, for £ > 0.5 the Curie-Weiss susceptibility as well as other evidence
of strong correlation effects have been observed. The observed susceptibility indicates
(1 — z)Co*t and xCo37 ions, resulting in CD even though it is a good metal. It leads to
U(z > 0.5) < U,=3 eV, perhaps over 4 eV.

On the other hand, there are several indications that the simple single band
picture is oversimplified. In particular, the ay band center is nearly degenerate with the
ey states, with slightly smaller bandwidth of the ey bands. Due to the form of dispersion (a
little wider bandwidth of the a4 band) in the CoOg layers, holes doped into the band (not
Mott) insulator NaCoOg initially go into the a, band. Thus, it is reasonable to use a single
band model for the small 1—z regime with a rather strong value of U. But, for z < 0.5, the
LDA band structure is quite consistent with observations, suggesting the system crosses
over into a three-band regime where the full 5, manifold plays a role. The multiband
nature tends to diminish correlated behavior. Carriers doped into a multiband system
may simply find a smaller phase space for reaching the Mott-Hubbard insulating phase,

as the carriers have more degrees of freedom. According to extensive study of Gunnarsson

2There are two exceptions. One is the temperature-dependent shift of spectral weight that has been
interpreted in terms of (real or incipient) orderings at £=1/4.[185] Another is measurements of resistivity
and magnetization for 0.4 < x < 0.5 that show similar kinks as the =0.5 phase below 100 K, and suggest
an emerging charge ordering transition.[221]
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and coworkers,[222, 223, 224] in a multiband system of N bands the effective Coulomb
repulsion becomes U®//=U/+/N. In the system having carriers in the t2¢ manifold (N=3),
U.=3 eV at z=1/3 would become U I 43ev /V/3~W, so correlation effects reduce greatly.
Such a strong decrease in the effective repulsion could readily account for the observed
severe decrease in correlation effects. Moreover, more carriers will lead to more screening,
resulting in decreasing correlation effects.

Finally, allowing AFM ordering (realistic case for z=0.5), the critical value U,
is 2 €V less than for FM ordering, except for the £=0 case having nearly identical value
for the both orders. (My choice of small supercell has only one Co*t ion at z=2/3, so it
allows only a trivial simple AFM arrangement, which is not observed.) As said previous,
the easy CD (and gap opening) stems from narrower band width of the unoccupied a4
band in the AFM ordering. It must be noted that for the AFM order at =0.5 the critical
value for CD is different from the gap opening, as emphasized in Sec. 3.6. It remains for
further research to decide how realistic LDA+U should be for the band gap, or whether

dynamics of the correlations are important.

3.8 Summary

The strength and effect of Coulomb correlations of Na;CoOq for all ranges of
are evaluated using the correlated band theory LDA+U method. I show that moderate
values of U lead to CD for 0< z <1. For the x=0 system there is a critical value U,~2.3
eV for both FM and AFM orderings. For = > 0 the critical value strongly depends on the

magnetic ordering. When allowing FM order, CD occurs at U.~3 eV, while when allowing
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AFM order U, drops to about 1 eV. Additionally, comparison with observations suggests
that the correlation strength strongly depend on carrier concentration z. A crossover from
a three-band regime to a single-band regime decreases more dramatically the correlation
effect below £=0.5.

I remind that recent evidence suggests the oxidation state of Co for the supercon-
ducting materials is representative of an effective doping level z.r; = 0.50-0.60. If true,
this puts superconductivity in a more interesting part of the phase diagram, where su-
perconductivity would arise from electron doping of the x=0.5 disproportionated, charge-
ordered, and spin-ordered magnetic insulator.

In particular, for z=0.5 (unique insulating phase in the system), my calculations
reveals the mechanism of CD: a first-order transition of 2C03®t—Co®t+Co*t. This
orbital selective CD of the Co a4 orbital, due to slightly wider band width than that of
the Co e;, leads to half of the ions (Co®*) becoming electronically and magnetically dead,
and subsequently undergoing the observed charge ordering or metal-insulator transition.
In contrast to the simultaneous CD and gap opening when smaller cells or different Na
concentration are used, the CD occurs already at smaller U than the gap opening using the
two AFM ordering patterns recently reported at £=0.5. One of the patterns, “out-of-phase
stripe”, shows interesting analogies, but substantial distinctions with cuprates.

Finally, there are two points that must be noted. First, the transitions with
varying U discussed here should be of special interest for high pressure research: applying
pressure changes the U/W ratio and could drive the £=0.5 unsulator back to metallic.
Second, my results imply careful exercises to be required to determine an appropriate U,

because the CD occurs in regimes where the precise value of U is crucial.
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Chapter 4
LaNiO, !

4.1 Introduction

The perovskite oxide LaNiOj, purportedly an example of a correlated metallic
Ni3* system, has been investigated over some decades by a few groups[225, 226, 227] for
possible exotic behavior. The oxygen-poor lanthanum nickelate LaNiQO,, has also attracted
attention, because of characteristic changes of its electronic and magnetic properties as
the oxygens are removed. It is metallic at 2.75 < z < 3, but semiconducting for 2.50 <
x < 2.65.[228] For z = 2.6, it shows ferromagnetic ordering with 1.7 pp/Ni below 230
K [228] and magnetic behavior of the z = 2.7 material has been interpreted in terms
of a model of ferromagnetic clusters.[229] At z = 2.5, where formally the Ni is divalent,
a perovskite-type compound LasNisOs forms in which NiOg octahedra lie along ¢ axis
directed chains and NiO4 square-planar units alternate in the ¢ — b plane. This compound

shows antiferromagnetic ordering of the NiOg units along the ¢ axis but no magnetic

!This chapter has been published previously as a paper: “Infinite-layer LaNiOs: Ni'™ is not Cu?*”,
K.-W. Lee and W. E. Pickett, Phys. Rev. B 70, 165109 (2004).
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ordering of the NiO4 units.[230]

Since LaNiQOg with formally monovalent Ni ions was synthesized by Crespin et
al.[231, 232] it has attracted interest[233, 234, 235] because it is isostructural to CaCuQO9,[236]
the parent “infinite layer” material of high T, superconductors, and like CaCuQO, has a
formal d° ion amongst closed ionic shells. However, it is difficult to synthesize and was
not revisited experimentally until recently by Hayward et al. who produced it as the
major phase by oxygen deintercalation from LaNiQ3.[237] Their materials consist of two
phases, the majority being the infinite-layer (NiO9-La-NiOg) structure and the minority
being a disordered derivative phase. Magnetization and neutron powder diffraction reveal
no long-range magnetic order in their materials. Its paramagnetic susceptibility has been
fit by a Curie-Weiss form in the 150 < T'/K < 300 range with S :% and Weiss constant 6
=—257 K, but its low T behavior varies strongly from this form. More recently, this same
group has produced the isostructural and isovalent nickelate NdNiO9.[238]

One of the most striking features of LaNiOs is that it potentially provides a
structurally simple example of a monovalent open shell transition metal d° ion. Except
for the divalent Cu?T ion, the d° configuration is practically nonexistent in ionic solids. In
particular, the formal similarity of Ni'* and Cu?" suggests that Ni'* compounds might
provide a “platform” for additional high temperature superconductors. It is these and
related questions that we address here.

In this paper we present results of theoretical studies of the electronic and
magnetic structures of LaNiO;, and compare with the case of CaCuOs (or isovalent
Caj_;Sr,Cu0y) which is well characterized. A central question in transition metal oxides

is the role of correlation effects, which are certainly not known a priori in LaNiOs as
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there is little characterization of the existing material. We look at results both from the
local density approximation (LDA) and its magnetic generalization, and then apply also
the LDA+U correlated electron band theory that accounts in a self-consistent mean-field
way for Hubbard-like intraatomic repulsion characterized by the Coulomb repulsion U.
Our results reveal very different behavior between LaNiOy and CaCuOs, in spite of the
structural and formal d” charge similarities. The differences can be traced to (1) the dif-
ference in 3d site energy between Ni and Cu relative to that of Cu, (2) the ionic charge
difference between Ca?t and La®t and associated Madelung potential shifts, and (3) the
participation of cation 5d states in LaNiQOs.

We also discuss briefly our discovery of anomalous behavior in the transition
metal 3d° ion as described by LDA+U at large U. Although well beyond the physical
range of U for LaNiO,, we find that LDA+U produces what might be characterized as a
d® “singlet” ion in which the internal configuration is one d(z? —?) hole with spin up and
one d(3z%2 —r2) hole with spin down, corresponding to an extreme spin-density anisotropy

on the transition metal ion but (nearly) vanishing net moment.
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4.2 Structure and Calculation

Figure 4.1. Crystal structure of LaNiO,, isostructural to CaCuOsy. Ni ions are in the

origin and La ions in the center of the unit cell. It has no axial oxygens.

In the samples of LaNiOs synthesized and reported by Hayward et al., there exist
two phases with space group P4/mmm (No. 123) but different site symmetry.[237] We
focus on the majority infinite-layer phase, which is isostructural with CaCuQ5.[236] In the
crystal structure shown in Fig. 4.1, Ni ions are at the corners of the square and La ions lie
at the center of unit cell. The bond length of Ni-O is 1.979 A, about 2% more than that of
Cu-O in CaCuO, (1.93 A). We used the lattice constants a=3.87093 A, ¢=3.3745 A [237]
with a (v/2 x v/2) supercell space group I4/mmm (No. 139) for AFM calculations.

The calculations were carried out with the full-potential nonorthogonal local-

orbital (FPLO) method[6] and a regular mesh containing 196 k points in the irreducible
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wedge of the Brillouin zone. Valence orbitals for the basis set were La 3s3p3d4s4p4d5s5p6s
6p5daf, Ni 3s3pdsdp3d, O 252p3s3p3d. As frequently done when studying transition metal
oxides, we have tried both of the popular forms of functional[18, 19] of LDA+U method[12]
with a wide range of on-site Coulomb interaction U from 1 to 8 eV, but the intra-atomic
exchange integral J=1 eV was left unchanged. For CaCuO3, we used the same conditions

as the previous calculation done by Eschrig et al. using FPLO.[15]

4.3 Uncorrelated Regime

Electronic structure for nonmagnetic state
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Figure 4.2. LDA paramagnetic band structure of LaNiOs. The Ni 3d(z? —y?) band crosses
the Fermi level (zero energy) very much as occurs in cuprates (see Fig. 3). The La 4f
bands lie on 2.5 — 3.0 eV. The La 5d(32z? — r?) band drops below Er at I" and A. The

symmetry points are given in Fig. 4.4.
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We present first the LDA results. The paramagnetic (PM) band structure with
its energy scale relative to Fermi energy Er is given in Fig. 4.2. A complex of La 4f
bands is located at +2.5 eV with bandwidth less than 1 eV. The O 2p bands extend from
about —8 to —3.2 eV. The Ni 3d bands are distributed from —3 to 2 eV, with the localized
24 complex near —1.5 eV, while the broad La 5d states range from —0.2 to 8 eV. Unlike
in PM CaCuQg, there are two bands crossing Er. One is like the canonical d(z? — y?)
derived band in the cuprates, rather broad due to the strong dpo antibonding interaction
with oxygen p,,py states and enclosing holes centered at the M point. The other band,
lying at —0.2 eV at I' and also having its maximum at the M=(Z,, 0) point, is a mixture
of La 5d(32? — r?) states and some Ni 3d(3z% — r?) character. Already this band indicates

importance of Ni 3d - La 5d band mixing.
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Tight binding model
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Figure 4.3. “Fatband” representation of Ni 3d(z? — y?) in LDA. This band appears at
first very two-dimensional, but is not because (1) the saddle point at X (0,7 /a,0) is not
midway between the I' and M (w/a,n/a,0) energies, and (2) k, dispersion between the X

and R(0,7/a,n/c).

Using a simple one-band tight binding model

e =eo— Y tn ¢,
R

the Ni 3d(z? — y?) band shown in Fig. 4.3 can be reproduced with a few hopping ampli-
tudes, but requiring more than might have been anticipated. The site energy is €, = 93
meV, slightly above the Fermi level, and the hopping integrals (in units of meV) are
t(100) = 381, t(110) = —81, t(001) = 58 and ¢(111) = —14. There is no hopping along the
(101) direction. As anticipated from the cuprates, the largest hopping is via ¢(100). How-

ever, to correctly describe the k, dispersion from X-R (i.e. along 7/a,0,k,) together with
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Table 4.1. Tight binding parameters (in units of meV) for Ni 3d(z% — 3?) of LaNiO4 and
Cu 3d(z? — y?) of CaCuOs. ¢ is the site energy and t’s are hopping integrals. Ratio (in

%) is hopping integrals for LaNiOg to those for CaCuO,.

parameters LaNiOy CaCuO- | Ratio| (%)
€0 93 -200
#(100) 381 534 71
#(110) 81 84 96
#(001) 58 83 70
#(101) 0 2 0
#(111) ~14 ~19 74

the lack of dispersion from I'-Z (0,0, k,) and also M-A (n/a,n/a,k,), the third neighbor
hopping terms ¢(111) must be included.

The comparison of the single band tight binding parameters with those of CaCuO4
is given in Table I. It should be noted that the state in mind is an z? — y? symmetry state
that is orthogonal to those on neighboring Ni/Cu ions, i.e. an z? —y? symmetry Wannier
orbital. In Ni, the on-site energy is 0.3 eV above what it is in CaCuQO2, lying above Ep
rather than below. This difference is partially due to the different Madelung potential
in the two differently-charged compounds, but it also reflects some intrinsic hole-doping
in the nickelate that leads to a lower Fermi level. The largest hopping amplitude (the
conventional t) is 71% of its value in the cuprate, while the second (¢') is essentially the

same. The ¢(001) = ¢, is also 70% of its value in the cuprate, while the other amplitudes
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are the almost unchanged.

Fermiology

Figure 4.4. Paramagnetic Fermi surface in the local density approximation. In the center
(not visible), i.e. T, there is a sphere (a radius 0.25(w/a)) having d(3z2 — r?) character
of Ni and La. The cylinder with radius 0.8(7/a) contains Ni d(z? — y?) holes, whereas

another sphere (a radius 0.4(w/a)) at each corner contains Ni d(zz) electrons.

The LDA Fermi surfaces are shown in Fig. 4.4. As for the cuprates, the Fermi
surface is dominated by the M-centered hole barrel. In this system neighboring barrels
touch at R=(n/a,0,7/c) because the saddle point at R happens to lie at Er. The Fermi
surfaces also include two spheres containing electrons. The sphere at I', with mixed Ni and
La d(32z? — r2) character, contains about 0.02 electrons. The A-centered sphere is mainly
Ni d(zz) in character and contains approximately 0.07 electrons per Ni. The barrel, whose

radius of 0.8 m/a in the (1,1,k,) direction is almost independent of k, but which varies
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along (1,0,k,), possesses about 1.1 holes, accounting for the total of the 1.0 hole that is
required by Luttinger’s theorem and also fits the formal Nil* valence (which, being a

metal and also mixing with La as well as with O states, is not very relevant).
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Magnetic Tendencies
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Figure 4.5. LDA antiferromagnetic band structure of LaNiO», graphed on the same energy
scale. Top panel: paramagnetic; bottom panel: antiferromangetic. The Ni 3d bands lie
above —3 eV and are disjoint from the O 2p bands (not shown) which begin just below
—3 eV. The antiferromagnetism introduces the gap in the Ni dpoc band midway between
I and M in the range 0-1 eV. The symmetry points are given such as (0,0,z) for I'(Z),
(1/2,1/2,z) for X(R) and (1,0,z) for M(A). z is zero for the first symbols and 1 for the

symbols in parentheses.



To investigate magnetic tendencies, attempts to find both ferromagnetic (FM)
and antiferromagnetic (AFM) states were made. A stable V2 x /2 AFM state, whose
band structure is shown in Fig. 4.5, was obtained, with spin moment 0.53 pp per Ni.
This state has lower energy by 13 meV/Ni than that of PM state. This is a very small
energy difference for this size of moment, suggesting the energy versus moment curve is
very flat. Just as for the paramagnetic case, the AFM state has entangled bands of La 5d,
Ni 3d and O 2p character near the Fermi energy. In contrast to the unpolarized case (and
CaCuOs), with AFM order the large electron pocket has primarily La 5d(zy) character
and the slightly occupied electron pocket at T' has a combination of La 5d(32z? — r2) and
Ni 3d(322 — r2) character. Attempts to obtain a FM solution always led to a vanishing
moment.

The strong difference between CaCuO, and LaNiQOs is therefore already evident
from the LDA results as well as from the experimental data. CaCuOQs is strongly AFM,
a result which LDA entirely fails to predict, and only nonmagnetic solutions are found.
LaNiQO, shows no magnetism, whereas LDA finds the antiferromagnetically ordered state
is lower in energy (albeit by a small amount). The differences between these two systems

also are highlighted in the following sections.

4.4 Consideration of Correlations with LDA+U

As noted in Sec. 4.1, no magnetic order has been observed in LaNiOs, either by
magnetization or by neutron scattering. Although the local density approximation often

does quite well in predicting magnetic moments, for weakly or nearly magnetic systems
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renormalization by spin fluctuations becomes important[204, 239, 240] and such effects
are not included in the local density approximation. The small energy difference in energy
between the AFM and nonmagnetic solutions indicates the error is in some sense small.
There is still the unsettled question of the strength of correlation effects due to
an intra~atomic repulsion U on the Ni site. For example, there is not yet any specific heat
data to show whether the carrier mass is enhanced or not. Making the analogy to CaCuQO,
(same formal d° configuration, neighboring ion in the periodic table), which is a strong
antiferromagnetic insulator, suggests that effects due to U might have some importance.
As we have noted above, this analogy seems to be rather weak. Here we apply the LDA+U
“correlated band theory” method to assess effects of intra-atomic repulsion and compare

with observed behavior. In Sec. 4.5, we compare and contrast with CaCuQOs.
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Figure 4.6. Behavior of the Ni magnetic moment vs the interaction strength U in antifer-

romangetic LaNiQOs.
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Upon increasing U from zero in the antiferromagnetically ordered phase, the spin
magnetic moment of Ni increases from the LDA value of 0.53 pp to a maximum of 0.8
up at U = 3 eV. Surprisingly, for U > 4 eV the moment steadily decreases and by U = 8
eV it has dropped to 0.2 pp/Ni, which is less than half of its LDA value, as shown in Fig.
4.6. We emphasize that this behavior is unrelated to the observed behavior of LaNiOs
(which is nonmagnetic). However, this unprecedented response of the transition metal ion
to the imposition of a large U gives new insight into a feature of the LDA+U method
that has not been observed previously. We now relate some details of the results that are
intended to enhance our understanding of the LDA+U method in materials such as these;

the remainder of this subsection is probably irrelevant to the interpretation of data on

LaNiO,.
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Coulomb interaction U increases. One can easily identify a splitting (“Mott transition”)

of the 3d(z? — y?) states occurring near U=0, and the light (green) lines outline their
path with increasing U (majority is solid, minority is dashed). A distinct Mott transition
involving oppositely directed moment of the 3d(3z? — r2) states is outlined with the dark
(purple) lines. This moment is oppositely directed. The conceptual picture is also compli-
cated by the splitting even at U=0 which persists in the majority states, leaving a band
at Er with strong Ni 3d(322 — r2) character as well as the expected upper Hubbard band

at 4 eV.

This “quenching” of the local moment with increasing U results from behavior

of Ni 3d(3z2 — r?) states that is analogous to those of the 3d(z? — y?), but with the
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direction of spin inverted (then with additional complications). As usual for a d° ion
in this environment, the majority 3d(z? — y?) state of Ni is fully occupied even at U=2
eV, while the minority state is completely unoccupied at U=3 eV, where the moment is
maximum and the system is essentially Ni'* Sz%. One can characterize this situation as
a Mott insulating 3d(x? —y?) orbital, as in the undoped cuprates. At U=3 eV, the density
of states has a quasi one-dimensional van Hove singularity due to a flat band just below
(bordering) the Fermi energy as can be seen in the 3d DOS shown in Fig. 4.7. Upon
increasing U to 4 €V, rather than reinforcing the S = % configuration of Ni and thereby
forcing the La and O ions to cope with electron/hole doping, the Ni d(3z% — r?) states
begin to polarize. The charge on the Ni ion drops somewhat, moving it in the Ni'tT —
Ni2t direction, with the charge going into the La 5d — O 2p states. Idealizing a bit, one
might characterize the movement of (unoccupied) majority character of 3d(32z? — r?) well
above Ep as a Mott transition of these orbitals, which is not only distinct from that of
the 3d(z? — y?) states, but is oppositely directed, leading to an on-site “singlet” type of

cancellation.
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Figure 4.8. Isocontour plot of the spin density of the “singlet” Ni ion (U = 8 eV) when
there is an 22 — y2 hole with spin up and a 322 — r2 hole with spin down. Dark and light

surfaces denote isocontours of equal magnitude but opposite sign.

This movement of states with increasing U has been emphasized in Fig. 4.7 for
easier visualization. The resulting spin density on the transition metal ion at U=8 eV is
pictured in Fig. 4.8. There is strong polarization in all directions from the core except
for the position of nodes. The polarization is strongly positive (majority) in the lobes of
the 3d(z? — y?) orbital, and just as strongly negative (minority spin) in the lobes of the
3d(32% — r?) orbital. The net moment is (nearly) vanishing, but this results from a singlet
combination (as nearly as it can be represented within classical spin picture) of spin-half
up in one orbital and spin-half down in another orbital that violates Hund’s first rule. The
magnetization density is large throughout the ion, but integrates to (nearly) zero.

This behavior is however more complicated than a Mott splitting of occupied
and unoccupied state, as can be seen from the substantial Ni 3d character that remains,

even for U=8 eV, in a band straddling Er while the rest of the weight moves to ~4 eV. In
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both of these bands there is strong mixing with La 5d(zy) states. What happens is that
as the “upper Hubbard 3d(32z? — r?) band” rises as U is increased, it progressively mixes
more strongly with the La 5d(zy) states, forming a bonding band and an antibonding
band. While the antibonding combination continues to move upward with increasing U,
the bonding combination forms a half-filled band which remains at Ep.

Thus we have found that for the Ni'* ion in this environment, increasing U (well
beyond what is physically plausible for LaNiO) results in S = % Nit! being converted
into a nominal Nit? ion (the actual charge changes little, however) in which the two holes
are coupled into an intraatomic § = 0 singlet. This behavior involves yet a new kind of
correlation between the 8d(82° — r?) states and the 3d(z® — y?) states, but one which is
due to (driven by) the local environment.

This behavior is quite different from the results for U=8 €V reported by Anisimov,
Bukhvalov and Rice[234] using the Stuttgart TBLMTO-47 code. They obtained an AFM
insulating solution analogous to that obtained for CaCuQOq,[15] with a single hole in the
3d shell occupying the 3d(z? —y?) orbital that antibonds with the neighboring oxygen 2p,
orbital. The reason for this difference is not known. Their code makes shape restriction
on density and potential that are relaxed in our code, it appears that La 4f states were
not included, and the LDA+4U functional form was not strictly identical to what we
have used, but we do not expect any of these differences would be responsible for the
difference in solutions. It is established that multiple solutions to the LDA+U equations
can occur,[241, 242] we have also found (in other applications)[73, 76] that different starting
points can be used to encourage the discovery of alternative solutions. Our attempts to

do so have always led only to the solutions given in Fig. 4.7.
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4.5 Comparison with CaCuQO-

| — Ni3d
—=—02p
~ -== Ni3d(x-y)

| —— Cua3d

Figure 4.9. Comparison of LDA projected paramagnetic DOS LaNiOs (upper panel) and
CaCuOs (lower panel). Note the separation of the Ni 3d states from the O 2p states in

the upper panel, which does not occur for the more strongly hybridized cuprate.

Although Ni*! is isoelectronic to Cut?, both the observed and the calculated
behavior of LaNiOy are very different from CaCuQOs. In contrast to CaCuQOs, LaNiOs is
(apparently) metallic, with no experimental evidence of magnetic ordering for LaNiOs.
The differing electronic and magnetic properties mainly arise from two factors. First, the
Ca 3d bands lying in the range of 4 and 9 eV are very differently distributed from the
broader and lower La 5d bands in the range of —0.2 and 8 eV. Second, in CaCuO4, O 2p

states extend to Fermi level and overlap strongly with Cu 3d states, and the difference

113



of the two centers is less than 1 eV, as can be seen in Fig. 4.9. Thus, there is a strong
2p — 3d hybridization that has been heavily discussed in high T, materials. In LaNiOa,
however, Ni 3d states lie just below the Fermi level, with O 2p states located 3 — 4 eV
below the center of Ni bands. Therefore, p — d hybridization, which plays a crucial role in

the electronic structure and superconductivity of CaCuQO3, becomes much weaker.

4.6 Summary

Aside from the formal similarity to CaCuQq, the interest in LaNiQOq lies in the
occurrence of the unusual monovalent Niion. As we have found and in apparent agreement
with experiment, this compound is a metal, and the “charge state” of a transition metal
atom in a metal usually has much less significance than it is in an insulator. It may be
because the compound is metallic that it is stable, but in this study we are not addressing
energetics and stability questions.

Hayward et al.[237] had already suggested that the experimental findings could
arise from reduced covalency between the Ni 3d and O 2p orbitals, and the 30% smaller
value of the hopping amplitude ¢ indeed reflects the smaller covalency, as does the in-
creased separation between the Ni 3d and O 2p bands. It is something of an enigma that
in CaCuO4 and other cuprates, LDA calculations fail to give the observed antiferromag-
netic states, while in LaNiOy LDA predicts a weak antiferromagnetic state when there is
no magnetism observed. In the cuprates the cause is known and is treated in a reasonable
way by application of the LDA+U method. In this nickelate, application of the LDA+U

method does not seem to be warranted (although novel behavior occurs it if it used).
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Rather, the prediction of weak magnetism adds this compound to the small but growing
number of systems (ZrZny,[243] Sc3In,[244] and Ni3Ga,[240] for example) in which the ten-
dency toward magnetism is overestimated by the local density approximation. It appears
that this tendency can be corrected by accounting for magnetic fluctuations.[239, 240]
The isovalent compound NdNiOg reported by Hayward and Rosseinsky[238] may help to
clarify this unusual nickelate system, although its microstructure is not simple and the Nd

magnetism will impede the study of the Ni magnetic behavior.
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Chapter 5
SroCo0y !

5.1 Introduction

First row (3d) transition metal ions in high oxidation states have been of interest
for some time, due to their competing and delicate spin states. There are still several cases
where behavior is not understood, indeed sometimes (due to sample questions arising
from difficulty in synthesis) the data is not unambiguous. The best known, and most
thoroughly studied, example is that of the quasi-two-dimensional (2D) cuprates, which
when hole-doped become high temperature superconductors. In their undoped state they
are Cu?t-based antiferromagnetic insulators. Hole doping drives the Cu oxidation state
toward the unstable (practically non-existent) Cu3* state. At a doping level of 0.15-0.20
holes/Cu optimal superconductivity is reached. They can be doped beyond that level,
when they become conventional metallic Fermi liquids. Upon hole doping the ‘oxidation

state’ designation must be interpreted with care, since it is clear that the holes go onto

!This chapter has been published previously as a paper: “Correlation Effects in the High Formal
Oxidation-state Compound SraCo04”, K.-W. Lee and W. E. Pickett, Phys. Rev. B 73, 174428 (2006).
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the oxygen ions to a large degree.

Another high-oxidation-state ion is Co**. This ion has recently gained wide
exposure due to the unusual properties of Na;CoQOq, including the discovery[39] that this
system becomes superconducting (4.5 K) around £=0.3 when it is hydrated. This value of
x suggests that the Co ion is 70% of the way to being Co**, or alternatively, 70% of the
ions are Co** while 30% are Co3*. This system is however metallic for all z except for Na,
ion/orbital/spin/charge ordering[53] precisely at x=0.5 (precisely what is responsible is
not yet clear). There is magnetism and correlated electron behavior for z > 0.5 (the Co®*
end) while for z < 0.5 the materials appear to be weakly correlated nonmagnetic metals.
While there has been much expectation that the (metastable) endpoint member CoOq
(nominally Co?*,d®) is a Mott insulator, the evidence is that it remains a nonmagnetic
metal.[214, 215] Calculations indicate[245] that, as in the cuprates, upon hole doping from
the Co®t end, much of the charge difference occurs on the O ion.

The Lag_,Sr;CoQOy4 system (LSCoO) with two-dimensional layered KoNiFy struc-
ture has become interesting because of its magnetic and electrical properties. In this sys-

(2+2)+ near the La end is not unusually high, so its be-

tem the formal oxidation state Co
havior might be expected to be readily understandable. With increasing Sr concentration
z, LSCoO shows a structural transition from orthorhombic to tetragonal (i.e., a lattice con-
stant b—a) around £=0.5, with enhanced two-dimensional electronic properties.[246] The
structural transition may be connected to an antiferromagnetic-ferromagnetic transition
(the maximum Curie temperature Tc=220 K at £=0.9),[247] accompanying a magnetic

change that has been interpreted in terms of a Co3t spin-state transition from high spin

to intermediate spin configurations around z=0.7.[248] There is another suggestion that
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at z=1 the system is a high-spin, low-spin charge-ordered state.[249] However, there is
no agreement amongst the measurements on the magnetic behavior [247, 250, 251, 252]
nor metallic behavior[247, 253]. The end member z=0 is an antiferromagnetic (AFM)
insulator with Neel temperature Tx=275 K.[254]

Although earlier studies were confined to the range below z=1.4, recently the
end member SrpCoQy, formally Co*t, was synthesized by Matsuno et al.[255, 256] and by
Wang et al.[257, 258], and characterized as FM with high Curie temperature T¢~250 K.
However, their differing synthetic methods have led to different properties. Matsuno et
al. synthesized a single-crystalline thin film using pulsed-laser deposition, while Wang et
al. produced polycrystalline samples under high pressure, high temperature conditions.
The former shows metallic T-dependent resistivity below T, although it has definitely
higher resistivity of order of 107* — 1073 Q cm at low T than in a typical metal. The
pressure-synthesized samples show nearly temperature independent resistivity (perhaps
due to polycrystallinity), but with similar magnitude. The more confusing difference is in
the observed saturation magnetic moment, 1.8 g and 1 up/Co respectively. Nevertheless,
the sample with the smaller ordered moment has been observed[257] effective (Curie-Weiss)
moment p,;r= 3.72 p1p, characteristic of a much higher S = 3/2 spin configuration. Such
a moment would suggest a much higher ordered moment, < S, >~ 3upg.

The related perovskite system La;_;Sr;CoOj (formally Co(3t#)*) has been stud-
ied for some time.[259, 260, 261, 262, 263, 264, 265] Its magnetic properties are also altered
by Sr concentration z: nonmagnetic for x < 0.05, spin glass for 0.05 < z < 0.2, and fer-
romagnetic above £=0.2. For the end member, SrCoO3 (“Co*t”) shows metallic conduc-

tivity and has magnetic moments 1.25 and 0.1 pp for Co and O respectively,[259] whereas
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the ground state of LaCoQs3 is a nonmagnetic band insulator. Excitations of LaCoQO3s have
been interpreted in terms of a locally orbitally-ordered excited state.[265, 266]

In this paper, we look in some detail at the electronic and magnetic structure of
SroCo04 both as uncorrelated, using the local spin density approximation (LSDA), and
viewing effects of correlation as described by the LDA+Hubbard U (LDA+U) method.
Both commonly used LDA+U functionals are employed, and their results are compared
and contrasted. A number of unusually rich magnetic phenomena arise (including a half
metallic phase), reflecting the strong hybridization with O 2p states that complicates the

accommodation of correlation effects on the Co ion.
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5.2 Structure and Calculation

Figure 5.1. Crystal structure of SryCoQOy4, a body-centered-tetragonal type. The planar
0-Co bond length is 1.878 A, about 6% shorter than the apical O-Co bond length. Lattice

constants used here are a=3.755 A and ¢=12.6 A.

SroCo0y4 has the bet KoNiFy-type structure, space group I4/mmm (No. 139),
pictured in Fig. 5.1. The Co - planar O (PO) bond length (1.878 A) is shorter by about 6%
than that of Co - apical O (AO) (1.988 A). The distorted CoOg octahedron, elongated along
c-axis, leads to crystal field splitting of toy — Eg(dy;,dy,) + Bog(dzy) and eg — Ag(ds,2_2)
+ Big(dy>_,2) states. We have used the lattice constants a=3.755 A, ¢=12.6 A, and apical
O (0.1578) and Sr (0.3544) internal parameters optimized by Matsuno et al.,[255] which

are consistent with the experimentally measured values by Wang et al.[257]
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Our calculations were carried out within the LSDA and LDA+U approaches with
the full-potential nonorthogonal local-orbital (FPLO) method.[6] Both commonly used
schemes, the so called “around mean field” (AMF)[18] and “fully localized limit” (FLL)[19],
of the LDA+U method were employed so comparisons of the predictions could be made.
The choice of basis orbitals were Sr (4s4p)5s5pdd, Co (3s3p)4sdp3d, and O 2s2p(3s3p3d).
(The orbitals in parentheses indicate semi-core or polarization orbitals.) The Brillouin
zone was sampled by a regular mesh containing up to 641 irreducible k points for LSDA
and LDA+U, and 1639 irreducible k points for fixed spin moment (FSM)[25] calculations

that require more carefully treatment near the Fermi level (Er).
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5.3 Uncorrelated Treatment

5.3.1 Electronic structure
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Figure 5.2. FM LSDA majority (top) and minority (bottom) band structures along sym-
metry directions. The thickened (and colored) lines emphasize Co ds,2_,2 (green or light)
and dj2_,» (red or black) characters, which form bonding and antibonding bands with
apical and in-plane O p, states respectively. The symmetry points for the body-centered-
tetragonal structure follow the Bradley and Cracknell notation as given in Fig. 5.6. The

dashed horizontal line denotes the Fermi energy.
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Figure 5.3. Total and atom-projected densities of states for LSDA FM calculation. Near
FEr, there is a van Hove singularity in the minority channel. While AO is almost fully
occupied, the minority of PO is partially occupied, resulting in large magnetic moment
for PO (for details, see text). Additionally, the band width of AO is by 40% less than that

of PO. The DOS at Er N(0) is 2.90 states/eV per both spins.
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Figure 5.4. Orbital-projected densities of states for Co 3d (top) and O p states (bottom) in
LSDA FM calculation. The d, and dy, states are degenerate. The crystal field splitting
of 2 eV between ty, and e, manifolds is only a little higher than the exchange splitting
1.3 eV. The PO p, and AO p, are the o-orbital.
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The FM LSDA band structures, exhibiting total magnetic moment M=1.95 up
that is only accidentally near an integer value, are shown in Fig. 5.2. The five Co 3d
bands and three 2p bands of each O constitute an entanglement of 17 hybridized bands
for each spin, with total p — d bandwidths of 10 eV and 11 eV for the majority and
minority bands respectively. The strong hybridization throughout the bands is evident
in the corresponding total DOS and accompanying atom-projected DOS, shown in Fig.
5.3. The crystal field splitting of 2 eV, identified from the density of states, between
t2g and ey, manifolds is only a little higher than the exchange splitting 1.3 eV. As noted
earlier, these ¢34 and e, designations are broken down by the 4/m symmetry of the Co site.
The electronic structure shows clear quasi-two-dimensionality, consistent with resistivity
measurement by Matsuno et al.

In Fig. 5.2, the pdo and pdo™ bands (for each of dy>_,» and d3,2>_,> orbitals) are
highlighted. The more dispersive bands (darker, or red) arise from bonding and antibond-
ing interactions between Co d,2_,2 and PO p, states. The bonding and antibonding bands
have a separation of 10 eV at the X point, this total width arising from a combination of
the differences between the ¢o; and 2p site energies, and the hybridization between them.
The dispersion of the antibonding (upper) band can be described roughly by effective
hopping amplitude ¢ = 0.40 eV (majority) and ¢ = 0.53 eV (minority). The behavior of
the d;»_,» band is similar to that observed in the high T, superconductor LasCuQy, in
which this antibonding band plays a central role,[267, 268] but it is mostly unoccupied
here. However, with the lower number of 3d electrons the cobaltate electronic structure
is influenced more strongly by the 5, manifold, which forms relatively flat bands, the top

of which hovers around the Fermi energy. In the minority bands a van Hove singularity
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Table 5.1. Co 3d orbital (Mullikan) occupancy in LSDA, where M=1.95 up. The difference
of occupancies between both spin channels is directly related with contribution of each

orbital to spin magnetic moment, which can be seen to be spread over all five 3d orbitals.

tog €g
E, By Ay By
Tz Yz Ty 322 —r? z? —y?
majority 1.00 1.00 1.00 0.56 0.67
minority 0.68 0.68 0.54 0.36 0.32
difference 0.32 0.32 0.46 0.20 0.35

lies at Ep at the Z point, perhaps contributing to the positioning of the Fermi level and
hence to the total moment.

The less dispersive highlighted bands (green, or lighter), lying in the 0-2 eV
range, arise from the antibonding interaction of Co ds,2_,2 and AO p, states. The bonding

band of this pair consists of a remarkably flat band at —4 eV for each spin direction.

5.3.2 Magnetic Tendency

The FM state is favored energetically over the nonmagnetic state by 0.37 eV /Co,
similar to the value given by Matsuno et al. The spin magnetic moments are 1.95 total, 1.52
from Co and 0.22 from each PO (in units of ;). The large magnetic moment for PO, due
to strong hybridization with Co 3d bands, has been observed previously in LioCuQ3[269]

and a few other cuprates. The Mullikan decomposition of O charges as well as the band
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filling of related bands indicates that AO is consistent with its formal designation O%~,
whereas PO contributes considerably to the conduction bands and cannot be considered
fully ionic. According to the Co 3d orbital occupancies given in Table 5.1, however,
every 3d orbital contributes to the magnetic moment due to itineracy. The variation from
average contribution occurs in two states: dz, has 40% larger, and ds,>_,» orbital 40%
smaller, contributions than the average contribution to the moment. The strong itinerant
character (all 3d orbitals are neither fully occupied nor fully unoccupied) explains why no

Jahn-Teller distortion is observed in SroCoQj4.
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Figure 5.5. Fixed spin moment calculations in LSDA and both LDA+U schemes at U,=2.5
eV. The arrows pinpoint (meta)stable states. The dashed line for LSDA FSM indicates
fitting line with E(M) — E(0) = g — aM? + BM*, where £y=5 meV, a=133 meV/u%,

and =16 meV/u%.
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The fixed spin moment method[25] is applied in a following subsection to probe
the magnetic behavior. In the LSDA fixed spin moment calculations the low moment
region is given by E(M) — E(0) ~ —aM? + M* with constants «=133 meV/u%, =16

meV /pu%. The Stoner-enhanced susceptibility is given by

X = xo/[1 = N(0)I] (5.1)

where the bare susceptibility xo = 2u%N(0) and N(0) is the single-spin density of states
at the Fermi level. Also in the low-M limit one obtains formally o = (1/2)x~!, giving
the Stoner interaction I = 1.17(40.05) eV. With this value IN(0)~ 1.7, giving a very
strong Stoner instability of the nonmagnetic phase that is numerically similar to that of

nonmagnetic Fe.
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5.3.3 Fermiology

Figure 5.6. LSDA FM Fermi surfaces, for M= 1.95 pp. Surfaces (a) and (b) are from
the majority states, surfaces (c)-(f) from the minority bands. While (a) and (c) contain
holes, the others enclose electrons. Each surface has mainly (a) dg2_,2 (0.5 holes), (b)
d3,2_,2 (0.01 electrons), (c) dg, (0.2 holes), (d) dyy (0.4 electrons), (e) dy, (0.4 electrons),
and (f) d,2_,2 (0.02 electrons) characters. The number in parentheses says carrier number

containing each Fermi surface per Co. 129



The LSDA FM Fermi surfaces (FS) pictured in Fig. 5.6 consist of two sheets
from the majority states and four minority sheets, with very simple geometry and strong
two-dimensionality. Except for one sheet that has an ellipsoidal shape (majority ds,>_,2
character), the FSs have the shape of rectangular cylinders with rounded corners. The X-
centered sheets contain holes, whereas the I'-centered surfaces contain electrons. The FS
arising from majority d,»_,» (Fig. 5.6(a)) has a clear nesting feature, as does the minority
hole sheet in Fig. 5.6(d). The spanning vectors may lead to spin-density-wave or/and
charge-density-wave instabilities. Intra-surface scattering may also show some nesting
features. For the most part Fermi velocities vr are in the range of a few 107 cm/sec as
usual in a metal, but order of magnitude lower velocities occur along the I's to Z line at

Ep.
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5.4 Inclusion of Correlation effects

5.4.1 Metal to half-metal transition

———A—A
o0—o AMF
. a--a FLL
m
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Figure 5.7. Effect of the on-site Coulomb repulsion U on total and Co local magnetic
moments in both LDA+U schemes. At U.=2.5 eV, a metal to half metal transition occurs.
The first-order transition is obtained nearly at the same U in the both schemes. (In fact,

the transition occurs a little higher U, in FLL, but the difference is only less than a few

tenth eV.)

Since the appropriate value of U in this and other cobaltate systems is unclear,
we have studied the ground state as U is increased. The moment initially increases slightly
in FLL, while it decreases slowly to 1.5 up at U=2.5 eV in AMF, as shown in Fig. 5.7.
From their separate states just below and at the critical value U,=2.5 eV, beyond this

critical value the moment drops sharply to 1 g in both schemes, and then both schemes
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produce very similar results in the entire region above U.. Note particularly that this
transition starts from distinct states, but occurs at the same value U, to the same final
state. Both high-moment and low-moment states can be stabilized in the calculations at
U,. Unlike studies in the Na,; CoQOs system, no discernible hysteretic region could be found
at this first-order transition. This magnetic collapse accompanies a metal to half metal
transition, presumably because there is a particular stability of this half metallic (HM)
FM state since both LDA+U schemes transition to it. The HM state, with a magnetic
moment 1 g, has been observed also by Wang et al. As U increases, the Co local magnetic
moment decreases to vanishingly small value by U ~6-7 eV. The state remains a HM FM,
the moment has been pushed onto the PO ions. Since the moment on Co has vanished, it

is not surprising that the two LDA+U schemes give the same result.
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Figure 5.8. LDA+U FM majority (top) and minority (bottom) band structures at U.=2.5
eV in the half metallic state with M=1 pp. The majority state shows a gap of 0.25 eV.
The thickened (and colored) lines emphasize Co d3,2_,2 (green or light) and d2_,» (red

or black) characters. The dashed horizontal line denotes the Fermi energy.

The microscopic mechanism behind the magnetic collapse induced by the on-
site Coulomb repulsion U can be unraveled from a study of the charge decompositions

in Tables 5.1 and 5.2, and comparison of band structures. We can compare and contrast
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Table 5.2. Co 3d orbital occupancy in half metallic state, having M=1 up, at U=2.5
eV. Compared with LSDA result shown in Table 5.1, there are two remarkable changes in
the e, state; nearly vanishing contribution of d3,>_,» and negative contribution of d 2_,»
(for details, see text). It seems to be close to LS state, but the dj2_,» minority has
considerable occupancy due to strong hybridization (itinerary) which makes impossible to

be called strictly as LS state. The total occupation is 6.79.

tog €g
E, Boy, Ay By,
Tz Yz Ty 322 —r? z? —y?
majority 1.00 1.00 1.01 0.35 0.25
minority 0.81 0.81 0.44 0.44 0.68
difference 0.19 0.19 0.57 -0.09 -0.43

the two viewpoints. First we point out that, while the Mullikan charges given in these
tables are somewhat basis set dependent so their specific magnitude should not be given
undue significance, differences — whether between orbitals or between spin-projections —
are more physical. Then, while these orbital occupations provide one characterization,
we have also provided in Figs. 5.2 and 5.8 by the fatbands technique, the bands that
one identifies with dg2>_,» and d3,2_,2 character. Using both viewpoints provides a more
robust interpretation of behavior than either separately.

From the tables one can determine that increasing U does not change the total

3d occupation, but introduces rearrangements in the 3d charge and moment. From the
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bands, the main difference (between FM LSDA and HM FM LDA+U) is that the dispersive
majority dg2_,» band has become fully unoccupied, leaving the small gap that results in
half metallicity. Returning to the charges and moments, what stands out is that the
moment on the dy2_,» orbital has flipped, from +0.35up to -0.43up. The ds,2_,> moment
has undergone a smaller change in the same manner: 0.20up to —0.09up. Thus the net
moment on the Co ion, which is ~ 0.5up, is the result of ~ +1up in the ¢y, orbitals
(primarily d,,) and ~ —0.5up in the e, orbitals. This type of cancellation, in more
striking form, has been seen previously in LDA+U resultsfor LaNiO2,[270] which has an

unusually low formal oxidation state for a nickelate.

5.4.2 Fixed spin moment calculations at U,

The results of the previous section show that two magnetic states coexist at U,
in LDA+U, whether one uses the AMF or FLL functional. Such a coexistence has been
already observed in LDA+U calculations for the sodium cobaltates, where the change at
U, corresponds to a charge disproportionation transition.[73] Here the change is simply in
the state of the (single) Co ion; there is no experimental indication of disproportionation
here. Here we analyze the FSM results at U, for LSDA, AMF, and FLL.

The energy versus total magnetic moment behavior, displayed in Fig. 5.5, shows
very interesting differences as well as similarities. Perhaps most interesting is that positions
of local minima occur at (or near) integer values M=0, 1, and 2 (in units of ug), as if
there might be underlying states with S, = 0, %, or 1 pervading the behavior. The
results of previous sections however established that there is strong d — p hybridization

which renders integral moments no more favored than other values. The LSDA curve
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shows simple behavior: a Stoner instability at M=0 and a single minimum near (but not
precisely at) M=2. The LDA+U results show more interesting variation.

For both AMF and FLL the paramagnetic state is metastable, with energy rising
up to a moment M = 0.5, and then decreasing very similarly to the minimum at M=1.
Beyond that point, AMF levels off to a broad flat region M=1.3-1.8 beyond which it
increases with M. FLL however switches over to a separate phase, with its minimum
at M=2. The E(M) curve for FLL seems to consist of two separate parabolas (different
phases) with minima very near M=1 and M=2. The M=1 result is integral because a
half metallic phase is encountered (see Fig. 5.8) and not due to an S = 1/2 configuration
of the Co ion. Both majority d,>_,» and d3,>_,» become completely unoccupied, leaving
a small gap to the t5; bands.

We must point out that for both AMF and FLL schemes, the minimum at M=0
up does not correspond to a nonmagnetic state. There is a moment on Co with magnitude
0.14 pp that is canceled by magnetization on the PO ion. The driving force for favoring
this low, canceling moment phase over a nonmagnetic state is not clear. Possibly an
antiferromagnetic result, requiring a doubled unit cell, would be a lower energy M=0

solution.
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5.4.3 Strong interaction regime
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Figure 5.9. Effect of strength of U on the orbital-projected Co magnetic moment M,y,,
defined by difference between majority and minority occupancies, of Co dg2_,2 and dgy
states in AMF scheme. (Results for the FLL scheme are similar.) In the large U limit an
on-site “singlet” type cancellation of moments occurs in this m = +2 channel (see Fig.

5.7 and text).

In SryCoOy4 correlation effects should not be very strong it seems, since LSDA
already gives a FM state that seems consistent with one of the experimental reports.
However, in a strong correlated regime, but not beyond realistic range of U, there is another
interesting feature. Figure 5.9 shows the U-dependent orbital-projected local magnetic
moment M,,, defined by the difference between majority and minority occupancies, of Co

dy2_,2 and dgy states. Upon increasing U, the dgy minority state loses electrons, while
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the d,2_,» minority state gains electrons. Beyond U = U, = 2.5 €V, dyy and d,2_,2 have
large positive and negative local magnetic moments respectively, leading to an on-site
“singlet” type cancellation within this |m| = 2 channel. This type of cancellation, but
within the e, manifold, has been seen already in our previous results for LaNiO5.[270] In
contrast with LaNiQOg, which shows the cancellation in the total magnetic moment and
Ni'*T —Ni?* conversion, the moment of the system remains unchanged because of large

magnetic moments on planar oxygen ions.

5.5 Summary

Synthesis of the high formal oxidation state compound SroCoQOy, bulk materials
by high-pressure high-temperature techniques and films by pulsed laser deposition (PLD),
have led to a high Curie temperature metallic ferromagnet that introduces new transition
metal oxide physics and may be useful in spin electronics devices. We have provided an in-
depth study of the electronic and magnetic structure of this compound, looking specifically
into the combined effects of correlation on the 3d orbitals and strong hybridization with
O 2p states.

Within LSDA SryCoQy is metallic with a ferromagnetic moment near 2up, close
to the saturation magnetization reported for the PLD films. Application of the two com-
monly used LDA+U functionals reveals several surprises. As U is increased from zero,
the two functionals produce changes in the moment of opposite sign up to the critical
value U,=2.5 eV. Beyond half metallic ferromagnetic phase with moment 1up. Within

this phase, increasing the value of U has the effect of pushing the moment completely off
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the Co and onto the planar O ions by U ~6-7 €V, while the total moment remains fixed
at lup.

With U fixed at U.=2.5 eV, fixed spin moment calculations were carried out
for both LDA+U functionals, and compared with the corresponding LSDA result. Both
LDA+U schemes behaved similarly out to a minimum at lup (the half metallic state).
Beyond this the two functionals departed in their behavior, with the FLL scheme jumping
to a new state with minimum very near 24 g, not half metallic and much the same as the
LSDA minimum (1.9545). In the stronger-interacting regime U > 3 eV (which may not
be appropriate for SroCoQy), the correlation described by the LDA+U approach leads to
oppositely directed moments on the d,2_,2 and dg, orbitals, reflecting the strong differ-

ence in hybridization of these two orbitals.
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Appendix A

Stoner Instability!

Rigorous Derivation

In the subsection, we will derive mathematically the Stoner condition. According
to the Hartree-Fock approximation, the exchange interaction between electrons Hcp is

given by

!
Hor = =3 0@ (61,,)05, 07, (A1)

L,R,o

where the Fermi-Dirac function f(ep, . ) =< at > and Y’ means a summation

l+;€,aaf+'€,0
for £ # 0. €71z, 18 an energy with wave vector | + K and spin ¢. Using a plane waver

basis set, the Fourier component of the Coulomb interaction v(K) is given by % 4:32 (Vis

the normalization volume). a* and a are the creation and annihilation operators for an

electron, respectively. However, it is little meaningful to solve Eq. (A.1l) exactly. So an

'E. C. Stoner, Ferromagnetism. Rep. Prog. Phys. 11, 43 (1947).
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approximation is used as

Her = —IZf(eHE’U)a;:UaEU (A.2)
Z;R‘,a
~ Z(—Ing)ali:gaza, (A.3)
ho

where the number of electrons with spin o ns is ) 7 f (Sf,a)' Here the mean value theorem
of integration to obtain Eq. (A.3) was also used. The effective exchange interaction
strength I is the size of the exchange potential produced by the other electrons in a
medium with £ = 0. Thus, under the Coulomb interaction and external magnetic field,

the total Hamiltonian of an electron is written as

H = Ho+Hcer+H

The total energy of an electron ¢ is

€ry = EE—InU+opBH
I I
= ¢ep+olupH — §(n+ —n_)] - §(n+ +n_). (A.5)

Since the total electron number n = ) _n, is constant, the last term can be neglected.

Rewriting the above equation,

I
SE,O' = €E + O'[ILLBH — §(n+ — n_)]

= EE+UNBHeff- (A6)
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Here, the effective magnetic field H.s is written as

I
Hepp = H-— §(n+ —n_)

= Hll = g (ny —n-)
- HA+ ﬁ’“]' (A7)

In the last line, the definition of susceptibility x = —%(H — 0) is used. Recalling
the magnetization < M, > is given by < M, >= x,H.r; = xsH, the Stoner susceptibility

Xs 18

X
Xs = #- (A.8)

Recalling the Pauli susceptibility , is included only the Zeeman energy by external mag-
netic field, the Stoner susceptibility x; is enhanced due to the electron-electron interaction
described by the exchange interaction I in a metal. At T=0, since x, = 2u%5N(0), the

Stoner susceptibility xs is

_ 2upN(0)
Xs =1 IN(0)’

(A.9)
where N(0) is the single spin DOS at the Fermi level. Equation (A.9) shows that x;
becomes infinity at IN(0)=1, leading to ferromagnetic transition. As a result, when
IN(0) > 1, a ferromagnetic state is stable. This criterion is called the Stoner condition.

The condition indicates that the appearance of ferromagnetism is favorable if DOS has a

sharp peak near Fp.
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Conceptual Understanding
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Figure A.1. Schematic DOS for (a) nonmagnetic and (b) ferromagnetic states.

In this subsection, we will derive the Stoner condition through simple physical
consideration. The difference of total energy between nonmagnetic (E,) and ferromagnetic

(Ep) states is given by
AFE =FEy — E;, = AEg;, + AFEg,, (AlO)

where A Ey;, and AF,, are the differences of the kinetic and exchange interaction energies,
respectively. Assuming the spin-down electrons within an energy width Ae near the Fermi
level invert the spin and move into the spin-up region, as shown in Fig. A.1(b), the kinetic
energy is increased by AEy, = (N(0)Ac) - Ae. Of course, the kinetic energy inhibits
magnetization. Using Eq. (A.3), the energy difference of the exchange interaction is given

by
AE,, —g[(ni +n2) 22y (A1)
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A factor of % is introduced to exclude double counting the exchange interaction between

electrons. Since ni ~ § + An ~ § + N(0)Ae, the difference can be written as
AE,, = —I[N(0)Ag]%. (A.12)

Thus, the energy difference AF,., must be negative, resulting in favoring magnetization.
As a result, the magnetization is determined by competition between the kinetic (unfavor-
ing) and exchange interaction (favoring) energies. The total energy difference AE should
be negative (or, at most zero) for the ferromagnetic state to be stable. (Note that for
T > 0 the free energy should be compared instead of the total energy.) Therefore, the

Stoner condition is derived again such as

AE =[N(0) — IN(0)*](Ae)*> <0

i.e., IN(0)>1. (A.13)
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