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Chapter 1

Introduction

The mutual interaction of electrons has profound consequences for the physical properties of
many solids. Transition metals and transition metal compounds, in particular, exhibit a variety
of phenomena, which are caused, or at least significantly influenced, by the Coulomb interac-
tion. Such phenomena include, e.g., all forms of magnetic order, metal-insulator transitions,
colossal magneto-resistance, or high-temperature superconductivity.

The standard tool in solid-state physics for the investigation of metals is the Local-Density
Approximation (LDA) to Density-Functional Theory. For the investigation of transition metals
and their compounds, however, this method often turns out to be insufficient. It is generally
believed that the shortcomings of the LDA for these materials are due to an inadequate
treatment of the local (atomic) Coulomb interaction. Thus, phenomena in transition metals
require the treatment by means of more reliable many-particle theories.

Unfortunately, for the investigation of real three-dimensional electronic systems, many-
particle theory does not provide a viable alternative to effective single-particle theories such as
the LDA. While perturbation theories at small or large interaction strength could be applied,
they are usually not adequate for transition metals or their compounds, where the Coulomb
interaction is neither small nor large compared to the electron band width. Numerically exact
methods, e.g., exact diagonalisation and quantum Monte-Carlo algorithms, are not suitable
either, due to the limited number of lattice sites that can be treated within such approaches.

In the past two decades, significant progress in the investigation of realistic correlated
electron models has been made by means of approximations which are based on the limit of
infinite spatial dimensions. The exact evaluation of Hubbard models in that limit leads to
the ‘Dynamical-Mean-Field-Theory’ (DMFT), which has been applied to quite a number of
systems in the past decade. A solution of the DMFT equations for multi-band Hubbard models,
which describe transition metals and their compounds, is numerically quite challenging. Up
to now, this method has only been able to provide a gross picture of the quasi-particle band
structures in multi-band systems, e.g., the momentum-integrated density of states.

An important alternative to the DMFT is the Gutzwiller variational theory, which is based
on a diagrammatic expansion that also becomes exact in the limit of infinite spatial dimensions.
In recent years, we have formulated the analytical aspects of this theory and have developed a
numerical code, which makes a numerical treatment of a large number of multi-band models
for real materials possible. In comparison to the DMFT, the numerical effort to carry out
Gutzwiller calculations for multi-band models is significantly smaller. It thus yields results
which resolve the quasi-particle band structure more accurately.

It is the purpose of this work to give a thorough introduction to all relevant aspects of the
Gutzwiller theory and to related methods. Our presentation is structured as follows:

In chapter 2, we begin with an introduction into the general class of multi-band Hubbard
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models, which are believed to yield a suitable description of transitions metals and their
compounds. To investigate a specific material by means of the Gutzwiller theory, one has to
employ ab-initio methods which allow a Hubbard model to be derived from the full electronic
Hamiltonian. We discuss the two most important ab-initio methods, the Hartree- Fock theory
and the Density-Functional Theory, in chapter 3.

In chapter 4, we introduce the general class of Gutzwiller wave functions, which are used
for our investigation of multi-band Hubbard models. In addition, we give a brief historical
review of the theory as it has developed since Gutzwiller introduced his variational method
for a single-band Hubbard model in his seminal work in 1963.

We discuss the evaluation of Gutzwiller wave functions in the limit of infinite spatial di-
mensions in detail in chapter 5. Alternative ways to derive the same energy functional are
introduced in chapter 6. The Gutzwiller approximation scheme, which is based on Gutzwiller’s
combinatorial counting arguments, and the slave-boson mean-field theory both allow the in-
vestigation of particular Hubbard models with only density-density-type interaction terms.
Up to now, both methods could not be applied successfully to general multi-band models. We
introduce a new slave-boson scheme that allows the treatment of general Hubbard models and
reproduces the results of the Gutzwiller theory derived in chapter 5.

The Gutzwiller wave function constitutes an approximation for the true many-particle
ground state of a multi-band Hubbard model. For certain properties, this already yields
valuable insights into the physics of such models, e.g., the appearance of spin-ordered ground
states. More interesting than the properties of the ground state, however, are those of the
elementary excitations because they are probed by the majority of experiments relevant to
solid-state physics. In chapter 7, we explain how single-particle excitations in a Fermi liquid
can be calculated within the Gutzwiller theory. For the calculation of two-particle excitations,
the time-dependent Gutzwiller theory can be employed. We give a derivation of this theory
for general multi-band models in chapter 8.

Chapters 9 and 10 contain applications of the Gutzwiller theory. In chapter 9, we consider
the physics of two-band model systems. We discuss the emergence of ferromagnetism, orbital
order, and metal-insulator transitions in such models. In chapter 10, we address the physics
of two materials. First, we present our results for the quasi-particle bands and the magnetic
properties of fce nickel. Next, we investigate the Fermi-surface topology of Na,CoOs.



Chapter 2

Systems and Models

In the first section of this chapter, we briefly remind the reader of the general electronic
many-particle problem that we face in solid-state theory. Due to the two-particle Coulomb
interaction between electrons, it is not possible to solve the full electronic problem, even
numerically. Many properties of solids, however, are already well described by much simpler
model Hamiltonians. For transition metals and their compounds, these are the ‘multi-band
Hubbard models’. They will be we derived in sections 2.2 and 2.3. Finally, in section 2.4, we
introduce some related models, which we investigate later in this work.

2.1 The Electronic Many-Particle Problem

The starting point of non-relativistic solid-state theory is the many-particle Hamiltonian [1]

gla _ N 151-2 +£ ai Z; 2 4 L pa
ss = ZZ 2M; 2 #ijl R — R;| “~2m
2 N, Ne NN
(& 1 2 Zz
4+ E _ — — ¢ E E 2.1
[P0 — T ~ | R; — 7y 2

which describes a system with
i) Ny nuclei with charge eZ;, mass M;, and momentum and position operators Ri, 15,-,

ii) No = >, Z; electrons of charge e, mass m, and momentum and position operators 7,
Dn.

Note that vectors are denoted by bold variables (e.g., ) throughout this work. The operator
ﬁésQ is given in first quantisation in (2.1). In order to obtain the correct quantum mechanical
problem, the corresponding many-particle wave functions for electrons and nuclei must obey
the (anti)symmetry conditions for identical particles; see, e.g., reference [2]. Technically this
can be achieved most easily by employing the method of second quantisation [3]. Before we
introduce this formalism, the very general Hamiltonian (2.1) is simplified for the purpose of
this work, which is solely the investigation of the electronic properties of solids.

We take for granted the experimental finding that the nuclei form a regular crystal lattice
at zero temperature. Quantum mechanically, this is obviously a somewhat dubious statement
since Heisenberg’s uncertainty principle also applies to the nuclei. More precisely, it means that
to leading order in the expansion parameter ce, = (m/M;)'/*, electronic dynamics is decoupled
from the nucleal dynamics. This is the essence of the ‘adiabatic’ or ‘Born-Oppenheimer’
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approximation [4, 5]. In this approximation, the nuclei appear in the effective electronic
Hamiltonian

Ne , 9 9 Ne
21.Q P; ; e 1 _21Q , A1Q
Hel = Z <2m + V(Tn)) + 5 Z m = 11y + 1 (2.2&)
n n#m=1
as a static potential
Ny 7
Vi(r) = e? — 2.2b
() Z oA (2.2b)

with vectors R; that define the periodic lattice. The effective Hamiltonian of the nuclei in
the adiabatic approximation leads to phonons. In this work, we are solely interested in the
electronic properties of solids. Hence, we are not going into more details on the phonon
degrees of freedom and, consequently, we also neglect the electron-phonon coupling, which,
energetically, is an effect of order cg’b.

Apart from the spatial degrees of freedom, electrons carry a spin 1/2, i.e., the actual
electronic problem is given by the Hamiltonian

A =H %01, (2.2¢)
where 1 is the unit matrix in spin-space.

We introduce a basis of single-particle states |o), where the label o combines the spatial
and the spin degrees of freedom. Hence, the corresponding wave function is given by ¢, (7)x,
with a spatial wave function ¢,(r) = (r|o) and a two-dimensional spinor y, = (x|o). With
this basis, the Hamiltonian (2.2¢) in second quantisation has the form

A . 1 TR
Hel = Z 60170'26(1;'100'2 5 Z U017U27US»U4031622603604 (23&)
01,02 01,02,03,04
= I:IO + I:II , (2.3b)

where, setting A~ = 1 in this work,

* A”‘
s = ey [ 05,0 (<5 4 V() 00slr). (2:30
Gy (1) 85, (1) P (T) by, (1)
Ui 09,0500 = 5X017XG45X02,X0362/d3r/d3r' L er—r?] 4 . (2.3d)

When we work with a basis of position eigenstates |r) and the corresponding field operators
&g“ (r), the Hamiltonian (2.3a) can be written in the form

o= % [ @it (524 vin) i (2.30)

62 ~

w3 [t [ il o0 e ).

v

where s, s’ are spin indices.

Despite the fact that the Hamiltonian (2.3) only contains electronic degrees of freedom, it
still represents a difficult many-particle problem, which, in general, is unsolvable. Strategies
to deal with it approximately fall into two categories:
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i) Model-system approaches: In order to explain experiments, which probe certain elec-
tronic properties, we will usually be interested into excitations within a certain energy
range. For example, the excitation of electrons in inner shells of transition metals re-
quires energies of up to 10% eV. Therefore, it should be possible to describe their influence
on electrons near the Fermi level of a metal by a proper adjustment of the one-particle
potential (2.2b). In this way, the full electronic Hamiltonian may be replaced by some
‘model system’ of which one hopes that it describes the particular electronic properties of
interest correctly. An important class of models in many-particle theory, the ‘multi-band
Hubbard models’, will be introduced in the following section.

ii) Ab-initio approaches: In order to work with the full Hamiltonian (2.2c), one has to accept
that the available approximations are significantly cruder than many of those, which have
been developed for the treatment of model systems. The two most important of such ‘ab-
initio’ approaches are the ‘Hartree-Fock theory and the ‘Local-Density Approximation’
to the ‘Density-Functional Theory’. We will give an introduction to both approaches
in chapter 3. Often, ab-initio methods are used to derive the explicit form of a model
Hamiltonian for the investigation of a specific material. Practical ways to derive multi-
band Hubbard models from ab-initio data will be discussed in chapter 10 and appendix G.

2.2 Hubbard Models

The basis of single-particle wave functions ¢, (7) that is used in the second quantisation can
be chosen arbitrarily. In order to derive multi-band Hubbard models, we need to introduce a
basis of states that are localised around the sites R; of our lattice. As a first step, we assume
that the ‘atomic’ one-particle problem is solved, i.e., we start from the eigenstates 1; o(7) of
the Schrodinger equation

<_A L |RlZi |> Tia(r) = &iaiia(r) | (2.4)

with corresponding eigenvalues €; . As an abbreviation, we introduce the index v = (i, @),
which combines the lattice site index 7 and the orbital quantum number «. The orbital states
ny(r), are localised around their respective lattice site R;. They are, however, not necessarily
orthogonal. In general, one finds

(ml) = [ @ () = 8,0+ 5,0 (25)
where S,/ are the elements of a finite ‘overlap’-matrix S. Following reference [6], we introduce
S+g§2—---, (2.6)
which is a well defined matrix since S is Hermitian. The matrix M yields a transformation to

a new basis of states
Z vy ‘777 ) (27)

which are, by construction, orthogonal

<777‘777 > ZMV’Y nv|77”7’> Msr oy = by - (2.8)
——

[M=1M~1], <
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The new states 7; g(r) = (r|7; g) still carry a site index ¢, although, from (2.7) it is clear that
they have an admixture of states 7, o(7) at different sites ¢’ # i. As long as the states 7; o ()
are well localised in comparison to the distances to neighbouring sites, the elements S(i’a),(i/a/)
of the overlap-matrix are small. Consequently, the states 7; o(7) are also well localised around
the site ¢ since the main contribution in (2.7) stems from states at the same site.

Now, with a proper basis of localised states at hand, we diagonalise the local Hamilton
matrix

0; = = 1. _
HYL = (5,1 Hy 7 00) (2.9)

for each site 7 via some unitary transformation 7} 3

N T gHG L (T a)" = pein - (2.10)
8,8’

The resulting eigenstates

in(r ZTb 57, (r (2.11)

of ngﬁ, now have the proper site symmetry, i.e., they are classified by representations of the
point-symmetry group of each site i.
With the orbital basis (2.11), the one-particle Hamiltonian Hy in second quantisation has

the ‘tight-binding’ form
Zztaa AIUA] o (2.12)

:.] JU

where the indices o = (b, s) combine the orbital index b and the spin index s. The ‘hopping’
parameters ¢ i o' are defined analogous to &4, », in (2.3c). Here, the local parameters t?”ia, are
diagonal by construction,

tq‘,g” = 60,0’61',0 ) (213)

1,1

where €; ; = €; with b as the orbital part of the combined index o. The interaction part of
the Hamiltonian in second quantisation reads

A 1
_t 01,02,03,04 2T AT 4 A
Hy = 2 Z Ui17i27i37i4 Ci1,01Ci2,02Ci3,03Cia,04 (2'14)
01,02,03,04
11,19,13,%4

with respect to the local basis (2.11). Here, the Coulomb parameters U, ((.'.'.')) are defined in the
same way as those in equation (2.3d).

So far, we have made no approximations and we still work with the full electronic Hamil-
tonian. Due to the locality of the local basis (2.11), the biggest of the Coulomb parameters
in (2.14) are certainly those with the same lattice site indices i1, ...,44. The approximation

that leads us to multi-band Hubbard models is to neglect all terms in (2.14) with more than
one lattice site involved. Hubbard models, thus, have the general form

HH—ZZtUUAIUAJJ/—F DD I ¥/ T e S A (2.15)

©,j o,0! i 01,02,03,04

The Hamiltonian (2.15) still contains an infinite number of orbitals. We diagonalise the single-
particle term,

o 0 AT a4 _ 0 7t 7
Ho= Y Soorlholioo = D Ebalth ey (2.16)
k,o,0' k,y
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with
1 r
0 - - 0,0" ik(R;—R;)
koo = T Zti’j e 2 (2.17a)
Z?J
XU FikR; (1)
¢ = — e c; 2.17b
k,o \/Z ; 1,0 ( )
by means of a unitary transformation
hJIrc,'y = Z u%o'(k)é};a . (218)

This leads to band states |k,~), which, in the ground state of ﬁo, are occupied below the
Fermi energy, E,(;7 < FEp. Obviously, all orbitals ¢;(r) that are energetically far below
or above the Fermi energy are either fully occupied or unoccupied and, hence, they do not
influence the physics of the system also for finite Coulomb interactions. Therefore, in Hubbard
models one usually includes only a limited number of orbitals, which are energetically near the
Fermi energy of Hy. In the following sections, we discuss the two simplest examples for this
procedure, the Hubbard models with one and two orbitals per lattice site.

The local approximation for the Coulomb interaction, which led to the Hubbard Hamilto-
nian (2.15), is difficult to justify within the derivation we used in this section. Although some
of the purely local interaction parameters are certainly amongst the biggest, the non-local
terms will usually not be smaller by orders of magnitude and their number is much larger than
that of the local terms. Therefore, from our derivation here, it seems unlikely that the Hubbard
model captures the physics of the full electronic Hamiltonian correctly, at least quantitatively.
As we will see in the following section, however, ab-initio methods like the Hartree-Fock or
the Density-Functional Theory describe the electronic many-particle system by an effective
single-particle Hamiltonian. Such a Hamiltonian captures already, to some extent, non-local
contributions from the Coulomb interaction. Practical ways to derive an effective Hubbard
model Hamiltonian for a material from ab-initio calculations will be discussed in chapter 10
and appendix G.

2.3 Examples

As the simplest examples we introduce the Hubbard models with one and two orbitals per
lattice site in this section.

2.3.1 One-Band Hubbard Model
When there is only one orbital per site and the Coulomb interaction parameter
U — UJ)JAJAT (2.19)

is site independent, the Hubbard model (2.15) has the form [7-9]
Hip =3 ) tis6luyu+U Y figii (2:20)
hj S i

where
Ris = ¢l ¢ (2.21)

1,8 1,8

counts the number of electrons on site ¢ with spin s =T, |. Due to its simplicity, the Hubbard



8 CHAPTER 2. SYSTEMS AND MODELS

Figure 2.1: A qualitative illustration of the
U two-site model (2.22).

model with one orbital or, as it is often denoted, the ‘one-band’ Hubbard model, is generally
regarded as the ‘standard model’ in correlated electron theory. It is the subject of innumerable
analytical and numerical works because, in general, it cannot be solved exactly. For an overview
on the Hubbard model in one dimension, see, e.g., reference [10]. The opposite limit of large
spatial dimensions can be tackled within the ‘Dynamical-Mean-Field-Theory’; for an overview
on this approach see, e.g., references [11, 12].

The simplest one-orbital Hubbard model consists of only two lattice sites, see figure 2.1.
It has the form

2
i =ty (el + eher,) + U iy (2.22)
s =1

In the subsequent chapters, we will use this ‘toy model’ several times in order to compare the
different theoretical methods that are used in this work; see sections 3.1.3, 4.2.2, 5.4.2 and
appendix G.2. The exact eigenstates and energies of the two-site Hubbard model are derived
in appendix B.

2.3.2 Two-Band Hubbard Model

For simplicity, and later use, we consider a model with two degenerate e, orbitals ¢, and ¢, per
site on a cubic lattice. Here, we focus on the Coulomb part of the Hubbard Hamiltonian (2.15).
The tight-binding parameters in the corresponding single-particle Hamiltonian Hy will be
specified in section 9.1 where we investigate the physical properties of the two-band Hubbard
model.

The local atomic Hamiltonian of a d-shell in a cubic environment is studied in appendix C.
We can derive the local Hamiltonian for two eg orbitals from the general Hamiltonian (C.3)
by keeping only those terms that contain e; orbitals. This leads to

HP = U feghe +U' Y fshog —J Y i shos (2.23)
e S s/ S
A At A s R A At A
Ity T (e gl g 0 1)
S

Here, e = 1,2 labels the ey orbitals, s =T, | is the spin index and we use the convention T =],
| =1. The Coulomb parameters U, U’ and the exchange parameter J are related to the Racah
parameters A, B, C, see equations (C.7), through

U = A+4B+50C, (2.24a)
U = A-4B+3C, (2.24b)
J = 4B+C. (2.24c)

Ounly two of the three parameters (2.24) are independent, and we have U = U’ 4 2.J, compare
equation (C.5a).
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Atomic eigenstate |I') | Symmetry | energy Ep
|T7 T) 3A2 U/ —J
(0 + 1L 1)/V2 3 Ay U —J
H«a l«) 3A2 U/ - J

(1, 1) =1L, 1)/V2 ) U +J
(I11,0) =0, 74))/v2 'E U-Jc
(IT1,0) +10,14))/v2 14 U+ Jo

Table 2.1: Two-particle eigenstates with symmetry specifications and energies.

23S, BTG JURE ORI B S

There are four spin-orbital states o = (e, s) per atom, leading to a 24 = 16-dimensional
atomic Hilbert space. All eigenstates |I") of HI2b with particle numbers N # 2 are simple Slater
determinants of spin-orbital states |o) and their energies are

Epr =0 (N =0,1),
Er=U+2U0-J (N=3), (2.25)
Ep =2U +4U' —2J (N =4) .

The two-particle eigenstates are slightly more complicated because some of them are linear
combinations of Slater determinants. We introduce the basis

}8’8/> = Ciségs ‘O>7 (226&)
11,00 = & el o), (2.26b)
0,71) = e o) (2.26¢)

of two-particle states, which are used to set up the eigenstates of I;TIQb, see table 2.3.2. The
states of lowest energy are the three triplet states with spin S = 1, which belong to the
representation Asg of the cubic point-symmetry group. Finding a high-spin ground state is a
simple consequence of Hund’s first rule. Higher in energy are the two degenerate singlet states
of symmetry E and the non-degenerate singlet state of symmetry Aj.

2.4 Related Models

2.4.1 Non-Local Coulomb Interactions

In Hubbard models, as derived in section 2.2, only the local terms of the Coulomb interaction
are captured. An obvious generalisation of these models arises when we add non-local terms
between certain sites, e.g., nearest neighbours,

A 1
- = [J01:02,98,04 AT N 01,02,03,04 4T At 4 4
Hipn = 2 Z Z { 1,5, €i,01%5.02Cj.05Cisoa T Ui,j,i,j Ci,01€5,02C,03Cj,04
01,02,03,04 (3,5)
01,02,03,04 21 AF 4 A
Uit €io1Ci0:605C504 (2.27)
01,02,03,04 2T AT 4 4 01,02,03,04 51 AT 4
+ (U (NBN] Ci01€,02C,05Cloa T UJ 1,5,3 €j,01Ci,05Clios Cio T h.c. :

Here, (i, j) denotes a restriction of the sum to those neighbouring sites for which the Coulomb
interaction is assumed to be finite. If the orbitals are very localised, the first term in (2.27) is
dominant since these direct Coulomb interactions (~ U;*727*?*) stay finite even if the overlap
of orbitals on different sites vanishes.



10 CHAPTER 2. SYSTEMS AND MODELS

For the one-band Hubbard model, the Coulomb interaction Hamiltonian (2.27) simplifies
to

S = D DV = T isiye + 206 e, @l e 4 gl el e e (2.28)

<i,j> | s,¢’
+ > (Tél s+ h.c.)] .
S

The implications of non-local terms in the single-band Hubbard model are studied, for example,
in references [13-18].

2.4.2 t-J Model

The t-J model has been studied extensively within the Gutzwiller theory. It derives perturba-
tively from the single-band Hubbard model in the large-U limit. For U = oo and band fillings
n < 1/2, there are no doubly-occupied sites in the single-band Hubbard model. Therefore,
one can investigate the effective Hamiltonian

HeT = ZZt” — i)l (1= 7j5)e;, (2.29)

instead of Hip since, in the subspace without double occupancy, both Hamiltonians are equiv-
alent. Mathematically, this means that

PoHpPy = Py HS Py (2.30)
where
Po= T = hipiy) (2.31)

(2
is the projector onto the space without doubly-occupied sites.

To find the ground state (or excited states) of (2.29), is already quite challenging and, in
general, impossible; see, e.g., reference [19] on exact results for a U = oo Hubbard model with
a single hole. Apart from the special case of half band filling [20-24], standard perturbation
theory cannot be employed to investigate the leading corrections in powers of ¢; j/U for the
single-band Hubbard model since it requires a diagonalisation of (2.29).

It is possible to derive an effective Hamiltonian beyond (2.29), which is correct up to a
certain order in t; j/U. Such an effective Hamiltonian may then be investigated by approximate
numerical or analytical techniques. The derivation of effective Hamiltonians for large U goes
back to a work by Harris and Lange [25]. More recent results on large U expansions for the
Hubbard model can be found in references [26-29].

We write the single-band Hubbard model as

I:[1b = HOH + Hoyy + Hp , (2.32)

where the operators
fIOH = Z Zt” — N g5) T (1 — ﬁj7§)éj7s + ti,jﬁi7§cT nj, st . (2.33a)

Hyy = ZZ]&” — 5)Ch g5+ tigiscl (1= ys)e - (2.33D)
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either preserve the number of doubly occupied sites (flon), or, change this number by one

(ﬁo 1). For large U, the operator Hy | induces high-energy excitations, which, to leading order
in t; ;/U, one can eliminate by the unitary transformation

ﬁ{b = eiﬁﬁlbe—iﬁ (2.34)

with

. ) ti ] . N
S = 122 (ZJJ ((1 — nz‘yg)c;l-lsnj’gcj’s - h.c.) . (2.35)

An expansion of ¢S to leading order in t; ; /U yields

Hy=H+H, + Hy+0 (7;) : (2.36)

where
oy = Hy+i[S, H) = Hy ~ti;, (2.37a)
H) = i[S, Ho] + %[S 1S, Hy]] ~ z (2.37b)

Up to this point, the expansion of the Hamiltonian H 1p is exact to order t / U2. Now,
again, we define an effective Hamiltonian

HY = AT L f7; + H (2.38)

through the condition that AT and H 1y, are the same in the subspace without double occu-
pancy, i.e., o o

PyH| Py = PoHE P, . (2.39)
The operator Heff in (2.38) has already been defined in (2.29). Its two leading corrections, the
operators H; and Hs, are given by

N I— A4t (4 4 N

H = =) - 2.4

A t;, k ~

o= -yl t, ( i = E sl ) (2.40D)
i j k(1)

If one neglects the three-site term Hz in (2.38), the ‘t-J model’ results
H_;=0%+ 1/, (2.41)

The three site terms are, however, of the same order t?’ j /U and, therefore, it is unclear if (or

when) it might be justified to neglect them. At half band filling, both operators H e and Hy
vanish in the subspace without double occupancies and the Heisenberg spin model results.






Chapter 3

Ab-Initio Methods

In the previous chapter, we introduced the general electronic Hamiltonian in theoretical solid-
states physics, see equations (2.2) or (2.3). As discussed already in section 2.1, one can either
try to simplify that Hamiltonian leading to certain classes of model Hamiltonians or one
aims at an ‘ab-initio’ treatment of the full Hamiltonian. The two most important ‘ab-initio’
methods are the Hartree-Fock theory and the Density-Functional Theory, which we discuss in
sections 3.1 and 3.2, respectively.

3.1 Hartree-Fock Theory

We start this chapter with a derivation of the general Hartree-Fock equations in section 3.1.1.
As two simple examples, the Hartree-Fock equations are solved for the jellium model and a
two-site Hubbard model in sections 3.1.2 and 3.1.3, respectively. We close the first part of this
chapter on ab-initio methods with a discussion of merits and shortcomings of the Hartree-Fock
theory in section 3.1.4.

3.1.1 Derivation of the Hartree-Fock Equations

The Hartree-Fock theory can be derived in various ways, all leading to equivalent results.
The most transparent derivation is based on a diagrammatic expansion of the single-particle
Green’s function; see, e.g., reference [30]). It naturally covers systems at finite temperatures
and provides a systematic way to investigate dynamical properties. In our derivation, we use
a variational approach since it is closely related to the Density-Functional Theory and, more
importantly, to the Gutzwiller variational theory.

The Hartree-Fock theory provides variationally the optimal one-particle wave function to
the Hamiltonian (2.3). Such a wave function is defined as a Slater determinant

@o) =[] ~Ll0), (3.1)

7(occ.)

in which certain one-particle states |y) are occupied. The operators IAJY and éj, are related by
a unitary transformation

W= > uyedl (3.2a)

o= Y ur bl (3.2b)
vy
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The unitarity of the transformation implies that
D Uk gty =0y (3.3)
g

It is chosen such that the expectation value
N . 1 .
<Hel>\1,0 = Z 5017‘72 <Cj;'160'2>\p0 + 5 Z U01,027037<74 <CL1CZ'QCO'3CO'4>\I/O (34)
01,02 01,02,03,04

of the Hamiltonian (2.3) with respect to |¥() is minimal. With Wick’s theorem, see equa-
tion (A.2) in appendix A, we find

<631622603604>\110 = <ézrfléa4>\110<éjf2éc3>\llo B <631603>\I/0<éjf2604>\110 ) (3.5&)
with
(o) gy = D Whotyg, - (3.5b)
~(occ.)

Therefore, the expectation value (3.4) reads

<'Hel>\ll Z 50—170-2 Z U’Y,Ul ’yO'Q (36)
0

01,02 occ

1
* *
) §: Uo1.02.03.04 E: U301 Uy, 04U 73 U 7. Wy oy Uy )
01,02,03,04 ~,7' (occ.)

It must be minimised with respect to u} , (or, equivalently, with respect to u, ,) with the

additional constraints given by equations (3.3) for v = 4/. These constraints are 1mplemented
by adding Lagrange-parameter terms to (3.6),

aﬁ [<ﬁel>% Y E, (Z |ty o ? — 1)] =0. (3.7)
.0 5 o’

Note that equations (3.3) for v # ' are implemented by a proper solution of equation (3.9a),
see below. With the obvious symmetries

Usy,02,03.00 = Usz,01,00,05 5 (3.8)
equation (3.7) yields the effective one-particle Schrodinger equation
> (oo + B iy = Eyigg (3.9a)
O—/
where we introduced the Hartree-Fock ‘self-energy’

EO’,O” = Z (UO',O'l,O'Q,O'/ - 0'0'1,0' ,02 Z u'y o1 fy,og . (39b)

01,02 ~(occ.)

The first and the second term in (3.9b) are denoted as the ‘Hartree’ and the ‘Fock’ (or
‘exchange’) contribution, respectively. Note that the self-energy ¥, ./ still depends on the
wave function (3.1) and, therefore, the ‘Hartree-Fock equations’ (3.9a) have to be solved self-
consistently. From equation (3.9a) it becomes apparent why the Hartree-Fock approximation
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is also denoted as a ‘mean-field theory’. The electronic interaction appears in eq. (3.9a) solely
through the self-energy (3.9b), i.e., it has the form of an effective or ‘mean’ field.
The Hartree-Fock ground state often has the special form

War)= [ AL0) (3.10)
Y(Ey<EF)

with a Fermi energy Eg, which is determined by the particle number

N= > 1. (3.11)

Y(Ey<Er)

For infinite systems, one can prove that the occupied levels are indeed given by a condition
E, < Ey [31], whereas, for finite systems, a more complicated Hartree-Fock ground state
cannot be excluded.

Due to the self-consistency, it is usually impossible to prove rigorously that a certain
solution |¥Uyr) of the Hartree-Fock equations is indeed the one-particle state of lowest energy.
At least for translationally invariant systems, which we consider in this work, it will usually
be simple to identify the optimum Hartree-Fock state by symmetry arguments. The stability
of an assumed variational ground state |¥p) can also be tested at least with respect to small
variations within an RPA calculation, see section 8.2 and, e.g., reference [31].

The Lagrange parameters £, in (3.10) and (3.11) appear to be the single-particle energies
of an uncorrelated Fermi gas. In fact, one usually interprets these parameters as ‘quasi-particle’
excitation energies. One way to legitimise this interpretation is based on ‘Koopmanns’ theorem’
[32]. Tt states that by creating a particle or a hole in the Hartree-Fock ground state the energy
changes by E.,, i.e., we have

<‘P§¥¢\ﬁel\ﬁf§¥¢> — (Unp|Ha|Vur) = £E, (3.12a)

for the particle and hole states

|‘I’g%+> = BTY\‘I’HF% (3.12b)
W) =y ) (3.12¢)

The same result for quasi-particle excitation energies can be derived, more transparently,
by means of the diagrammatic Hartree-Fock approximation for the single-particle Green’s
function. One should keep in mind, however, that the variational ground-state energy in the
Hartree-Fock theory is not given by the sum over all occupied energy levels as one might
expect from a naive analogy with an uncorrelated Fermi gas. Instead, equations (3.6), (3.9a),
and (3.9b), readily give

) 1 1 .
¥(oce.)

> B, — (M), (3.13)
)

~(occ.

for the Hartree-Fock ground-state energy.
When we work with the basis |0) = |r)|s) of position space eigenvectors |r) and spinors
|s) =|T) and |]), the transformation (3.2a) reads

Wl = Z/dgr uy (s, ) Pl(r) (3.14)
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and the Hartree-Fock equations (3.9a) for the single-particle wave functions (s, r) have the
form

2m

(_Ar ¥ V(r)> (s, + 3 [ a0 S () = B (315)

Here, the Hartree contribution to the self-energy ¥ = SH 4 ¥F is given by

H no_ o 3 ~ e? -
Yog(r,r')=4d(r T)Z/d T n(r) (3.16a)

=]

with the particle density

n(r)=> " > Juy(s,m). (3.16b)

5 y(Ey<Ep)
For the Fock contribution to the self-energy, we find

2
€ *
ZE’S/(T" 'r/) = 76878/@ E UW(S, ’I“/)U,Y(S, ’l") . (3.16C)
V(EBy<Er)

Here, we assumed that |Uyp) is an eigenstate of
S, = 71 dr (1/A)T(r)1[1 (r) — QZ)T(TWA} (r)) (3.17)
Z7 9 7 7 1 ! ’ )

the operator for the total spin along the spin-quantisation axis. Only with this assumption
does the sum over 7 in (3.16¢) lead to the Kronecker-delta d, ¢ for the spins.

Obviously, the Hartree and the Fock contribution to the self-energy are fundamentally
different. The Hartree term acts like a classical field and could, in principle, be added to
the potential V(7) in (3.15). By contrast, the Fock contribution is non-local and it further
introduces a spin dependence since only electrons with parallel spins are coupled.

In order to assess the accuracy of Hartree-Fock calculations for real materials in sec-
tion 3.1.4, we first have a look at the results for the free-electron gas and the two-site Hubbard
model. The Hartree-Fock results for the free-electron gas will also be needed in order to set
up the energy functional in the Local-Density Approximation in section 3.2.2.

3.1.2 Jellium Model

In the ‘jellium model’, the periodic potential V() in (3.15) is replaced by a homogeneous
background of a positive charge density n, to ensure the charge neutrality of the system. As
a consequence, the electronic density n(r) = —n;, is also homogeneous and the potential term
proportional to V(r) just cancels the Hartree contribution to the self-energy in (3.15). It is
clear from symmetry arguments that a homogeneous paramagnetic solution of the Hartree-
Fock equations must be given by a Slater determinant (3.10) of plane waves

1 ikr
UR(S,T) = —F——=e . 3.18
(1) = o (3.18)
For these single-particle wave functions, the Fock contribution to the self-energy reads
2
e

EI;,S/ (,’,,774/) = _63,3’ A3k eik(rfr’)

2m)2|r = '] Jocky

e? kp|lr —r'| cos (kp|r — 7'|) — sin (kp|r — 7'|)

= +ds5=—5 1
sy |r — /| (3:19)
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Figure 3.1: Left: Fock self-energy %F (kp|r — r’\) = 3 (r,7)(2n?|r — 7'])/€* for the jellium

model. Right: Quasi-particle dispersion Ej = k2 2y, of the jellium model for values %2’““ =

0,0.05,0.1,0.3 in descending order.

where we introduced the Fermi wave vector kr = /2mEp. The spatial dependence of the
Fock self-energy is displayed in figure 3.1(left). One clearly sees the pronounced ‘attractive’
interaction of electrons with the same spin on short distances. By contrast, electrons with
opposite spins do not interact at all in the Hartree-Fock approximation, which is obviously an
unphysical feature in the high-density limit.

With the result for the self-energy, we can evaluate the integral in (3.15)

2
K
/ @' 28 (. Yuns, ') = —un(s, 1) ST Bk k) (3.20a)
’ s
where )
1—=x 1+=x
F =2 1 3.20b
@ =24+ [ (3.200)

Hence, the plane-wave Ansatz (3.18) is indeed a solution of (3.15) for the jellium model and
the eigenvalues E, = E}, are given as
k2 e2kp

e T

F(k/kg) . (3.20¢)

The quasi-particle dispersion (3.20c) is displayed in figure 3.1(right). We will discuss this
results for the dispersion in section 3.1.4.

Finally, for later use in connection with the Local-Density Approximation, we consider the
expectation values of the kinetic and the Coulomb energy in the Hartree-Fock theory. Since
our Hartree-Fock ground state (3.10) is a Slater determinant of plane waves, the expectation
value of the kinetic energy is that of an uncorrelated Fermi sea,

(Ho)wyyp = # /k . kidk = V%(3ﬂ2)2/3n5/3 . (3.21a)
Here, we used
n= % = % /MF k*dk = 3%]@% : (3.21b)
Equation (3.13) yields the expectation value of the Coulomb interaction,
1
(H)wyp = Z Ey — = (Ho)wy = —V:;];% /0 2?2 F(x)dx . (3.21c)

k(|k|<kp)
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The integral in (3.21c) is equal to unity and, hence, with (3.21b), we find

N B 3Ve? I 3Ve?

<HI>\IlHF - _? i:l‘ = —?(37{)1/3714/3 . (321d)

3.1.3 Hartree-Fock Approximation for the Two-Site Hubbard Model

The two-site Hubbard model was introduced in section 2.3.1 and its exact eigenstates and
energies are derived in appendix B. Here, we only consider states with two electrons since all
other eigenstates are simple Slater determinants and captured correctly by the Hartree-Fock
theory; see appendix B.

For U = 0, the two-particle ground state of (2.22) is

[Wo) = hihb|0) (3.22)
in which the two lowest one-particle levels, given by the operators

: 1
P ot
Mo = 75 (ClT(i) C2T(l)> ’ (3:23)

are occupied. At finite U, the self-energy (3.9b) contains only a Hartree contribution if we
assume that the Hartree-Fock ground state |Upp) is an eigenstate of the spin operator S,
in spin-quantisation direction. This ensures that spin-flip expectation values, such as Ay | =
<éJ{Tél |)» vanish for [Uyp). Note that this condition does not confine our variational space; all
solutions with finite A | are energetically equivalent to some other states that have Ay | =0,
just with respect to a different spin-quantisation axis.

The self-energy is diagonal and given as

Eis = Zis,is = Uni,E ) (324)

where n; 5 = <ﬁz§>quF and, as before, T =|, | =1. Without spin order, i.e., if n; s = 1/2 for
all i and s, the self-energy is a constant and also independent of i and s. Then, |Uyp) is just
the uncorrelated ground state (3.22) and it has the energy
Ey=-2t+ % . (3.25)

A comparison with the exact ground-state energy (B.13b) shows that this result is correct up
to first order in U/t, but it does not capture any higher-order terms and, in particular, it is
wrong in the large-U limit where the exact ground-state energy is proportional to t2/U.

Obviously, the Hartree-Fock state (3.22) is not favourable energetically for large U because
it does not lower the Coulomb energy. This can only be achieved in the Hartree-Fock theory
by introducing some spin order. A ferromagnetic order would lower the interaction energy but
an antiferromagnetic order is more favourable for both the interaction and the kinetic energy.
Therefore, we assume that

AEan—nll:ngl—ngT#O. (326)

With this antiferromagnetic order, the self-energies are still diagonal but they depend on the
spin and orbital indices,

S =%y = —(1+A), (3.27a)

o] o]

Sy =%y = = (1-A). (3.27D)
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Figure 3.2: Exact ground-state energy
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and the Hartree-Fock energy of the two- i —0.2
site Hubbard model (solid lines) in as-
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The solution of the Hartree-Fock equations (3.9a) then leads to the one-particle operators
o Al : At
hi(g) = cos (0)01T(2U + sin <6)C2T(1l) , (3.28a)
where
UA + VU2AZ + 4¢2
_gat Rl (3.28b)

tan (0) = 57

The operators (3.28a) define the new Hartree-Fock ground state (3.22), which determines the
‘magnetisation” A by the self-consistency condition

A = cos? (§) — sin? () . (3.29)

Instead of solving the self-consistency equations (3.28b) and (3.29), we could find the same re-
sults by minimising the variational energy (3.30) with respect to the parameter A; compare the
corresponding calculation in the Gutzwiller approximation, section 5.4.2. The self-consistency

equations (3.28b) and (3.29) have three solutions, A = 0 and A = +,/1 — (2t/U)?. The
antiferromagnetic solutions with A # 0 exist for U > 2t and the Hartree-Fock ground-state

energy is therefore given as

A 9 o | =2t4+U/2 for U <2t
Ef§ = 4tsin (6) cos (0) + 2U cos” (#) sin” (0) = { o2 )U for U< 9 - (3.30)

In figure 3.2, the Hartree-Fock energy is compared to the exact ground-state energy (B.13b),

2
et — 1 (U B \/m) Ut _% ' (3.31)

2

Due to the antiferromagnetic order, the energy (3.30) shows the correct large-U scaling, how-
ever, the coeflicient is off by a factor of 2,

2t2 42
AUzt £ . (3.32)

This discrepancy is due to the fact that the Hartree-Fock wave function does not capture the
spin-fluctuations in the exact singlet ground state. More worrying than this discrepancy in
energy, however, is the spurious symmetry breaking that appears in the Hartree-Fock solution.
In fact, as we will see throughout this work, it is one of the main problems of effective single-
particle theories that they overestimate the instability of many-particle systems with respect

to spurious ground states with broken symmetries.
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3.1.4 Merits and Shortcomings of the Hartree-Fock Approximation

The Hartree-Fock theory is the natural first-order approximation in order to study systems of
interacting particles. However, there are serious shortcomings in this approach, which make
it inevitable to seek for more precise many-particle theories. We begin with a discussion of its

merits.

Merits

i

i)

The Hartree-Fock theory can be derived starting from a variational wave function. There-
fore, the Hartree-Fock energy provides a rigorous upper bound of the exact ground-state
energy. However, an exact energy boundary does not ensure that the wave function
resembles the exact ground state, not even qualitatively. We have found such a qualita-
tive failure of the Hartree-Fock ground state in the case of the two-site Hubbard model.
Other examples will be discussed in later parts of this work, see, e.g., sections 9.1 and 9.2
on spin and orbital order in two-band Hubbard models.

When the Hartree-Fock theory is derived within a diagrammatic perturbation theory, it is
found to be the first-order term in such an expansion. In this respect, the Hartree-Fock
approximation provides a systematic starting point for more advanced many-particle
theories. However, it is not ensured that the first-order contribution does not, e.g.,
introduce a certain symmetry breaking, which is absent in the true ground state and its
excitations. A many-particle theory that is based on such spurious Hartree-Fock results
will then suffer from the very same shortcomings.

Shortcomings

i)

As a first-order perturbation correction to an uncorrelated Fermi gas the Hartree-Fock
theory should qualitatively describe the physics of simple metals, such as sodium or
potassium. However, from our results for the jellium model, we can already conclude
that it fails this test: The density of states at the Fermi level is given by

0
R

-1
. (3.33)

D(Ep) = /d3k: 5(Ep — Ej) = 471'/ dk k26(Ep — Ey) = drk?
k=kp

0

where the derivative of Fj, diverges for k = ki due to the logarithm in equations (3.20).
Hence, the density of states vanishes at the Fermi level for the jellium model. A closer
inspection of the integrals that have led to the logarithm in (3.20) shows that this non-
analyticity is solely caused by the long-range character of the Coulomb potential. There-
fore, it seems natural that this result is not bound to the jellium model but shows up in
more realistic lattice systems as well. In fact, it has been shown in reference [33] that
the Hartree Fock theory yields a vanishing density of states at the Fermi level for all
lattice models and band fillings. This is obviously in disagreement with our experimen-
tal observations on metals. In order to mend this deficiency, one has to employ more
sophisticated many-particle techniques, which properly incorporate the self-screening of
the electrons, see, e.g., references [34-36].

To be fair in our assessment of this particular Hartree-Fock failure, it should be mentioned
that other methods, which we are going to discuss in this work, ‘solve’ the self-screening
problem rather phenomenologically: The Density-Functional Theory replaces the full
non-local exchange interaction by some effective local field, see section 3.2.2; In model-
system treatments, the problematic long-range Coulomb interaction is usually cut off by
hand, see section 2.2.
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ii) Apart from the problems with the long-range nature of the Coulomb interaction, the
Hartree-Fock theory also fails to treat the Coulomb interaction properly on short dis-
tances. In the self-energy of the jellium model, there is no contribution from the Coulomb
interaction for electrons with opposite spin but only the ‘attractive’ exchange interaction
of electrons with the same spin. Therefore, one finds an inherent disposition to build up
some form of spin order. In fact, it was shown in references [37, 38] that the homoge-
neous paramagnetic solution is never the variational ground state of the Hartree-Fock
equations for the jellium model. Depending on the particle density, a state of lower en-
ergy could be ferromagnetic (at low densities) or showing a spin-density wave (at higher
densities). For the jellium model, it is difficult to asses whether these spin orders are
spurious Hartree-Fock results. In the case of the two-site model, we have definitely seen
that the Hartree-Fock approach tends to spurious symmetry breaking. The reason for
these shortcomings is relatively simple from an energetic point of view: Due to the in-
flexibility of the Hartree-Fock wave function, it is often bound to resort to states with
a broken symmetry in order to lower the correlation energy. We observe these features
not only in the case of the two-site model but also in other model systems that we are
going to discuss in later chapters.

iii) The solution of the Hartree-Fock equations for realistic three-dimensional systems is
quite challenging numerically because of the non-local exchange interaction. This is one
of the reasons why, in the Density-Functional Theory, one works with a phenomenological
local exchange interaction. Furthermore, a comparison of the Hartree-Fock results with
experiments on metals and semiconductors show significant discrepancies: band widths
and band gaps are usually overestimated; see, e.g., reference [39]. This is the reason why
state-of-the-art band-structure theories are all based on the Density-Functional Theory,
which will be discussed in the following section.

3.2 Density-Functional Theory

Based on earlier ideas for a Density-Functional Theory (DFT) [40-44], Hohenberg and Kohn
published their seminal work on the ‘Hohenberg-Kohn theorem’ in 1964 [45], as it is generally
called nowadays. This theorem states that there is a universal functional Win(r)] of the
electronic density n(r) such that

Eln(r)] = / BV (r)n(r) + Win(r)] (3.34)

has its minimum, Ey = E[ng(r)], at the exact ground state density no(r) of the Hamilto-
nian (2.2) and Ej is the corresponding ground-state energy. The DFT can be viewed as a spe-
cial case of a more general approach, the ‘constrained-search method’; see references [46, 47].
We give an introduction into this approach in section 3.2.1. In sections 3.2.2, 3.2.3, and 3.2.4,
we discuss the main results of the DFT, which is the basis of most state-of-the-art ab-initio
calculations. Another approach that can be derived from the constrained-search method is
the Density-matrix Functional Theory (DmFT), which is closely related to our Gutzwiller
variational approach, see appendix G.2. We discuss the DmFT in section 3.2.5.

3.2.1 Constrained-Search Method

We consider the general Hamiltonian

H=) ViYi+W=V+W, (3.35)

(2
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with the real or complex numbers V; and operators W and Y;. Note that all results in this
section are equally valid if we replace the discrete sum ), V;Y; in (3.35) by a continuous
integral [ dzV (z)Y (z). For our general considerations here, we do not need to further specify
the numbers V; (‘fields’) or the operators Y; (‘densities’) and W. The typical situation will
be that the fields V; are varying, depending on the particular system of interest, while the
operators Y; and W are universal. For example, the DmFT is obtained if we work with the
Hamiltonian (2.3) and set W=H I, Y, = éj,légg and V; = &4, ,. Obviously, with this choice,
only the fields V; change if we consider different periodic potentials (2.2b).
The wave functions |¥) in the Hilbert space H of the Hamiltonian (3.35) define the set Qy
of all possible sets )
[V} = {(]Fi|w)} (3.36)

of density expectation values. A set of densities {Y;} is called ‘representable’ if it is in Qy,
i.e., if there exists a state |¥) € H that complies with (3.36).

For all representable {Y;}, we introduce the set of normalised wave functions Q[{Y;}],
which, by definition, all have the same set of expectation values (3.36). For each {Y;} € Qy,
we minimise the expectation value of the operator W, in order to define the energy functional

wiyh = gc}gi[{{lw<‘1’|W!‘P> : (3.37)

This functional does not depend on V in the Hamiltonian (3.35) and, therefore, it is usually
denoted as ‘universal’. With W[{Y;}], we define the ‘ground-state energy functional’ as

E{Y;}] = Z ViY; + WY} - (3.38)

7

If Ey is the exact ground-state energy of (3.35), we find
Ey < E[{Yi}] (3.39)

for all {Y;} € Qy since, otherwise, there would be a state |¥) with an energy lower than the
ground state. On the other hand, with the expectation values {Y;.0} € Qy of the ground-state
wave function |®¢), we can further conclude that

Eo =) Vi¥io + (®0|W[®0) = 3 Vi¥io + W{Yio}] = El{Yio}] - (3.40)

Both inequalities (3.39) and (3.40) together yield the following result: The energy functional
E[{Y;}] has its minimum Ey = E[{Y;0}] at values Yj,o that are the ground-state expectation
values of the operators Y; for the Hamiltonian (3.35) and Ej is the corresponding ground-
state energy. Note that in cases of degenerate ground states, expectation values Y;.p may not
be defined uniquely. However, such a degeneracy only complicates the considerations in this
section without affecting the main results. Therefore, to simplify matters, we assume from
now on that we only deal with systems that have a non-degenerate ground state.
A consequence of our considerations so far is the existence of a map

M: {Vi} — {Yio} (3.41)

which relates each set of fields {V;} in (3.35) to the ground-state expectation values {Y;.0} of
the density operators Y. Tt naturally poses the question whether this map is injective. To
answer it, we first investigate if, for two different sets of parameters {V;} and {V}}, the ground
states |®g) and |®}) of the two corresponding Hamiltonians H and H’ could be the same. If
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this was the case, i.e., if |®g) = |®(), by subtraction of the two Schrédinger equations, we
would find that
(V = V") @) = (Eo — Ep) Do) - (3.42)

Therefore, the ground state |®g) had to be an eigenstate not only of the Hamiltonian but also
of the operator V-V In general, such a scenario cannot be excluded. However, in both of
our applications, sections 3.2.2 and 3.2.5, V-_V'isa single-particle operator and |®¢) is the
ground state of a many-particle Hamiltonian. Therefore, we can safely assume that |®g) is
not an eigenstate of V — V' and, consequently, the two ground states |®o) and |®)) must be
different. Here, we assume that all fields V; that only differ by a constant are considered as
equivalent, i.e., the domain of the map M contains only one element for each class of equivalent
fields.

In order to prove the injectivity of the map M, we just have to show that {Y;o} # {Y] 0}
for the two sets of fields {V;} # {V/} and their respective ground states |®g) # |®(). For this
proof, let us assume again the opposite, i.e., {Yi;0} = {Y/o}. Then we find

Eq < (@] H|®) = By + (®/(V — V')|®g) = Eg + Y (Vi — V{)Yio . (3.43)

i
In exactly the same way, one can show that

Ey < Eo+ Y (Vi = Vi)Y, (3.44)

i
which, together with (3.43), leads to the contradiction
Ey — E(/) < FEy— E(l) . (345)

Hence, we can conclude that {Y;} must be different from {Y/;} and the map M is injective.
All sets of densities {Y;} that belong to the range €2, of the map M, are generally denoted
as ‘v-representable’ since they are ground-state expectation values of some Hamiltonian (3.35).
Unfortunately, in general, 2. is only a subset of Qy, i.e., not all representable densities {Y;}
are necessarily v-representable. We come back to the v-representability problem in connection
with the DFT and the DmFT in sections 3.2.2 and 3.2.5.
In case that all densities {Y;} € Qy are v-representable, i.e., if

v = Qy, (3.46)

we can draw an interesting conclusion, which, in the Density-Functional Theory, leads to the
‘Kohn-Sham scheme’ [48], see section 3.2.3. We consider two Hamiltonians H and H', both
of the form (3.35), but with different parameters V;, V/ and operators W, W’. The energy
functionals E[{Y;}] and E'[{Y;}] of both Hamiltonians may have their minima at {Y;} = {Y;,0}
and {Y;} = {Y}, respectively. If equation (3.46) holds, the set {Y;} is also v-representable

with respect to the Hamiltonian H’, it is {Yio} = {Yio} for some set of parameters {V'}.
An explicit formula for these parameters {V/} can be derived as follows. The ground-state
conditions for E[{Y;}] and E’[{Y;}] are

Vi + ay WY o 0, (3.472)
y, 0 _
Vit Gy W) = 0. (3.47D)

(YVi={v/o}
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Since we demand {Y;} = {Y;,0} a subtraction of both equations (3.47) yields

0
5y: WY = W{Yi}]) : (3.48)
’ {Yi}={Yio}
In principle, this formula allows to determine the auxiliary Hamiltonian
H'=3 <V + 7( {Yi}] - ,[{EH”{Yi}:{Yi;U}) Vi+ W', (3.49)

%

which, by construction, has the same ground-state expectation values {Y; 0} like H. This

procedure could be useful, if the Hamiltonian H’ can be solved more easily than H , for example,
because it is a single-particle Hamiltonian. In such a case, however, equation (3.49) is not of
much use because it already includes the full energy functional of the Hamiltonian H itself. We
will see that in the DFT the general result (3.49) is indeed merely used as a motivation to work
with a simpler auxiliary Hamiltonian. The explicit form of this Hamiltonian is determined by
a sophisticated guess and not by an evaluation of equation (3.49).

3.2.2 Density-Functional Theory and Local-Density Approximation

The functional theory, developed by Hohenberg and Kohn [45], follows straightforwardly from
our general results on the constrained-search method in the previous section. In this context, it
is advisable to distinguish clearly the general results of the Density-Functional Theory, which,
in principle, are exact, and, the effective one-particle theory that arises from the Kohn-Sham
scheme. Both aspects of the theory will be discusses separately in the present and in the
following section. For a review on the DFT, see, e.g., references [49-51].

We use the representation (2.3e) of our general electronic Hamiltonian and choose the
operators W and V in equation (3.35) as

W= /d3 /d3r’¢T <

+5 Z/d?’rw )L )’T_T‘z&s,(r)qﬁs(r),

s,s’

) bl (3.50)

Vo= Z/d3rV (r)iby(r) . (3.51)

The operators Y; and fields V; in (3.35) are therefore given by

Vi = Y(r)=) dlr)(r), (3.52a)
Vi — V(r). (3.52b)

With this choice of operators, the expectation values (3.36), which define the constrained
search in (3.36), are just the particle densities

{Yi} = n(r) =Y (UI(r)dy(r)|¥) (3.53)

s

and the ground-state energy functional has the form

Eln(r)] = / &r V(r)n(r) + Win(r)] . (3.54)
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Note that the functional E[n(r)] is properly defined only when we add the constraint

N = /d3r n(r) (3.55)

that fixes the total particle number.
It is impossible to determine exactly the functional Wn(r)] for many-particle systems,
and one can only hope to find some reasonable approximations. Usually it is written as

€2 n(r)n(r’
Win(r)] = Tln(r)] + 5 / P / Bt M + Ben(r)], (3.56)

where T'[n(r)] is the unknown kinetic-energy functional. Equally unknown is the ‘exchange-
correlation’ functional Ey.[n(r)], which contains all Coulomb-energy contributions apart from
the Hartree term that was separated in (3.56).

Approximate expressions for T'[n(r)] and Ex.[n(r)] are usually derived by considering the
free-electron gas. In section 2.1, we found that the kinetic energy of the free-electron gas in
5/3 where n is the homogeneous density of that system,
see equation (3.21a). Therefore, a common approximation for the kinetic-energy functional
in (3.56) is

the Hartree-Fock approximation is ~ n

3
Tn(r)] = m—m<3ﬂ2)2/3 / B n(r)/3 . (3.57a)
In the same way, i.e., based on the free-electron result equation (3.21d), one usually approxi-

mates the exchange-correlation potential as
_ 5, 3¢ 1/3 4/3
Egcn(r))=-p [ d&°r 1 (3m)Pn(r)* (3.57b)
7r

where the factor g is adjusted in order to have optimum agreement with experiments. Work-
ing with the functional (3.57b) is generally called the X,-method, which was first proposed
by Slater [52, 53]. With respect to the ground-state energy, the X,-method reproduces the
Hartree-Fock result for the free-electron gas. As discussed in section (3.1.2), the major short-
coming of the Hartree-Fock theory for the free-electron gas is the result for the quasi-particle
dispersion. As will become clear in the following section, the Kohn-Sham scheme provides a
different way to calculate such excitation energies, which are in better agreement with exper-
iments.

To work with the energy functionals (3.57a) and (3.57b), is the simplest example for a
‘Local-Density Approximation’ (LDA). The exact energy, however, will be a more complicated
non-local functional of the density. Systematic improvements of the LDA can, in principle,
be derived by calculating the energy of the free-electron gas beyond the simple Hartree-Fock
approximation. This, however, is a non-trivial problem that requires more subtle many-particle
techniques. Examples for such improvements can be found in references [54-59]. Another way
to improve the functionals (3.57a) and (3.57b), is to go beyond the local-density scheme by
adding, e.g., gradient corrections. For an overview on these approximations, see, e.g., reference
[50].

The DFT, as introduced so far, provides an approximate way to determine the ground-
state energy and the electronic density in the ground state. Both of these quantities are of
limited interest for most experiments on molecules or solids. At least for all v-representable
densities, the potential V'(7) is uniquely determined by n(r). Therefore, one could argue that
all eigenstates of the Hamiltonian (2.3e) are also functionals of the density. In the same way,
all thermodynamic quantities can be viewed as functionals of n(r). These, however, are merely
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formal arguments and they do not provide a feasible way to calculate excited states, response
functions, or thermodynamic quantities. The immense importance of the Density-Functional
Theory is, in fact, not based on such general ideas but it is a result of the Kohn-Sham scheme,
which we discuss in the following section.

3.2.3 Kohn-Sham Scheme

The Kohn-AShamAscheme is based on the general results, derived at the end of section 3.2, if
we chose W/ = T in equation (3.49). In this way, we are led to the auxiliary single-particle
Hamiltonian

DY [@rit) |3z 4 vin)| i (3.58)

w32 [l ¢ [t S| ).

lr —7r

which, by construction, has the the same ground-state density ng(r) as the original many-
particle Hamiltonian (2.3e) as long as this density is v-representable for both Hamiltonians.
In (3.58) we introduced the Kohn-Sham potential

VSI] = garrs () - T + Bufi(r)

, (3.59)

n(r)=n(r)

in which 7"[n(7)] is the minimum kinetic energy of free non-interacting particles with a density
distribution n(r). In the context of the DFT, the problem of v-representability has been inves-
tigated extensively in the past, see, e.g., references [50, 60, 61]. For practical applications, one
usually presumes that v-representability is ensured and the investigation of the effective single-
particle Hamiltonian (3.58) is therefore justified. Given the significant approximations that are
usually made to set up the Kohn-Sham potential (3.59) the assumption of v-representability
seems to be a matter of minor concern.
In first quantisation, the Hamiltonian (3.58) leads to the Schrodinger equation

A/,- , n(,’,/) B
—o + V(r)+ e / Br P— + V;{Igs[n(r)]] Uy o(r) = eaTsa(r), (3.60)

which has to be solved self-consistently since the Hartree and the Kohn-Sham potentials
in (3.60) depend on the particle density

n(r)=>" Y [Ta(r)]. (3.61)

s a(ea<FEFR)

The Fermi energy in (3.61) is determined by the condition

> Y 1=N. (3.62)

s a(8a<Ep)

With the approximate functionals (3.57) for T'[n(r)] and Ex[n(r)], the effective single-
particle Schrédinger equation for the jellium model reads
Ay

[—2m VOKS] Wy (1) = 0¥, 0(r) (3.63)
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since T[n(r)] and T'[n(r)] in (3.59) cancel each other and VES = VES[n0(r)] is the constant
Kohn-Sham field with the homogeneous particle density n°(r) = n. The single-particle excita-
tion energies of the jellium model in this approximation are, therefore, those of free particles.
This means that this DFT approach avoids the severe shortcomings of the Hartree-Fock ap-
proximation for the quasi-particle dispersion, see section 3.1.2. However, the quasi-particle
dispersion is not renormalised for all particle densities, which also is questionable. In par-
ticular, for larger densities the Coulomb interaction certainly decreases the mobility of the
electrons and we expect a renormalisation of the quasi-particle dispersion. It is therefore clear
that the LDA, as long as it based on the Hartree-Fock energy functionals (3.57), is not suitable
for the investigation of systems with significant Coulomb-interaction effects.

Based on the result for the jellium model, the difference between T'[n(r)] and T"[n(r)]
in (3.59) is usually neglected also for lattice models. Furthermore, one often uses the approx-
imation (3.57b) for the Kohn-Sham potential, which leads to

1/3
V)] = e (2) " ary . (360

™
Instead of using a constant fit parameter 3 one may also work with an adjustable functional
Bln(r)]. More systematic improvements of (3.36) can be derived along the lines discussed in
connection with the functional (3.57b).

3.2.4 Merits and Shortcomings

The Density-Functional Theory, in connection with the Kohn-Sham scheme, provides an exact
way to derive, for any many-particle system, an effective single-particle Hamiltonian that has
the same ground-state density as the corresponding many-particle Hamiltonian. In principle,
this is a huge step forward since single-particle Schrodinger equations can usually be solved
quite accurately by numerical means. Therefore, it is possible to investigate real materials
‘ab-initio’; i.e., without the need to neglect certain degrees of freedom. However, this quite
remarkable achievement is spoiled by two serious shortcomings:

i) An exact determination of the energy functional W n(r)] is impossible for many-particle
systems and one is bound to work with rather simple approximations. The most fre-
quently used approximations are based on Hartree-Fock results for the energy of the
jellium model, see equations (3.57). As it is well known by comparison to more so-
phisticated many-particle theories, the Hartree-Fock theory is reliable only for systems
with small Coulomb interactions, see, e.g., the results for the two-site Hubbard model
in section 3.1.3. Therefore, it appears quite likely that a Density-Functional Theory
approach that is based on Hartree-Fock energy expressions will run into similar prob-
lems for systems with medium to strong Coulomb-interaction effects. The inclusion of fit
parameters may improve results in comparison to experiments but it compromises the
ab-initio character of the whole theory.

ii) Even if it was possible to find the exact effective single-particle Hamiltonian (3.58) within
the Kohn-Sham scheme, there is no reason to believe that the properties of this Hamil-
tonian have anything in common with the corresponding many-particle Hamiltonian,
except to yield the same ground-state density. Nevertheless, the eigenstates of the
Kohn-Sham Hamiltonian are generally interpreted as the quasi-particle excitations of
the many-particle system. As we have argued in connection with the jellium model, this
assumption is particularly questionable for systems with strong Coulomb-interaction ef-
fects.
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Despite the obvious conceptual shortcomings of the Density-Functional Theory, a com-
parison of theoretical and experimental results has revealed a remarkable agreement for a
large number of materials. Therefore, the Density-Functional Theory has become the most
important tool for the investigation of electronic properties in solid-state physics. There are,
however, a few well known problems with certain classes of materials. For example, band gaps
in insulators or semiconductors are usually found to be significantly smaller in theory than in
experiments. In order to improve the results for semiconductors, one often employs the GW
approximation [62-65]; for an overview on this method, see reference [66].

Materials in which the local Coulomb interaction is believed to have an important influence
on their electronic properties are also not well described within the Density-Functional Theory.
These are, in particular, transition metals, lanthanides and their respective compounds. It is
the main purpose of the Gutzwiller theory to improve results for these classes of materials.

3.2.5 Density-Matrix Functional Theory

The constrained search (3.37) that led to the DFT in section 3.2.2 was carried out for a fixed
density n(r). Instead of the density we now use the single-particle density matrix g with the
elements

Poroy = (U|EE ¢ |W) . (3.65)

o1 o2

The density matrix was first used in the context of the Hohenberg-Kohn theorem by Gilbert
who generalised that theorem for non-local potentials [67]. We can derive it here directly
from our constrained-search results in section 3.2.2. Starting from the general many-particle
Hamiltonian (2.3), we chose

~ 1 T
W = 9 Z U01702703704Cj71 032003 Coy > (3.66a)
01,02,03,04
Vo= Z 501"72621 Co (3.66D)
01,02

as the operators in (3.35). The operators Y; and fields V; in (3.35) are therefore identified as

Y, — e, . (3.67a)
Vi = Coro - (3.67b)

The constrained search in (3.36) is then carried out with respect to the density matrix,

{Yi}t = poios (3.68)

and the ground-state energy functional has the form

Elp] = Z €o1,00Pa102 + W D] - (3.69)

01,02

When we work with eigenstates |o) = |r) |s) of the position and the spin operator, the ground-
state energy functional reads

Elp| = Zs:/d?’r/d?’r’ [—5(7- — r’)ZAT;] ps(r, ') + W], (3.70)

where ps(7r,7’) is the density matrix in real space for electrons with spin s.
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There are a number of studies in which approximate expressions for W[p| have been used
in order to minimise the real space functional (3.70) for molecules and crystals [68-82]. In this
work, where we are more interested in lattice models, the general functional (3.69) is more
appropriate. It allows us to apply the DmFT to lattice systems, for example, to the general
class of Hubbard models derived in section 2.2. Such studies have already been carried out
for various single-band Hubbard models [47, 83-88] as well as for impurity systems [89]. We
will later see that the Gutzwiller variational theory provides a way to set up density-matrix
functionals for general multi-band Hubbard models.

The density matrices of single and many-particle Hamiltonians are fundamentally different.
For a Slater determinant, which is the ground state of a single-particle Hamiltonian, the
density matrix has eigenvalues zero or unity, depending on the occupation of the single-particle
levels. In contrast, the density matrix of a many-particle Hamiltonian is genuinely fractional.
Therefore, it is impossible to set up a useful Kohn-Sham scheme for the density matrix that
would allow to investigate an effective single-particle problem instead of the actual many-
particle system. Identical density matrices for single and many-particle Hamiltonians with
fractional eigenvalues may be obtained if the single-particle system is highly degenerate at the
Fermi level [90]. These, however, are not very physical constructions and they do not seem to
be of much use for the investigation of many-particle systems. Therefore, the DmFT is mainly
a tool to investigate ground-state properties of many-particle Hamiltonians.

As an example, we consider the one-band Hubbard model (2.20) with the density matrix

pij = (Wlel ¢ |0) . (3.71)

Here, we use rotational invariance in spin space, i.e., we assume that spin-flip expectation
values vanish and the matrix element (3.71) does not depend on the spin s.
The ground-state energy functional has the form

El{pi;}| =2 tijpij+ LUd[{pis}] , (3.72)

i,J
where L is the number of lattice sites. The unknown double-occupancy functional d[{p; ;}]
depends on the dimensionality of the lattice and its structure, but it does not depend on the
tight-binding parameters ¢; ;. For practical applications, however, it is more useful to work
with the ‘effective’ density matrix p; j, which is defined only for those lattice sites 7, j that have
a finite hopping parameter ¢; ;. We may then define the effective double-occupancy functional

d{pij}l = min )d[{pz’,j}] : (3.73)

{pi,;}(pi,i=pi;
which, by definition, depends on the topology of the tight-binding matrix but not on their
actual values. The effective energy functional with respect to p; ; has exactly the same form
as (3.72) if p is replaced by p. In general, a tight-binding Hamiltonian includes hopping terms
only up to a certain shell of nearest neighbours and, therefore, the effective energy functional
depends on only a few parameters. In case of only nearest-neighbour hopping ¢, we end up
with the simple energy function

E(T)/L = 2nuntT + Ud(T) (3.74)

where T is the hopping expectation value between nearest neighbours and n,, the number of
such neighbours. Note that the lattice needs to have a sufficiently high symmetry such that
hopping parameters ¢ and expectation values T in all directions are the same. This is the case,
e.g., for a hypercubic or a Bethe lattice [91].

As an example, the explicit form of E(T) is derived for the two-site Hubbard model in
appendix B.2. We discuss these results in appendix G.2 where we compare them to those of
the Gutzwiller theory.






Chapter 4

Gutzwiller Wave Functions

We start this chapter with an overview of notations and definitions, which will turn out to
be quite useful for our derivations in the following chapters. In section 4.2, we introduce the
Gutzwiller wave function for the one-band model and prove that this wave function yields
the exact ground state of the two-site Hubbard model (2.22). The general class of Gutzwiller
wave functions, which allow the investigation of multi-band Hubbard models, are introduced
in section 4.3. We close this chapter with an overview of various earlier attempts to evaluate
Gutzwiller wave functions and to generalise them to more complicated systems in section 4.4.

4.1 Notations and Definitions

The general class of multi-band Hubbard models (2.15), which we study in this work contains
a local Hamiltonian of the form

Hoe =Y oronlhby + 3. UTo01G & o i (4.1)
01,02 01,02,03,04

for each lattice site ¢. Note that throughout this work we frequently drop lattice site indices
in formulae for purely local quantities. With the orbital basis |¢) that led to the Hamilto-
nian (2.15), the local one particle term is diagonal, i.e., we have €4, 5, ~ 65, ,4,. For appli-
cations, however, it can be more convenient to work with a more general basis that has non-
diagonal one particle terms. The explicit form of (4.1) is specified in equations (2.20), (2.23)
and (C.3) for orbital numbers N = 1,2, 5, respectively. The general Hamiltonian (4.1) contains
2N spin-orbit states o, which we assume to be ordered in some arbitrary way, c = 1,...,2N.
In order to set up a proper basis of the local Hilbert space, we introduce the following notations
for the 22V possible configurations:

i) An atomic configuration I is characterised by the electron occupation of the orbitals,
Ie{0;(1),...,(2N);(1,2),...,(2,3),... (2N —1,2N);...;(1,...,2N)} , (4.2)

where the elements in each set I = (01,09,...) are ordered, i.e., it is 07 < 09 < ....
The symbol @) in (4.2) means that the site is empty. In general, we interpret the indices
I as sets in the usual mathematical sense. For example, in the atomic configuration
I\I' only those orbitals in I that are not in I’ are occupied. The complement of I is
I =(1,2,...,2N)\I, i.e., in the atomic configuration I all orbitals but those in I are
occupied.

ii) The absolute value |I| of a configuration is the number of elements in it, i.e.,

0] = 0;[(o1)| = 1;[(01,02)| = 2;...;[(1,...,2N)| = 2N . (4.3)
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iii) A state with a specific configuration [ is given as

i1 =CFloy=T]ehloy=éf

oel

0) | (4.4)

U‘I‘ ‘

where the operators éj,- are in ascending order, i.e., it is 01 < 02... < o)7. Products of

annihilation operators, such as
¢r=1]¢ Y. (4.5)
oel
will always be placed in descending order, i.e., with o1 > o2... > oy;;. Note that we

have introduced the operators CA’} and C’I just as convenient abbreviations. They must
not be misinterpreted as fermionic creation or annihilation operators.

iv) The sign function
sign(o, I) = (IUalét|I) (4.6)
is zero if o € I and 1 (—1) if it takes an even (odd) number of anticommutations to shift

the operator é:r, to its proper place in the sequence (4.4) of electron creation operators
for the state |I U o). A useful generalisation of sign(o, I) is

sign(J, I) H sign(o, I) (4.7)
oeJ
v) The operator m; ;» = |I) (I'| describes the transfer between configurations I’ and I. It
can be written as
mrp = C}LCI/ H (1 — fagr) (4.8)
UI,GJ

where J = I UI’. A special case, which derives from (4.8), is the occupation operator

iy = 1) (I =[] [](1—er) - (4.9)

oel o'el

The states |I) form a basis of the atomic Hilbert space. Therefore, the eigenstates |I') of
the atomic Hamiltonian (4.1) can be written as

L) =) Tl (4.10)
I

with coefficients T o which have to be determined by a diagonalisation of the Hamilton matrix

HEY = (1) Hioe | T') . (4.11)

loc

As an analytic example for such a diagonalisation, see the results for the two-orbital model
in section 2.3.2, or the results in reference [92] for the five-orbital model (C.3). In general,
the diagonalisation of the atomic Hamiltonian (4.1) has to be carried out numerically. After
diagonalisation, the atomic Hamiltonian can be written as

Iffloc = ZEme ; (412&)
r

where Ej. are the eigenvalues of ﬁloc and

g = DT = ZTI N AN (4.12b)
I,r

is the projector onto the corresponding eigenstates ]f>
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4.2 Gutzwiller Wave Function for One-Band Hubbard Models

4.2.1 General One-Band Models

In the Hartree-Fock theory, as introduced in section (3.1), one uses a variational wave function
that is a Slater determinant or, in the language of second quantisation, a one-particle product
state

@) =[] 2 10) - (4.13)
ol

As we have already observed in connection with the two-site Hubbard model, such one-particle
wave functions are insufficient for systems with medium to strong Coulomb interaction effects.
In the case of our Hubbard models, it is a particular problem of a Hartree-Fock treatment
that local charge fluctuations can only be suppressed in that approach by a spurious breaking
of symmetries. However, Hartree-Fock wave functions are still a reasonable starting point in
order to set up a more sophisticate variational wave function. This leads to the general class
of ‘Jastrow wave functions’ [93, 94|, which are given as

W) = Py[ W) (4.14)

Here, |Uy) is a one-particle product state, such as (4.13), and Py is a correlation operator,
which can be chosen in various ways in order to minimise the variational ground-state energy.
Such general Jastrow wave functions are of importance for numerical quantum Monte-Carlo
calculations, see, e.g., reference [95].

The ‘Gutzwiller wave function’ (GWF) is a special Jastrow wave function with a particular
choice of the correlation operator Pj. In a series of three publications [96-98], Gutzwiller
introduced and investigated the wave function

|¥6) = P (o) = [T £71%0) (4.15a)

in order to study ferromagnetism in a one-band Hubbard model. Here

Pl=gh=1-(1-g)d (4.15b)

7

is the local ‘Gutzwiller correlation operator’ and the operator

~

dl‘ = fl,i’TTALZ"l (415C)

measures doubly-occupied lattice sites. The variational parameter g, with 0 < g < 1, allows to
optimise the expectation value of local double occupancies that are energetically unfavourable
for a finite Hubbard interaction U > 0. The Ansatz (4.15) allows two opposing limits to be
described correctly, the uncorrelated limit U — 0 (with ¢ = 1) and the atomic limit ¢ — 0
(with ¢ — 0). Note that, in the atomic limit ¢ — 0, the ground state is just a simple collection
of isolated atoms and different from the ground state at U — oo, which, in general, is quite
difficult to determine, cf. section 2.4.2.

The Hilbert space of the local Hamiltonian for the one-band Hubbard model is four-dimen-
sional where a local basis |I) is given by the states |0), |1), ||), and |d) for empty, singly-
occupied and doubly-occupied sites, respectively. By working with the occupation operator
d = |d) (d|, Gutzwiller singled out the state |d). A more symmetric definition of the local
Gutzwiller correlator (4.15b) is given by

P=TIx" =) Ariu (4.16)
1 I
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where the operators m; = |I) (I| are the projectors onto the four atomic eigenstates |I). The
operator (4.16) contains four parameters A; instead of only one parameter g in Gutzwiller’s
definition (4.15).

For general one-particle states |¥(), which, e.g., could show a complicated spatial spin
structure, it is obviously indicated to work with lattice site dependent parameters A;.; or g;.
This leads to our final definition of Gutzwiller wave functions

W) =[] 2 1Wo) = HA’"” Wo) (4.17a)

for the one-band Hubbard model. Note that the local correlation operator can also be written
as

Br=> " Nirmig (4.17D)
I
since the operators m;.; are projectors, i.e., we have
Mg 1M, = O, ;1 - (4.18)

We will start from the definition (4.17) when we generalise the Gutzwiller theory for multi-band
models in section 4.3.

Finally, we address the question whether the two Gutzwiller projectors (4.15b) and (4.16)
define the same spaces of variational wave functions. Obviously, Gutzwiller’s original space
of wave functions, given by the projector (4.15b), is included in the Ansatz (4.16) since one
can simply chose A\; = 1 for all |I) # |d). It requires a more lengthy derivation to show that
the same is true in the opposite direction. In appendix D, we prove that, in fact, all wave
functions (4.17a) can be written in the form of equations (4.15) with lattice-site dependent
variational parameters g;.

4.2.2 Exact Evaluation for the Two-Site Hubbard Model

In general, the true ground state of a single-band Hubbard model cannot be written as
a Gutzwiller wave function. The situation is different, however, for the two-site Hubbard
model (2.22), which we introduced in section 2.3.1. As we will show now, for this model the
Gutzwiller wave function reproduces the exact ground states, in particular, the two-particle
ground state |W_), equation (B.12b). For all particle numbers N # 2, this is a trivial re-
sult, since the eigenstates are Slater determinants. For N = 2, we choose the U = 0 ground
state (3.22),

[Wo) = (12,8,1); = 12,5,1),) (4.19)

1
V2
as the one-particle wave function |Wo) in our Gutzwiller Ansatz |¥q) = Pg |¥g). The states
2,s,1), are defined as

1 4 . 4 oa

2,8,1); = 7 (CLTC;J - CLlC;T) |0) , (4.20a)
1 4 . I

2,8,1)y = 7 (C]LTCJLl +C;TC;L) 10) ; (4.20b)

compare equation (B.10). We work with a Gutzwiller correlation operator

Pg = PgaPaa, (4.21)
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with site-independent local operators
pG;b = /\(Z)Thq) + )\TT?LT + /\lml + AgMmy - (4.22)

The states |2,s, 1), are eigenstates of P,

PG’ZSv 1)1 = )‘T)‘l |2,S,1>1 ’ (423&)
Pol2,8,1)y = MAg[2,8,1), . (4.23b)

By comparison with the exact solution (B.12b), one finds that |¥¢) yields the exact ground
state if we set

A=A =1/V2cos () (4.24a)

A =X =/ V2[sin (¢_)], (4.24D)

where ¢_ is defined in equation (B.12c).

and

4.3 Gutzwiller Wave Functions for Multi-Band Hubbard Mod-
els

It is quite obvious how to generalise the Gutzwiller wave function (4.17a) for the investigation
of the multi-band Hubbard models (2.15). The starting point is again a single-particle product
state |¥g) to which we apply a Jastrow factor that is a product of local correlation operators.
Hence, the multi-orbital Gutzwiller wave function has the form

W) = Pg Vo) = HPZ |To) - (4.25a)

The most general Ansatz for the local correlation operator in (4.25a) is given as

b = Z AisT VT, T (4.25b)
IRy

where we introduced a matrix \; of variational parameters )\i;ri’rg and operators
g, = 0); (1] (4.25¢)
With a general variational-parameter matrix 5\1-, one could choose the states

) =Y Tir, |1 (4.26)
I;

in (4.25¢) as the eigenstates (4.10) of the Hamiltonian (4.1) without any loss of variational
flexibility. However, the atomic eigenstates are not necessarily best suited for numerical ap-
plications of the theory and, therefore, we will derive the variational ground-state energy in
the following chapters for an unspecified basis (4.26). Note that in the following we denote

INES AR (4.27)
I

as the number of particles in the state |I'). The configurations |I), and the states |I'), carry
a spatial index ¢ because, in general, there can be various atoms in our Hamiltonian (2.15).
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However, in order to keep the notation as transparent as possible, we drop this index in the
following.

An alternative definition of the Gutzwiller variational space is given if we work with a
diagonal variational-parameter matrix A;prr and consider the coefficients 77 r as variational
parameters. For practical applications, this definition turns out to be less convenient because
one has to obey additional constraints concerning the normalisation and the orthogonality of
the states (4.26). However, for general considerations, we will occasionally use this alternative
formulation of the Gutzwiller variational space.

For our analytical considerations in the following chapter, and also for later applications,
we have to address the question which of the parameters Ap v = A, v for a site i are assumed
to be finite. In reference [99], we investigated the wave function (4.25a) for Ar = dpr with
states |I') that were the eigenstates of the atomic Hamiltonian (4.1). At first sight, this Ansatz
seems quite natural since it yields the correct atomic limit and the uncorrelated limit of the
Hamiltonian (2.15). For all intermediate values of the hopping and the Coulomb parameters,
however, it turns out that such a restricted Ansatz can be insufficient; see for example the
results for the spin-orbit coupling in iron [100]. For systems without superconductivity, the
Gutzwiller wave function should be an eigenstate of the total particle number operator

N=> g (4.28)
1,0
This requires that N commutes with 15(;, which leads to
> e (0] = [ )rar =0 (4.29)
LI

From equation (4.29), we conclude that Ap s can only be finite for states |T'),|I”) with the
same particle number. In a very similar way, one can show that these states have to belong
to the same representation of the point symmetry group, see appendix E.

For superconducting systems, one usually works with BCS-type one-particle wave functions
|Wo) for which the particle number is not conserved. In this case, the variational-parameter
matrix App also have to be finite for states |I'),|I”) with different particle numbers, see
appendix F.

4.4 Evaluation of Gutzwiller Wave Functions and Earlier At-
tempts for a Generalised Gutzwiller Theory

Despite their simplicity, it is impossible, in general, to evaluate expectation values for the
single-band Gutzwiller wave functions (4.15) or (4.17a). For this reason, Gutzwiller introduced
an approximate evaluation scheme that was based on quasiclassical counting arguments. We
will discuss this approximation, which is usually denoted as the ‘Gutzwiller approximation’, in
section 6.1. Gutzwiller used his approach, in order to investigate the stability of ferromagnetic
order in one-band Hubbard models. He found that ferromagnetism shows up in such models
only under very special circumstances, for example, if there are sharp peaks in the density of
states at the paramagnetic Fermi level. These findings are in stark contrast to the Hartree-Fock
theory, which predicts the stability of ferromagnetic ground states for all one-band Hubbard
models with sufficiently large U parameters.

Whereas the Gutzwiller theory for the one-band model obviously failed to explain ferro-
magnetism in transition metals, it turned out to yield a qualitatively correct description of
the Mott metal-insulator transition [12, 101] at half band filling. This was first shown by



4.4. EARLIER APPROACHES 37

Brinkman and Rice [102] who found that the variational parameter g goes to zero at some
critical value Ug of the Hubbard parameter. Although, strictly speaking, the metallic or in-
sulating behaviour is not a simple ground-state property it is possible to derive a connection
between the Gutzwiller and the Landau-Fermi-liquid theory, see section 7.3. In this context,
one can interpret the behaviour of the Gutzwiller wave function at Uc as a metal to insulator
transition. The insulating Gutzwiller state, however, is just a caricature of a realistic insulator
since all electrons are completely localised and immobile. Furthermore, it has been shown that
such a transition is entirely caused by the Gutzwiller approximation and does not show up if
the Gutzwiller wave function is evaluated exactly on lattices in finite spatial dimensions [103].

The Gutzwiller approximation was formulated for a spatially homogeneous para- or ferro-
magnetic system, see Gutzwiller’s own works [96-98] or the articles by Ogawa or by Vollhardt
[104, 105]. It is not a straightforward task to generalise the approximation to more complicated
situations. For example, the early attempts [104, 106, 107] to work with an antiferromagnetic
one-particle product state |¥p) in (4.15) led to some inconsistent and partly unphysical re-
sults. Similar problems arose when the Gutzwiller theory was applied [108-113] to a periodic
Anderson model [114]. Although, in these works, there was an agreement about the energy
functional that had to be minimised, it remained a controversy about the interpretation of
the results. In particular, it was not clear to what wave function the derived ground-state
properties actually apply.

Vulovic and Abrahams were the first who came up with a consistent analysis [113] of the
problems that arise when one aims to generalise the Gutzwiller approximation for more compli-
cated wave functions or Hamiltonians. They pointed out that, for systems (or wave functions)
with inequivalent spin-orbital states, i.e., in an antiferromagnet, the Gutzwiller correlation
operator changes the orbital occupation and it is not obvious how to cope with this effect in
the Gutzwiller-approximation scheme. Vulovic and Abrahams succeeded in formulating the
Gutzwiller approximation consistently for the periodic Anderson model. Their formulation,
however, could also not be generalised to investigate multi-band Hubbard models.

Chao and Gutzwiller [115-118] tried to generalise the Gutzwiller approximation to investi-
gate a degenerate two-band model. However, they were not able to derive an analytic energy
functional and they also did not find a way to include inter-orbital hopping terms. More recent
attempts to investigate more general multi-band models with the Gutzwiller approximation
also failed to cope with inter-orbital hopping terms in the Hamiltonian [119-121]. Biinemann
and Weber derived a Gutzwiller-approximation scheme that allowed to study general multi-
band models with purely density-density type Coulomb interaction terms (i.e., terms of the
form ~ n,n,/) without any restrictions on the single-particle Hamiltonian [122-124], see sec-
tion 6.1.

A very different way to derive the Gutzwiller ground-state energy functional is based on
the slave-boson mean-field theory. For the one-band model, this approach was first proposed
by Kotliar and Ruckenstein [125]. With the hindsight knowledge of the correct Gutzwiller
energy functional, the slave-boson method always turned out to be flexible enough to provide
an alternative derivation scheme for more complicated systems. We give an introduction into
the slave-boson theory in section 6.2.

Metzner, Gebhard, and Vollhardt were able to evaluate expectation values and correlation
functions exactly for Gutzwiller wave functions in one [126-129] and infinite dimensions [130,
131]. The evaluation in one dimension was later generalised to a ferromagnetic wave function in
reference [132]. Due to the availability of rather powerful numerical and analytical techniques
for one-dimensional systems, however, the Gutzwiller wave function does not provide any
relevant insights into the physics of such systems.

The energy functional in infinite dimensions turned out to be same as the one derived
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with the Gutzwiller approximation. Gebhard introduced a more elegant evaluation scheme
in this limit that allowed to work with arbitrary wave functions |¥() and could be applied
straightforwardly to the periodic Anderson model [133, 133]. In all finite dimensions 1 <
D < o0, one can evaluate expectation values for Gutzwiller wave functions only numerically
by means of variational quantum Monte Carlo simulations; see, e.g., [134-136] and references
therein.

Gutzwiller wave functions for multi-band Hubbard models have been evaluated by Biine-
mann, Gebhard, and Weber in the limit of infinite dimensions for density-density interactions
[137] and for general atomic Hamiltonians [99]. The variational wave functions have later been
generalised [138], in particular, to study superconducting systems. Note that with the phrase
‘Gutzwiller theory’ in this work we always mean the evaluation of Gutzwiller wave functions
in the limit of infinite spatial dimensions or by means of the Gutzwiller approximation.



Chapter 5

Limit of Infinite Spatial Dimensions

In this chapter, we explain in detail how expectation values for the Gutzwiller wave func-
tions (4.25) can be calculated in the limit of infinite spatial dimensions D. We start our con-
siderations in section 5.1 with the derivation of diagrammatic rules in the large-D limit. These
rules are used in section 5.2 where we evaluate all relevant expectation values for Gutzwiller
wave functions. The general structure of the Gutzwiller energy functional and a suitable way
to minimise it are discussed in section 5.3. Finally, in section 5.4, we consider the simplest
conceivable example, a one-band model at half filling, for which the minimisation of the energy
functional can be carried out analytically.

5.1 Fermiology in Infinite Dimensions

5.1.1 Scaling in Infinite Dimensions

A systematic investigation of itinerant lattice models in infinite dimensions began with the
work by Metzner and Vollhardt [130], Brandt and Mielsch [139-141], and Miiller-Hartmann
[142, 143]. More recent reviews on this subject can be found in references [11, 12, 144, 145].

Before we start to evaluate Gutzwiller wave functions in the limit of infinite dimensions, we
have to address the scaling problem that arises in this limit. The contribution of each lattice
site 7 to the single-particle energy

co= tiglel e, (5.1)
7,8

in a single-band Hubbard model should be finite. FEach site i, however, has 2D nearest-

neighbours j;. If we assume constant hopping parameters ¢;; = ¢ and constant hopping
expectation values <éI,s@j¢,s> = P the nearest-neighbour contribution to the single-particle
energy

eg" =2tPD (5.2)

obviously diverges for D — oco. The same divergence is found for the contributions to (5.1)
beyond nearest-neighbour hopping. Therefore, one has to introduce a proper scaling of the
tight-binding parameters t; ; with the spatial dimension D in order to ensure that (5.1) remains
finite.

At first sight, from equation (5.2) one may conclude that the proper scaling (for nearest
neighbours) is ¢;; ~ 1/D. However, this is incorrect because, with a scaling of ¢; ;, the
expectation value P also scales to zero with the spatial dimension D. In fact, it turns out that
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the correct scaling of the hopping matrix ¢; ; for a hyper-cubic lattice with lattice constant
a =1 is given by

t, .
tij = —— . (5.3)
’ \/EW*JH
Here, we introduced the ‘New-York metric’
D
li =l =) |Riy — Ryl (5.4)

where R;; is the [-th component of the lattice site vector R;. Note that the number of
neighbouring sites with distance ||i — j|| is given by

Nlli=ill — pli=ill (5.5)

To motivate the general scaling proposition (5.3), we consider a model with only nearest-
neighbour hopping. In this case, the scaling is given by

where ¢ is a D-independent parameter. Then, the single-particle dispersion in momentum

space has the form
D

\/iz cosky , (5.7)

with wave vectors k = (ki,...,kp) and k; € (—m, 7). For D — oo, the dispersion &g obviously
diverges for certain wave vectors, e.g., for k = (0,0,...). One can show, however, that the
average energy per lattice site ¢ is finite. To this end, we introduce the single-particle density
of states

Dote) = Jim 555

/de 5(e —ex) , (5.8)
which allows us to write gq as
Er
co = / deDy(e) (5.9)
—o0
Here, Er is the Fermi energy, which determines the average particle number

Er
n= /_ deDy(e) (5.10)

per lattice site.
In order to evaluate Dy(e), we follow reference [142] and consider the Fourier transform

Do(r) = \/12? / " Do(e) exp (ire)d (5.11a)

1 1 ™ 21 P
= — lim ——5 dkexp (it cos (k 5.11b
V2 Do (2m)D U_ﬂ p< vap ! )ﬂ (511b)
of (5.11a). We expand the integrand in (5.11b)

72

2t 2t t
exp | it cos(k) | ~1+ir cos (k) — 7> — cos?® (k 5.12
p (i eos () = 1472 cos () = 72 o (1) 512
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to leading order in 1/v/D. The second term (~ f) vanishes in (5.11b). Therefore, with the
representation

exp () = lim <1 + %)n (5.13)

n—oo

of the exponential function, we find

1 1 T D
D - li (2 _pr 2) 5.14
0(7) 57 Dose (2mP \7T TV D7 (5.142)

1 72,2
= mexp (;) . (5.14b)

Finally, the inverse Fourier transform of (5.14b) yields the Gaussian density of states

1 2
Dy(e) = oz exp (—;) : (5.15)

Note that the same result can be derived with the central limit theorem, see, e.g., reference
[130]. The scaling for more general tight-binding matrices beyond nearest-neighbour hopping
is studied in reference [142].

Now, after having shown that the scaling (5.3) yields a finite energy per lattice site, we
can conclude that the expectation values in (5.1) scale as

1
AT A ~
(¢i.56js) @Hiﬂ'll ; (5.16)

such that the single-particle energy per site is finite,

o= tij{e},e,) <o (5.17)
7,8

In the following section, we discuss the implications of the scaling (5.16) for the evaluation of
many-particle expectation values.

5.1.2 Evaluation of Expectation Values

The evaluation of Gutzwiller wave functions, which we will discuss in section 5.2, leads to
expectation values

> (01,0, ... 05w, (5.18)

of many-particle operators with respect to a single-particle product wave functions |¥¢). Here,
we introduced local operators

Oy =Cl 1,.Ci (5.19)

where CA‘ZTI and C; 1 are defined in equations (4.4) and (4.5).

To evaluate the expectation value in (5.18), we use Wicks’s theorem, see appendix A. Note
that we can readily bring the operators in (5.18) into the form of equation (A.2) since fermionic
operators with different site indices i; anticommute. All contributions to the expectation value
in (5.18), which follow from the application of Wick’s theorem, can be visualised by diagrams.
These have to be drawn, following the diagrammatic rules:

i) Draw n points, which represent the lattice sites i1, ..., i, in (5.18).
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I I

() o1or) 02009 0304) 04(09)
(oF} (o)) 03 Oy
(I oo 030, 0304)

Ox(0) 0102 04(03) 04(03)

(1)

Figure 5.1: Diagrams resulting from the
evaluation of (5.21).

ii) For each site 4;, draw |I;| outgoing and |I]| ingoing lines where the lines are carrying
indices o € I; and o’ € I}, respectively.

iii) Find all Nq topologically different ways to connect each outgoing line to an ingoing line.

iv) The contribution DI , (with m =1,..., Ng) of a diagram is given by the product of
all lines, where a line represents the expectation value

/
1,0, ~
Pl _<CT

A R
IR 11,07 Zl/,O'l/, T

(5.20)

To formulate rules for the correct sign of a diagram, is more difficult. As we will show in
the following section, however, for our evaluation in the large D limit, the signs of the
diagrams are irrelevant and we can leave this question aside.

As an example, we show all diagrams that result from the evaluation of
AT 2 N AP
<(Ci101 Cir02Ci1 09 ci101> (%og Ciz04Cizoy Ci20'3) >% (5.21)

in figure 5.1. Note that the brackets in figure 5.1, for example o1 (02), that belong to different
lattice sites are unrelated. For example, there are four different diagrams in the first group
(I), which, explicitly, are given by an expansion of
(1_4) _ ; ) ) ) ) ) ) )
DL = (PENT PR = PR ) (PRSP - PRI ) - (522)
Similarly, both the group (II) and (III) contains four different diagrams.
The diagrams (I)-(III) have a different scaling behaviour both with respect to the number
of lattice site L and the spatial dimension D. We first consider the scaling behaviour with
respect to L. As an example, the evaluation of the sum in (5.18) for the first diagram in group

(I) leads to
S o= (S ) (Srse) 529
11,12 1 i

i.e., the lattice sums factorise in this case. Since each of the ‘local’ lines P’'?* is of the order

01,01
unity, the two sums in (5.23) lead to a contribution of order L?. In contrast, if we assume
translational invariance, i.e.,

Po =P (Vi) (5.24)
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) s

iy iy iy Iy
Figure 5.2: Examples for diagrams that, in infinite dimensions, are finite (I)/(II), or that
vanish (III). For simplicity, arrows and orbital indices are dropped here.

we find
Z P01 po2,03 pO3,02 pO4,04 _ PDO1,01 PO4,04 Z PI2:93 po3;02 (5'25)

11,01 11,22 12,01 12,12 11,22 12,11
11,82 11,52

for one of the diagrams in group (II). The evaluation of the sum on the r.h.s. of equation (5.25)
yields
DSURTETPET = 30 luge(k)Plus e ()P (5.20)

11,12 k,y(occ.)

where the coefficient u, ,(k) defines the creation operators
= Ry (k)el, (5.27)
\/Z 1,0 ,

which set up the single-particle product state |¥g). Obviously, (5.26) is of order L and so is
the diagram (5.25).

The diagrams in our approach result from the evaluation of expectation values, which,
physically, have to be of order L. Therefore, all diagrams of order L™, with m > 2, cannot
contribute. For example, the diagrams (I) in figure 5.1 must somehow cancel out. As a matter
of fact, a scaling ~ L™ with m > 2 is found for all diagrams that are not totally connected;
for a proof of this general statement see, e.g., reference [3]. In our context, the discard of all
disconnected diagrams is a result of the linked-cluster theorem, see section 5.2.2.

The connected diagrams (II) and (III) scale differently with respect to the spatial dimen-
sion D. Since the local lines (5.24) are of order unity with respect to D, the diagrams (II) in
figure 5.1 scale like

1
0'270'3 03,02 0'270'3 03,02
Z Pil,iz 12,51 LZ 11,52 Plz i LZ Dllii—izl| ~L, (5.28)
11,02 i2

e., they are of order unity with respect to D. In contrast, the diagrams (III) with four
fermionic lines scale at least like 1/D and, therefore, they vanish for D — oco. The general
topological rule behind these considerations is:

A diagram of order L vanishes in the limit of infinite spatial dimensions if (at least) one
pair of sites is connected by three (or more) different paths.

For example, the diagrams (I) and (II) in figure 5.1.2 are finite, while the diagram (III) vanishes
since, here, the sites i1 and i are connected by three different paths. Note that in our context
two paths are denoted as ‘different’ if they do not share a single part. For example, the two
paths i5 — i3 — i1 and i5 — iy — i3 — i1 in diagram (II), figure 5.1.2, are not different
according to this definition because they share the part i3 — 7.
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5.1.3 Simplifications in Momentum Space

The diagrammatic rules in infinite dimensions, which we formulated in real space in sec-
tion 5.1.2, have consequences for the evaluation of expectation values in momentum space.
We start our considerations with the momentum distribution

s = (Pes) g, LZGE Rkl &5 . (5.29)

for a single-band Hubbard model. This momentum distribution is of order unity. However,
the r.h.s. of equation (5.29) seems to diverge in the limit of infinite dimensions because

ARG = R L g

~
N\/ﬁl\l—JH_}OO

Obviously, for a consistent evaluation of expectation values in the limit of infinite dimensions,
we have to add the following rule:

An exponential function e!Fi—Fi)k geales like 1/\/@\“ JH

This additional scaling rule has consequences for the evaluation of expectation values in mo-
mentum space. For example, we find

L 1 i(Ri—Rj)k i(Ri—Rm)(k+q) /st~ AT &
(ks . )y = T3 S B RRG Rkt (6 ool o ) (5.31a)
i7j7l?m
for g # 0, where the expectation value in the sum is given by
(@ 48580 slmos)uy = Pry P = Pim Pl (5.31b)

The two terms in (5.31a), arising from (5.31b), are displayed diagrammatically in the upper
part of figure 5.3. The solid lines represent, as before, the expectation values Pf]s The
exponential functions in (5.31a) are represented by dashed lines. Note that both diagrams are
disconnected with respect to the solid lines. For this reason, they are not of order L, unlike
connected diagrams, and the diagrammatic rule, formulated in section 5.1.2, cannot be applied
here directly. The easiest way to analyse the D — oo scaling of such unconnected diagrams
is to add a particle (solid) line that links the two disconnected parts of the diagram. This
diagrammatic procedure corresponds to a fixing of two sites in the sum (5.31a) and to analyse
the large-D scaling of the remaining two sums. To the new (connected) diagrams in figure 5.3
we can apply the diagrammatic rule of the previous section. As a result we find that the
diagram (I) is finite, while the diagram (II) vanishes because the sites i and [ are connected
by three different paths.

Since the second diagram vanishes in infinite dimensions, we find a factorisation of the
expectation value in (5.31a),

n N 1 1 i(R;— S,8
(MksTktqs)y, = (LZ i(Ri—Ry)k P7]><LZ€(RZ Rm“’”‘ﬂpl,;n) (5.32a)

i:] l,m

= <ﬁk,s>\p0 <ﬁk+q,s>\p0 : (5-32b)

This result can be generalised to arbitrary products of occupation operators in momentum
space. It is the foundation of the ‘Random-Dispersion Approximation’, see references [12, 22,
146, 147].
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Figure 5.3: Diagrams arising from the evaluation of equation (5.29), see text.

5.2 Evaluation of Gutzwiller Wave Functions

In this section, we evaluate expectation values for the Gutzwiller wave function

We) = P |Wo) = [[ 2 (W) (5.33)
i
with
P = Z Ai,0, [/ 1. T (5.34)
I

in the limit of infinite spatial dimensions. We will confine our considerations to systems without
superconductivity. Although, technically, the treatment of wave functions with superconduct-
ing pairing does not differ from those without, the notations and results are more complicated.
In order to keep the derivation here as simple as possible, we refer the reader to appendix F
where the main results for systems with superconductivity are summarised.
The uncorrelated local density matrix C’ZO with the elements
Cyor = (& 48, o) (5.35)

1,0 1,0’

is not diagonal, in general. For a given wave function |Wy), however, one can always find a
local basis
hl = uimetl, . (5.36)
o

for which the corresponding density matrix fI? with the elements

0 it 0
HY, o= (hl by Ywy = 6y ml, (5.37)
is diagonal. In order to determine the variational ground-state energy, it is most convenient
to work with such a local basis because, as we will see below, all expectation values have a
much simpler form. Unfortunately, in order to formulate a time dependent Gutzwiller theory
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in section 8.3, we need the energy functional for a general orbital basis |o). Therefore, we
work with such a basis in our derivation here. In addition, we give the particular form of
all essential formulae also for the basis |y) with a diagonal local density matrix. To clearly
distinguish equations for the two different basis sets, we denote the configurations states (Slater
determinants) defined for the operators (5.36) as |H) instead of |I).

We aim to evaluate expectation values of operators O; and Oz] =¢
the wave function (5.33),

i0Cjor with respect to

A (ol Lz PP | PO, W)
Oa = . , (5.380)
(ol T, P P o)

A (Wl Ly PlPr] PIEIOLP, P, 110)
(Oij)a = 7 . (5.38Db)
(Wol [T,y Pm P | Wo)
In the following, lattice site indices in formulae for local quantities will be generally dropped.

The product 15j]5Z of a local Gutzwiller correlation operators can be reduced to

Pip= ZX11,12|11)(12| ; (5.39a)
11,15
where _
)\117]2 = Z Tll,FlT;;,Fg Z)\;S,Fl)\rg,l—b 9 (539b)
'y,To I's

and the coefficients Ty have been introduced in equation (4.26). We evaluate (O;)q and
<Oi,j>G by means of the diagrammatic technique that was introduced in the previous section.
In such an approach, the sites m # 4,j in (5.38) will play the role of inner vertices. Before
we start with the investigation of the expectation values (5.38), we first introduce a technique
in the following section that will later enable us to get rid of all diagrams that contain inner

vertices.

5.2.1 Local Constraints

First, we eliminate all local contributions at the inner vertices that arise after the application
of Wick’s theorem to the expectation values in (5.38). This leads to a number of constraints
for the variational parameters A, rv.

We expand 15;151- in terms of new local operators,

AL A ., ~1HF
PP = x@,@—i—{PTP} (5.40a)
LR DI (= TR A= (5.40b)
(120)

with operators C’JI and C’Z ; as defined in (4.4) and (4.5) and expansion coefficients x;.p, 1.
Here, the Hartree-Fock operator for an even number n > 4 of fermionic operators is defined
recursively,

[a1...6,]"" = (a1...an)yg, (5.41a)

+ Z/ (—=1)f(d) (H &ze> _ [H dze] <H d(}—w>
(=1 (=1 (=1 Uy

{71571 }=0
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with

f{mh =) (13 - ;) Ve - (5.41b)

The prime in (5.41a) indicates that
n
2<) y<n-2 (5.41c)
(=1

is even. As the starting point of the recursive formula (5.41), we define

[a162)"™" = (a1a2)w, (5.41d)

for n = 2 fermionic operators. By construction, the operators

A-I- A A.I. A HF
CiJl CiJQ B |:Ci;I1 Ci;12:| (542)
in the expansion (5.40) generate diagrams with exactly |I;| = |I2| non-local lines that en-

ter (and leave) the lattice site i. All diagrams with trivial local Hartree-Fock bubbles are
automatically excluded.

As an example for this procedure, we consider the square of the local correlation operator
for the single-band Hubbard model, cf. equation (4.16),

PP = P?=N\png+ Y A+ Njrng (5.43a)
= (Afl —> AT+ A%) clele e, +3 (A2 = A)ele, + A7 (5.43b)

For the expansion (5.40) of

~ HF HF
P2 =2y + 2a4 <CMCLCT - [cmclcd > +3 s <cTc - [cfc} > , (5.44a)

S

we need the Hartree-Fock operators,

HF
delee ] = Ydedeedy, — @e)y @)y, - (5.44b)
S
HF
[cfc} = (éley)y, - (5.44¢)

A comparison of equations (5.43b) and (5.44) yields the relations

Moo= w00 — Y wes(Eles)y, T raalele)y, (€6 g, (545)
S
MmN = wes — zaa(éles)y, (5.45b)
N — Z N+ = Tda, (5.45¢)
S

which, in principle, can be used to determine the coefficients x ; as a function of the parameters
Ar,1, or vice versa. In the following, we will carry out the expansion (5.40) in a way that avoids
to work with the expansion coefficients .
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For our diagrammatic evaluation, we demand that there is only a contribution from inner
vertices with at least two leaving and/or entering lines. This is ensured if

Tigp = 1, (5.46a)
Ting, = 0 for [L]=|l|=1, (5.46b)

and for all lattice sites i. We can fulfill these conditions by restricting the variational pa-
rameters A;p /. Using the expansion (5.40) together with (5.46b) one readily finds that the
constraint equations

1 = (P[P )y,, (5.47a)

(@ e ohwe = (@l,e; PP Yy (5.47b)

1,0
must be fulfilled. This follows from the fact that, apart from the trivial term ;.9 9 = 1in (5.40),
at least four lines meet at every vertex; a contraction with the two ‘external’ fermionic operators
é;r » and éi7 o i (5.47b) leaves at least one uncontracted pair whose local contraction, however,
vanishes by construction. Note that the same argument applies if we move the operator PJJE’Z
relative to é;a and ¢; , in (5.47). Hence, there are three different ways to formulate the
group of equations (5.47), which all yield the same physical constraints for the variational
parameters A\, rv.
Explicitly, equations (5.47) have the form

1= > Mpm g, (5.484)
I,I

(e, ey = > (hlebe, 1) A md, p, | (5.48b)
In,1I2,13

where we introduced the expectation value

miy = (L) (B]))y, » (5.49)

which can be evaluated by means of equation (A.10), appendix A.
For the orbital basis |y) with a diagonal density matrix (5.37), the constraints (5.48) read

1 = Y Agmiyg (5.50a)
H
Oy = > Amym, (Halhh [Hy)y/mQ mY, (5.50b)
Hy,Ho
where we used that
mOH’H/ = 5H’H/m%7H = mOH s (551)
and
((hbh | Hi)(Hal))y = (Halhlh.,|Hi)m, (5.52a)

0

1—n2) A
2l gl T /'m0, mO
m<ﬂ2|h7h7/ ’H1> mHlmHQ . (552b)

Note that the left square root in (5.52b) does not appear in (5.50b) since it is either unity for
v =+, or it can be cancelled for v # ~'. For the one-band model, the constraints (5.50) have
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the form
1 = Am{+ Z AZmd + AJmY | (5.53a)
nd = A2md+ )\2 (5.53b)

if we assume a diagonal density matrix C° and work with the correlation operator (4.16).

Here, the uncorrelated expectation values m? are given by

my = n?n? , (5.54a)
m? = nl(1-n2), (5.54b)
my = (1—n?)(1—n)) (5.54¢)
with
nd = (i) y, - (5.55)

Note that the non-diagonal constraints are automatically fulfilled for the correlation opera-
tor (4.16) since it leads to A7 ~ d7 7. This, however, also shows that the Ansatz (4.16) is

insufficient for wave functions with non-diagonal elements <c;r sCis)we 7# 0 of the local density

matrix. To cope with such wave functions, one has to work with the correlation operator

P =Xging+ > Aatng + Agring + (Mg, 1) (L] + hec.) (5.56)
S

which generalises (4.16). A similar generalisation is needed to study systems with supercon-
ductivity, see equation (F.7).
5.2.2 Diagrammatic Simplifications

With the help of equations (5.40) and (5.46a), we expand the product over the squares of local
Gutzwiller correlation operators in (5.38) in the form

I1 22 —1+Z {Pﬂ +% Y [P;I}HF 22,

mi[j] m1,m2

HF
} Yo (5.57)

where the prime on the sums indicates that all lattice sites are different from each other and
from ¢ [and j]. When Wick’s theorem is applied to the numerators in (5.38) we can work with
the new lines

K% = (e o) w0 = Onm (@ 08, ), (5.58)

n,o-m,o n,o “n,o

instead of Pﬁ;ﬁ; in our diagrammatic expansion. This is possible since, in those cases where
Fermi operators on the same site are contracted, the contribution vanishes by construction of
the Hartree-Fock operators [P%]HF

The application of Wick’s theorem thus gives a result that we would have obtained by

working with Grafmann operators ¢ instead of Fermion operators in the definition of the

expectation values; all operators ¢ anti-commute with each other
[ézg,cﬂ é?,a’].q_ =0 ’ (559)

so that local contractions always vanish,

(&5 1)y, =0 (5.60)
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The use of Graimann operators instead of Fermi operators also shows that we may now drop
the restrictions on the lattice sums because all contributions with two lattice sites put equal
vanish due to the anti-commutation relation between the corresponding Grafimann operators.
In this way, we have generated a diagrammatic theory in which lines between two vertices n
and m are given by the one-particle density matrices Kgfé defined in (5.58), and @y,.1, 1, gives
the strength of a vertex (m; Iy, I2) with |I;| = |I2] ingoing and outgoing lines.

Now we are in the position to apply the ‘linked-cluster theorem’, see, e.g., reference [3], so
that all disconnected diagrams in the numerators in equations (5.38) cancel the corresponding
denominator. Then, the calculation of the expectation values (5.38a) and (5.38b) is reduced
to the sum over all connected diagrams according to the Feynman rules with lines and vertices
as defined above.

By construction, at least four lines meet at every inner vertex. For the operators O; and
Oij in (5.38) that we investigate in this section, it follows that two inner vertices are always
connected by at least three independent paths of lines. Therefore, the contribution of all
diagrams with inner vertices vanishes at least proportional to 1/v/D in the limit of infinite
dimensions. Thus, not a single diagram needs to be calculated in infinite dimensions, i.e., we
arrive at the result

Oi)wg = <‘I’0|15iTOi15i|‘Po>7 (5.61a)
(Oijywe = (Wo|PIPO;;P; P;| W) (5.61b)

in D = oo dimensions. Note that the arguments that led to equation (5.61b) do not apply
to all types of two-site operators O;;. For example, the evaluation of O;; = n; .7, leads to
an infinite number of diagrams that contribute even in the limit of infinite spatial dimensions.
Equation (5.61b) does, however, apply to hopping operators OU = cj gcj ,- For them, the
result (5.61b) can be even further simplified because in D = oo d1mens10ns there is only a

single line connecting the two external vertices ¢ and j, see below.

5.2.3 Local Energy

For a general atomic basis |I'), the local Hamiltonian (4.1) has the form

Hioe = Y EPf|T)(I] (5.62)
rr
with
Erfy = (T Hge|T") . (5.63)
Since, for this operator, we find
PTHiocP = Y Ay Ar,r, B, T1)(Tal (5.64)
I'1..Ty

equation (5.61a) yields the expectation value

s o * loc 0
Eloc = <Hloc>\IfG - Z )\FQ,FI)‘F3,F4EF2,F3mF1,F4 ) (565)
I'1..T'a

where we introduced the uncorrelated expectation value

m%hr‘l = < (‘F1><F4’ Z Tfl F1T14 F4 Il 14 ? (566)
In,14
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and m(l)h 1, is calculated in equation (A.10).
For the special case that the states |I') are the eigenstates of the local Hamiltonian and
the variational-parameter matrix is diagonal, i.e., with

Eft = drrEr, (5.67a)
Arpr = OrpAr, (5.67b)

the expectation value of f[loc is given by
<}AI10C>\IJG — Z EF<mF>\IJG ) (567C)
r

<’fhp>qu = )\%‘<mr>\110. (5.67d)

For example, the expectation values of the projectors onto the four atomic states in a single-
band Hubbard model are

mg = (Mg)w, = )\gn?n? , (5.68a)
ms = (Mg)wg = An(1—ng), (5.68b)
my = (mp)wg = Nj(1 —n?)(1 —nl), (5.68¢)

if we assume a diagonal density matrix C* and work with the correlation operator (4.16). Note
that with these finding we can write the constraints (5.53) in the form

1 = mg+ Z ms + my , (5.69a)
S

nd = mg+ms=ns, (5.69b)

i.e., the constraints simply ensure that the orbital densities are the same in the Gutzwiller
wave function |¥g) and in the corresponding single-particle product state |¥p). For multi-
band models, such an identity of correlated and uncorrelated densities is not guaranteed, in
general, as we will show in the following section 5.2.4.

5.2.4 Local Density Matrix

The single-particle wave function |EI’0> enters all local expectation values solely through the
uncorrelated local density matrix C?, cf. equation (5.35). The occupation of local orbitals,
however, is determined by the correlated local density matrix

Coor = (E1¢ Vug = (PYele P )y, , (5.70)

which, in general, is not identical to C? ,. Instead, equation (5.61a) yields

Coor = > NunApplléhé, [Isymy, 1, (5.71)
In,....14
with
)\117[2 = Z Tll,FlT]*Q,FQ)\Fl,FQ . (572)
IEHD

A comparison with equation (5.48b) reveals that we have C, ,» = C?_, only if

0,0

Y (heSe ) A, = Y (alébe, [N, 1 A, - (5.73)
I3 13,14
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Even in the case that C, o # C’g ,» the total number of particles per site is still conserved,

i.e., we find
Y Cop=>0CY,. (5.74)

This identity follows from the fact that the local number operator

N = Zéj, ¢, (5.75)

commutes with the local correlation operator P. Therefore, we find
(PTNP Vg, = (PTP N)y, , (5.76)

where the two sides of this equation yield the correlated and the uncorrelated particle number,
see equations (5.47b) and (5.70).

5.2.5 Hopping Expectation Values

Finally, we consider the correlated expectation value

P(?]l,a? = <éj O’1éj 0'2>\I/G (577&)
((Plel, P)(Ple; 1, P)) g (5.77b)

for a hopping operator. Note that the equation (5.77b) follows from (5.61b). In order to eval-
uate (5.77b), we apply again Wick’s theorem. Here, we must keep in mind that eventually we
alm at an evaluation of the single—particle Hamiltonian in (2.15) where each hopping operator

is multiplied with a hopping amplitude t . Due to the scaling (5.6) of those amplitudes, the
only finite contributions from the expectatlon value (5.77b) contain a single line connecting
the two sites ¢ and j. This leads to the expression

<éj o1 A] 02>\1/G Z 4oy (QO'2> éia/l éj,o‘é >‘I/0 s (578)

01,0'2

in which, to simplify the notation, we dropped the lattice site index of the ‘renormalisation
matrix’ qg/. In order to determine this matrix, we have to evaluate the expectation value

(PP wy = D MurArar, (T2léh|Ts) (5.79)
Iy,....I4

<3 T Tir, (1) (L)) -,
I, 1y

for the a creation operator at site ¢ by means of Wick’s theorem. The remaining expectation
value in the second line of equation (5.79) leads to a sum over all possibilities to take a creation
operator éj o, out of [I1) (I4], see equation (4.8), which then generates a line together with an

annihilation operator on site j. This procedure eventually yields the result

Z )\FQ Fl )\F3 F4 <F2|C |F3 Z Tfl F1T14,F4H11,I4 Y (580&)
Ty, 7F4 11,14

which, by using equation (5.72), can also be written as

Z )\;2711>\13,I4 <12’é<T7|I3>H?1,I4 . (580b)
I1,...,14
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In equations (5.80), we introduced the expectation value H}’; 1,» Which contains three different
contributions, depending on whether the index ¢’ is an element of Iy N Iy, I1\([; N I4), or
J=(1,...,N)\(I1 U Iy). With the abbreviation f, = <I|é:r,ég|l>, we can write H}’;Ll as

Hf g = (U= fon)alég s Ua'ymy, 100 (5.81)
~ 0; /
N el 1) (fortml oy + (= Forr)m§ T 1) -

! . .
Here, the expectation value m%7 | has the same form as the corresponding one in equa-
’ Ii\o’,I4

tion (A.10), except that the index J is replaced by J\o'.
For the basis |y) with the diagonal local density matrix (5.37), we find

/ 1 ~
Hip, o, = nT)/<( |[Hi) (Hal h'y/)>\110 (5.82)
Y

for the expectation value (5.81) and, accordingly, the renormalisation matrix has the form

/ 1 * 7 7
q:;l = 77,0, Z )\FQ,FI)\FS,F4 <F2|hTY|F3><(|F1><F4‘h’yl)>\p0 ’ (583)
Y Iy

Note that from this expression, one can readily derive the compact formula

4 =3 (PThYPh.,)w, (5.84)
,.y/

for the renormalisation matrix, which, however, is valid only for the orbital basis |).
As an example, we consider the one-band Hubbard model with the correlation opera-
tor (4.16) and a diagonal density matrix. From equation (5.84) we find that ¢5 =, 4¢ with

1
;= —5 (oAl + Aadsmy) (5.85a)
1
= m (v/mgms + /mams) (5.85b)

where, in the second line, we used equations (5.68).

5.3 Energy Functional in Infinite Dimensions

We now summarise the results of this chapter and discuss the general structure of our min-
imisation problem. In infinite dimensions, the expectation value

Eg = (Hu)wg (5.86)

of the Hubbard Hamiltonian (2.15) with respect to the Gutzwiller wave function (4.25) is given
by

o ({3 ACTY [W0)) = Bo({A}ACTY [W0)) + 3 Fioe (s, CF) (5.87)

where

Bloc (N, C?) = ZEz‘;loc(S\i, c?) (5.88)
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is the sum of all local energies (5.65) and

Eo((AHACL 1w =3 > v agt (432) (@i, (5.89)

i#] o1 70'1 :0'27Ué

is the single-particle energy functional that derives from the expectation value (5.78) of hopping
operators. Note that the functional (5.89) can also be written in the form

Eo({\i}, [W0)) Zzt &l e oo (5.90)

i#j o,0!

where we introduced the effective hopping parameters

717 = 37 gonozgt (q@)* . (5.91)

01,02

Both properties, the renormalisation matrix qg/, equation (5.80b), and the local energy func-
tional Eloc(j\ia C’? ) are functions of the variational parameter matrices 5\1 and the uncorrelated
density matrices C’,? on all lattice sites i.

We have to minimise the variational ground-state energy (5.87) with respect to all param-
eters {5\1} and the one-particle states |¥p), whereby the constraints (5.48) have to be obeyed.
The latter may be achieved by fixing the parameters A\, for |T'|, |I'| < 1, which are then
functions of C? and of the remaining independent parameters )‘;;FI/ with |T], [I’| > 1. Such an
explicit solution of the constraints yields an energy functional of the form (5.87)-(5.90) with
the argument {);} replaced by {Al}. Note that this way to obey the constraints is only useful
for our formal considerations in this section. In numerical applications, we employ different
strategies, see appendix H.

The one-particle states |[¥) enter the energy functional indirectly through the local density
matrix C’,LQ, equation (5.35), and explicitly in the expectation value of hopping operators,
equation (5.90). To carry out an unconstrained minimisation with respect to |¥(), we introduce
the matrix 7; of Lagrange multipliers 7., ,/, which ensure that equation (5.35) is fulfilled. The
particle numbers in [Uq) and |¥() are the same, see equation (5.74). In order to fix the average
number of particles

N=> e e s (5.92)

and to ensure the normalisation of |¥), we use Lagrange multipliers Er and EST, respectively.
Then, the variational ground-state energy EJ* is given by

Eg*= _ Minimum Ec({N3,{CPY i} [Wo), Er, B°T) (5.93)
{X}{C0}.{71:}.Wo) , Ep, ESP
with
E.(..) Ec({\},{C}, %)) Z Moot (Colg.or <\1/0|cw i 0| 90))
+Ep (N = > (wolel, w\%)) — BSP((Wo| W) — 1) . (5.94)

1,0

Note that, strictly speaking, one has to find a stationary point and not a minimum of E.(...)
in equation (5.93).
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The minimisation with respect to |¥o) can now be carried out explicitly and leads to the
effective one-particle Schrodinger equation

| wo) = EST ({N}, {CP}, {7:}) [@o) | (5.95)

with the effective single-particle Hamiltonian

Hgﬁ = Zztaa AIUA]U Z(nzoa’ + 5UUIEF) zG za : (596)

i#j o0 i

For translationally invariant systems, the effective Hamiltonian (5.96) in momentum space has
the form

At =% ( >y Z,ak 5.6 — Mool — 6070/EF> éLVUékJ, : (5.97)
k0,0’ 5,67
where
Qz5 = qg (a3)", (5.98a)
Ekioo’ = Z 170 k(R Ry (5.98b)
Z#J

and the operators cgc) have been defined in equation (2.17b). The Hamiltonian (5.97) can be
readily diagonalised

H§™ = " (Bgny — Be)h)_hy ., (5.99)
k~y

by a proper unitary transformation

Iy =Y uyo(k)eL, (5.100)
such that the eigenvalues Ej, , of flgﬁ and the band-energy matrix (5.98b) are related through
Z <ZQU T ki 5 — ,ol>uw(k)u§,g,(k). (5.101)

We assume that the wave function |¥() is the ground state

o) = [[ k.10 (5.102)
k,y
(Ek:,'ySEF)
of the effective single-particle Hamiltonian (5.99). This assumption is motivated by the corre-
sponding result in the Hartree-Fock theory, see reference [31]. So far, however, it has not been

formally proven in the context of the Gutzwiller theory. In this way, [¥o) becomes a function
of {Al},{C?}, {#;}, and, in principle, the remaining task is to find the minimum

Ey™ =  Minimum  E.({\}}, {C?}, {i:}, Er) (5.103)
{NYAC} A7} Br

of the function

Ee(...) = B ({1 ACY {i}) + Bioc (N1 ACPY) + D Moo Clpor + BeN . (5.104)

l(J’O’
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Note that the minimisation of (5.104) with respect to 7., ,» and Ep just recaptures the physical
definition of the density matrix, equation (5.35), and fixes the particle number, equation (5.92).
The minimisation of E. in this straightforward way requires rather time-consuming cal-
culations of expectation values in |¥() for every single variation of our parameters. Such a
strategy is therefore prohibitive, in particular due to the large number of variational parameters
{5\1} Therefore, one needs more sophisticated numerical strategies when our general theory is
applied to realistic model system. Such strategies are discussed in detail in appendix H.

So far, the effective single-particle Hamiltonian (5.96) is just an auxiliary object, which
is needed for the determination of the variational ground state. However, as we will explain
in section 7.3, the eigenvalues K}, of that Hamiltonian can be interpreted as quasi-particle
energies within a Landau Fermi-liquid theory and, therefore, they are of great importance for
the interpretation of experiments.

5.4 Example: Single-Band Hubbard Model

In the previous sections of this chapter, we have already evaluated all general results for the
special case of a single-band Hubbard model. Therefore, we can readily summarise them as
follows: The variational ground-state energy of the single-band Hubbard model (2.20) is given
by

EIB - HlB ZZ qs ,] zs j 5>\IJO + ULmd ) (5105)

where ¢ is defined in equation (5.85b). Equations (5.69) allow us to write the occupation
expectation values

my = 1= ndtmg, (5.106a)

ms = nd—my (5.106b)

as a function of the only remaining variational parameter, my. Note that in equations (5.105)
and (5.106) we assumed a diagonal local density matrix with respect to our single-particle
wave function |¥y).

Starting from the energy functional (5.105) we now discuss the Brinkman-Rice metal-
insulator transition at half filling and we evaluate the Gutzwiller energy functional for the
two-site Hubbard model (2.22). In both cases, the minimisation of the energy functional (5.105)
can be carried out analytically.

5.4.1 The Brinkman-Rice Transition

As first shown by Brinkman and Rice [102], the Gutzwiller theory for the single-band model
at half band filling contains a metal-insulator transition. For n = 1/2 and a translationally
invariant ground state without spin order, the variational ground-state energy (5.105) is given
by

Eig = 16(1 — de)mdéo +Umyg , (5.107)
where
go_ztd zs ]s ‘I’O L Z (5108)
(€k<EF)

and ey, is the Fourier transform of tiyj. The minimisation of the energy (5.107) with respect to

1 U
=—|1—-— 5.109
ma= (1= ) (5109

my leads to
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and

U \2

wr=a=1-(p-) . (5.110)
Usr

where we introduced the critical interaction strength Upr = 16|e9|. When U approaches Upr

from below, the average number of doubly-occupied lattice sites and the renormalisation factor

q both go to zero. As will be shown in chapter 7, the square ¢? of the renormalisation factor

is related to the effective mass m* of quasi-particle excitations, m* ~ 1/¢?. Therefore, one

interprets the result (5.110) as a metal-to-insulator transition.

At values U > Upg, the Gutzwiller theory depicts a collection of isolated and singly-
occupied sites, which is certainly not a satisfactory description of a Mott insulator. In addition,
it has been shown for the single-band model that the Brinkman—Rice transition at finite
interaction strength is the consequence of the large-D limit, i.e., it is not contained in the
wave function for any finite dimension [103]. Hence, statements on metal-insulator transitions
based on our variational description must be taken with care.

5.4.2 Two-Site Hubbard Model

An approximation that becomes exact in the limit of infinite spatial dimensions is certainly
not the method of choice for the investigation of a one-dimensional system, such as the two-site
model (2.22). Therefore, the results in this section should be seen as a benchmark test on how
the Gutzwiller theory copes with a model system for which it is actually most inappropriate.
We focus again on the half-filled case. Without antiferromagnetic order, i.e., when we work
with the one-particle wave function (4.19), the approximate energy functional for the two-site

Hubbard model reads
Eqg(d) = —2tq(d) + 2Ud (5.111)

where

g(d) = 8d(1 — 2d) . (5.112)

As in the previous section, the minimisation of (5.111) leads to a Brinkman-Rice transition at
a critical interaction strength Upgr = 8t where the double occupancy,

1 U
d=dpr=-(1—-— 5.113
b = ( St) , (5.113)
and the ground-state energy
Ec(dpr) = 2t+g U—2 (5.114)
GRS 2 32t ‘

vanish. This result is already an improvement over the Hartree-Fock theory, equation (3.25),
however, it still does not yield the correct second-order contribution, which is ~ 1/(16t), as
can be seen from the exact ground-state energy

Egract — % (U — U+ 16t2) , (5.115)
equation (B.13b).

The energy (5.111) goes to zero for U = Upgr and, therefore, it becomes larger than the
corresponding Hartree-Fock ground-state energy (3.30) beyond a certain value of U. Since
the space of Gutzwiller wave functions contains the whole Hartree-Fock space, the optimum
Gutzwiller energy must be lower than the Hartree-Fock energy. Consequently, there must be
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an antiferromagnetic solution for this model in the Gutzwiller theory as well. To determine

it, we have to minimise the energy functional

Eg(n,d) = 4tq(n,d) sin (6) cos (0) + 2Ud , (5.116)

with

2d (\/1 —2d+2A(n) ++/1—2d — 2A(n))2

q(n,d) = N (5.117)

9

and A(n) as defined in (3.29). The angle 8 = 0(n) in (3.29) and (5.116) is given by

/n2 L 2
nr VTt ] (5.118)

tan (0) = — ”

For d = dpgr, a second-order expansion of Eq(n,d) with respect to n indicates that the non-
magnetic state becomes unstable if U > Ug where Ug = 8(v/2 — 1)t & 3.3t. For U > Ug, the
minimisation of (5.116) with respect to n and d has to be carried out numerically.

The difference between the Gutzwiller and the exact ground-state energy as a function of
U/t is shown in figure 5.4. For comparison, the figure also shows the energy difference for the
Hartree-Fock wave function. The dotted lines are the magnetisation curves in both theories.
Obviously, both theories do not capture the physics of the true ground state correctly since
they break the SU(2) spin-symmetry. The Gutzwiller theory result is quantitatively superior
to the Hartree-Fock theory. The spurious phase transition is shifted to larger values of U/t
and, energetically, the deviation from the exact results is smaller, in particular, for medium

interaction strengths.

5.5 Non-Local Interaction Terms

As shown in section 2.4, non-local interaction terms naturally arise either, as a direct conse-
quence of the Coulomb interaction, e.g., in equation (2.27), or in effective models, such as H J
and Hs in (2.40). In this section, we focus on the ¢-J model (2.41). The evaluation of other
terms, e.g., those in the Hamiltonian (2.27) or the three site terms in (2.40b) can be readily

derived from our considerations here.
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The ¢-J model and the additional three-site operator (2.40b) have been studied extensively
by means of Gutzwiller wave functions both numerically, in ‘variational quantum Monte-
Carlo’ calculations, and analytically, by means of the Gutzwiller approximation, see references
[27, 136, 148-150]. As will be shown in section 6.1.3, the Gutzwiller approximation scheme does
not yield unambiguous results for the expectation values of non-local operators. Therefore,
the exact evaluation in infinite dimensions is essential to assess the validity of the analytical
expressions derived in the Gutzwiller approximation scheme.

The evaluation of non-local operators, e.g., of the operator

fAIJ = ZJi,jS’iSj (5.119&)
i,

= > gy [4(nm — iy ) (g — ) + (el ¢, el e +he) (5.119b)
12

in the limit of infinite dimensions leads to a general problem concerning the proper scaling of
coupling parameters with respect to the lattice dimension D. For the t-J model, the exchange
parameters in (5.119a) are given as J; j = tﬁ ;/U, from which we can derive

1

Jig = Jii D

(5.120)
where j” is independent of D. With such a scaling, however, the evaluation of Hj leads
to a rather trivial result; only the Ising-terms in the Hamiltonian (5.119a) lead to a finite
contribution,
D Jijlhisiy e = Ji(his)ue (s ue (5.121)
0. 0.
which is of order unity in the large-D limit. From (5.121) one readily finds that, for a param-
agnetic ground state, the expectation value of H vanishes.

In order to derive the energy expressions that are used in references [27, 136, 148-150], we
have to assume that J; ; is independent of D. Note that such a scaling leads to sensible results
in infinite dimensions only for paramagnetic ground states since, for spin-ordered states, the
terms (5.121) diverge in the large-D limit. With D-independent parameters J; j, the leading
terms of order unity in the expectation value of H; have the form

Z Ji i (Pi,sTjs )W = Z Ji j(Pini s PiPji; s Pi)w, (5.122)
1,] 2¥)
Here, we used the fact that J; ; is finite only up to a certain shell of nearest neighbours, which
restricts the sum in (5.122). For an unrestricted sum, we had to take into account diagrams
with internal vertices from operators f’f on lattice sites [ # 1, j; see reference [151] on spin-wave
excitations where, unlike here, such diagrams need to be evaluated.
For the t-J model, the local Gutzwiller correlation operator is given as

P =Ny + ) Mgt (5.123)

since there are no doubly-occupied sites (Aq = 0). The constraints (5.53) then yield

1-2n
2 _

1
2 _
No= (5.124b)




60 CHAPTER 5. LIMIT OF INFINITE SPATIAL DIMENSIONS

and the expectation value (5.121) reads

D T {isigslwe = 97 i (s s)w, - (5.125)
i3 i,J

Here, we introduced the renormalisation factor

1

S L —
97 * (1-n)?

(5.126)

All other terms in the expectation value of H J lead to the same renormalisation factor ¢g;.
Therefore, one finds
D i (SiSi)ue = 90 i (SiS5)w (5.127)
1,) 2y
for the expectation value of H; in the Gutzwiller theory. This result is in agreement with the
one derived within the Gutzwiller approximation, see section (6.1.3).
Starting from the expectation value (5.127) one finds ground-state wave functions |¥)
with finite superconducting order parameters

AY; = (el el £ 0. (5.128)

Therefore, the Gutzwiller theory for a two-dimensional t-J model was put forward in references
[27, 136, 148-150] as a reasonable approach to describe high superconductivity in cuprates.

The main deficiency of the Gutzwiller wave function is the missing of non-local terms in the
correlation operator. In particular, for the treatment of non-local interactions, a generalisation
of the variational wave function is certainly desirable. There have been various attempts for
such a generalisation in the past, e.g., the ‘Baeriswyl-Gutzwiller wave function’ [152] or the
local Ansatz [153]. However, an exact evaluation of such wave functions in a well-defined limit,
such as infinite D, did not succeed, so far.



Chapter 6

Alternative Evaluation Techniques

In this chapter, we consider the evaluation schemes that lead to the same energy functionals
as the exact evaluation in the limit of infinite dimensions: the Gutzwiller approximation and
the slave-boson mean-field theory.

6.1 Combinatorial Counting: Gutzwiller Approximation

The approximation was originally introduced by Gutzwiller [96-98]. It was formulated in a
more physical way in references [104, 105]. The derivation in those works, however, did not
provide a clear recipe how to generalise the approximation for more complicated systems, e.g,
for the multi-band Hubbard models (2.15).

It is an ongoing debate how the Gutzwiller approximation can be further generalised; in
recent references [136, 148-150, 154-156], e.g., the proper treatment of non-local interaction
terms has been addressed. Those works indicate that it is possible to derive different results de-
pending on how non-local terms are treated in a generalised Gutzwiller approximation scheme.
These contradictory results, therefore, just show that the Gutzwiller approximation itself is
rather uncontrolled and only a comparison to an exact evaluation, for example, in infinite di-
mensions may justify it a posteriori. One may rightly argue that the Gutzwiller approximation
is redundant. However, as it is still very often used in the literature, it is certainly appropriate
to present a derivation in this review as well.

In this section, we give a mathematical formulation of the Gutzwiller approximation for
the one-band model that can be applied to multi-band Hubbard models with a local Coulomb
interaction of the form

Hy =) Usoiigh . (6.1)
0,0

We start with a formulation of the Gutzwiller approximation for the single-band Hubbard
model in section 6.1.1. In section 6.1.2, the approach is generalised to multi-band models with
a local Hamiltonian of the form (6.1). The treatment of non-local terms in the Hamiltonian is
discussed in section 6.1.3.

6.1.1 Gutzwiller Approximation for the One-Band Hubbard Model
We study the single-band Hubbard model

2
Hip = Z Z tz‘,jé;r,géj’g + UMy = Hy + Hy , (6.2a)
ij o=1
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as derived in section 2.3.1. Here, the operator

My = Zmi;IQ (6.2b)

with 1,12 = 7; 17| counts the total number of doubly-occupied lattice sites. Note that, for
our later treatment of the multi-band model, we have replaced the spin index s € T, | with the
general index o € T, | following the notations introduced in section 4.1.

Within the Gutzwiller approximation scheme, it is most convenient to work with Gutz-
willer’s original form

Wa) = g™ W) (6.3)

for his variational wave function, see equation (4.15). Our aim is to calculate the expectation

value R )
- (Va|Hi|Vq) 4 R
(HiB)wg = TGy Z Z tij <C'Jir,acj,a>‘I’G +U Z<mi;12>\pg (6.4)
i,j o=1 %
for the wave function (6.3).
To formulate a well-defined mathematical description of the Gutzwiller approximation, we

introduce a local basis for our many-particle Hilbert space,

oavine) = [ ] ) ael210) (6.5)
i11ENT i2EN

Here, N7 and N, are sets of lattice sites with IV; = |Nj| elements. Since the basis (6.5) is
complete, we can expand the one particle wave function in the form

[To) = > AWNLN) [ B ne) (6.6)
N1,N2

with expansion coefficients A(N7,N2). The sum over N, in (6.6) includes all subsets of the
whole set of lattice sites £ (|£| = L) with N, elements. In this way, we fix the numbers
N, of particles in |¥g), which is reasonable since the Hamiltonian (6.2a) commutes with the
corresponding operators Na = Nigo.

Using the expansion (6.6) we can write the Gutzwiller wave function (6.3) as

[Wa) = Y gMMAND AN, NG) [Py ) (6.7)
N1,N2

where the function My3(N7,N3) counts the number of doubly-occupied sites when the up
(down) electrons are placed at the sites belonging to Ni(N3). We use the fact that the
states (6.5) are orthogonal and normalised in order to write the expectation values and the
norm in (6.4) as

(UG|Wg) = Y g?MeN) | AN, AG))7 (6.8a)
NNz

(Wl &), WG) = Y gMe ARG NN A (\] U6, No) A(NT U , ), (6.8D)
N N2

(UelimielWa) = Y gMeWIsNED | 47 Ui, MU . (6.8¢)
NN

Here, we have
i,j ¢ N{ and |N{|=N; -1 (6.9a)
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in (6.8b) and
i¢ N, and |N.|=N, -1 (6.9b)

in (6.8c). To make further progress, we need expressions for the two types of products between
coefficients A in (6.8). They can be obtained from the corresponding expectation values in the
uncorrelated wave function |¥y). First, we address the norm

(To|To) = D [AN, No) = 1. (6.10)
N1, N2

The Gutzwiller approximation is defined by the assumption that each term in (6.10) is inde-
pendent of the particular sets N7, Ms. This means that all local distributions of electrons have
the same probability in the uncorrelated state |¥g). As a result, equation (6.10) yields

L L
|A(NT, No) |2 = = P(L,N,)P(L,N>) . (6.11)
Ni/) \ Ny
As a second step, we make a similar assumption for the terms in the expectation value
(Wolé] o841 W0) = (] 161000 = D ATNJULND)ANT UG N) . (6.12)
N1I7N2

for a hopping operator. Again, we assume that the terms in (6.12) do not depend on the sets
1, Na. This leads to the equation
AY(NT Ui, N2) AT UG, Na) = P(L, Ny — 1) P(L, Na) (e ¢, ) w, (6.13)
for the product of coefficients in (6.8b). Equations (6.11) and (6.13) constitute the Gutzwiller
approximation for the single-band Hubbard model.
Now we are in the position to evaluate equations (6.8). First, the norm of the Gutzwiller
wave function becomes

(Ua|Ue) = P(L,N1)P(L,Ny) »_ g*Mehe) (6.14)
N1 N2

The sum over the sets N, can be replaced by a sum over the number of doubly-occupied sites
M5 if we introduce the combinatorial factor

L
Cyy (L, N1, N: 6.15
s (L, N1, V) Mgl (Ny — Mi2)!/(Ny — My2)/(L — Ny — Ny + M;z)! (6.152)
L
- 6.15b
Mio! My Mo ! M! (6.15b)

This factor counts the number of possibilities to distribute N7 (N2) electrons with spin up
(down) on the lattice such that My sites are doubly occupied. It allows us to write (6.14) as

(Ta|Ta) = P(L, N1)P(L,N3) > g*M2Coy, (L, N1, No) . (6.16)
M2
For the expectation value (6.8c) of a double-occupancy operator, equation (6.11) yields
(Ualmin|We) = P(L,N1)P(L,Ny) Y g*MizNioiAz00) (6.17a)
NN}

= P(L,N)P(L,N2) Y g*+2Ch, (L = 1,Ny — 1, Ny — 1) (6.17b)
M2
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To relate this expression to (6.16), we recast (6.17b) into the form

(Ua|mine|¥a) = P(L, N\)P(L, Na) Y g*"2Cp,, (L, N1, Na) fo(Ms) (6.18a)
M2
with (N) — Myo)(Ny — My)

M) = g2t — 122 1) 6.18b
JeM2) = 9" T =N TN, T M) (6.18b)

Here, we used the fact that, in the thermodynamic limit, we can set
L—Ni—No+Mo+1 =~ L—Ni—No+ Mo, (6.19a)
Ng — M12 -1 = Na — Mlg (619b)

in equation (6.18b). Note that the factors P(L, N,)~! and Cyy,, (L, N1, N2) are ‘macroscopic’
quantities, i.e., they are of order O(exp (L)). This will be used to replace the sum in (6.16)
and (6.18a) by its maximum term, see below.

A similar form as equation (6.18a) can be derived for the expectation value of a hopping
term. Using equation (6.13), we find

<‘I/G‘éz,1éj,1"PG> = <éi,léj,l>‘lfop([’ —2,N1 = 1)P(L, Ns) Z gMi2NTENR) g M2 WTUTN2)
NNy

(6.20)
Again, the sum over the sets N, N2 can be replaced by a sum over Mjs. To this end, we have
to distinguish four different cases in (6.20) because the sites ¢ and j can either be occupied
with the opposite spin (0 = 2) or empty when the hopping process takes place. Hence, we
have to address the cases (i) i, ¢ Na; (ii) @ € No,j ¢ No; (iil) j € Na,i ¢ Na; (iv) i,5 € Na.
Altogether, (6.20) can be written as

(Walel 18, 1%a) = (@,61)wP(L = 2N~ 1)P(L, No) (6.21)
X ZQQMH [CMU(L —2,Ny — 1,N2) + 2gC’M12(L —2,Ny —1,Ny — 1)
M2

+9*Chyy (L —2,N1 — 1, No — 2)] | .

We extract the factors equivalent to the norm (6.16) and arrive at

L2
s A s
(Talé 61Ve) = <Ci,lcj,1>‘1’0P(L7N1)P(L7NQ)m (6.22a)
x> g*M2Crp,, (L, N1, No) fu (M)
M2
with
Ny — Mqy5)(L — Ny — N- M Ny — Mqy5)(Ny — M
fa(Mp) = (Ny 12)( L21 2 + 12)+29( 1 12[)1(2 2 12) (6.22b)

o (N1 — Mi2)(Ny — Mya)?
LQ(L — Ny — Ny + Mlg) ’

+g

Again, we neglected terms of order unity in (6.22b).

Now we are in the position to exploit the simplifications in the thermodynamic limit when
we divide (6.18a) and (6.22b) by the norm. The sum in equation (6.16) has a macroscopic
maximum for a certain value Mjy (and resulting values M, M7, My). The same holds for the
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expectation values (6.18a) and (6.22b) because the functions fi,(Mi2) and f.(Mi2), which are
of order unity do not affect the macroscopic peak position. Hence, we can replace the sum
by its maximum term in all three cases. After the application of Stirling’s formula X! ~ XX
[157], we find that the maximum term problem has the general form

% <p;r Hri(:l;)am(x)) =0, (6.23&)

where the linear functions r;(x) obey the additional condition
> aiﬁm(m) =0. (6.23b)
- Ox

For example, for the norm we obtain from (6.15a) and (6.16) that r1(z) = mi2 = x, ro(x) =
n1—x, r3(x) = ng —x, 14(x) = 1—ny —na +z, and p = g2 where m; = M;/L and n, = N, /L.
By means of elementary calculus, equation (6.23a) yields the condition

H“ yoari(@) =1, (6.23¢)

In the case of the norm, this leads to the maximum-term condition

g2 = 2 (6.24)
mims2

which allows the original variational parameter g to be replaced by the new parameter mis.
We replace the sums in the expectation value (6.18a) by its maximum term, divide it by
the norm, and find

(Mi12)wg = 9" ——— = M1 (6.25)

for the mean number of double occupancies. In the same way, we derive from (6.22),

<é-ir,0'éj,0'> = qg< ZUAJ 0—>‘1/0 (626)
with the Gutzwiller loss factors

> L amimg 4 2T (6.27a)

BT Uy TR Ty '

1
= A 27b
1—m) (Vmimg + y/mamiz) (6.27Db)
q% = L (\/m2m(1)+\/m1m12) . (6.27¢)
na(1 — ng)

Thus, we finally obtain the same result as in the limit of infinite dimensions,

(H1B)w Z i Zqo R Lsan + LUms (6.28)

for the variational ground-state energy within the Gutzwiller approximation. Here, we sepa-
rated the site-independent on-site energies € = ¢; ;.



66 CHAPTER 6. ALTERNATIVE EVALUATION TECHNIQUES

6.1.2 Gutzwiller Approximation for Multi-Band Hubbard Models

For a multi-band model with the Coulomb interaction (6.1), the atomic eigenstates |I') are
configurations |I), as defined in (4.4). Then, if we work with diagonal and site-independent
variational parameters A\ = A;;1,7, the Gutzwiller wave function (4.25a) has the form

Wa) = [T ) (6.29)
I

where M 1 = > ;M. For the derivation of the multi-band Gutzwiller approximation, it is
convenient to write the wave function (6.29) as

T) —n@Hna" IT o %) . (6.30a)
1(11>2)
where
mo= Af (6.30b)
e = Ao/Np, (6.30c)
gr = M/ [[e/re) (6.30d)
oel

and Na = ), M. Here, we used the operator identities

M, = N,— Y. M, (6.31a)
I([I|>2,0€])
My = L- ZN+ > (- 1)M; . (6.31D)
I(|11>2)

As in the one-band case, we introduce a local basis,
o =11 I1 &, 10 (6.32)
g iENa’

in order to expand the one-particle wave function

[Wo) = ZA )| @) - (6.33)

Here, and in the following, we use the abbreviations

N = {./\/1,...,./\/2]\[} 5 (6.34&)
N = {Ny,...,Non}, (6.34b)
for all subsets N, of lattice sites with the orbital o occupied, and, the corresponding set
of numbers N, = |N,|. Hybridisation terms ~ C;r «Ci o 1D the kinetic energy part of the
Hamiltonian (2.15) lead to a major difference between equations (6.6) and (6.33). In (6.33)
the sum over N7,..., Noy includes all possible number distributions N, ..., Noy of electrons

on the lattice, since, in general, the operators Ng do not commute with the Hamiltonian.

In close analogy to the one-band case, we need to derive expressions for certain products
of the coefficients A in (6.33). Again, we consider the one-particle state |¥g) to set up the
Gutzwiller approximation. First, the norm becomes

(Wo|Wo) = Z’A ’:ZQ(N), (6.35)
N
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where

NSESY ‘A(N)f 6w s. (6.36)
/\7 o

is the probability to find exactly Ni,..., Noy electrons in the orbitals ¢ = 1,...,2N. The
Gutzwiller approximation is defined by

’A(N))Q — W) [ P(L. N,) ; (6.37)

compare equation (6.11) for the one-band case.

In general, there are certain constraints on the occupation densities N, in the wave func-
tions |¥q) and |¥g). For example, the total number of spin-up and spin-down electrons is
usually conserved for systems without spin-orbit coupling. In this case, the number distri-
bution Q(N) is non-zero only in a d-dimensional subspace (d < 2N) of the total space of
occupancies {N1, ..., Nony} where 2N — d is the number of constraints.

While one can implement the constraints exactly, i.e., in a ‘micro-canonical’ way, here we
use a more concise derivation, which corresponds to a ‘grand-canonical’ ensemble in statistical
physics. We allow the wave functions |¥g) and |¥y) to include components with any numbers
of occupancies {Ny, ..., Non}. In this way, even the total number of electrons ) N, is not
a good quantum number for these wave functions. In the thermodynamic limit, however,
only expectation values matter and, therefore, the micro-canonical and the grand-canonical
derivation are equivalent.

In our grand-canonical description, we consider the number distribution Q(N) as a continu-
ous function in the entire 2N-dimensional space { N1, ..., Nan}. As a macroscopic probability
distribution, Q(N ) has a sharp maximum around the expectation values

NL[T) - <Na>\110 : (638)
For these occupancies NO = {ND, ..., NIy}, we have
9 5
Q(N =0. 6.39a
| (6.392)
Moreover, - B
Q(N1 4+ ANy, ..., Noy + ANay) :1—|—O(1> (6 30D)
Q(NY) L

is fulfilled in the thermodynamic limit if the numbers ANy, ..., ANsy are of order unity. For
the following derivation, we need not determine the explicit form of the function Q(N) but
only the two equations (6.39).

Apart from equation (6.37) we need expressions for products of the coefficients in (6.33) that
result from the evaluation of hopping terms. Again, we consider the respective uncorrelated
expectation values

(Wole &, | W0) = " A W )AWN ) =Y Q77 (N) (6.40a)
_/\7/

N

where we introduced the probability distribution

077 (N) = Z AN AN ) H5| N LN (6.40b)
_/\7'/

a-//
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with ¢ ¢ J\~/;-’7J, jé¢ /\ijfya,, and the notation
N’Z'(j)’o.(o./) = {Nll ce 7Nc;(o") U Z(j), ce 2/N} . (640C)
We can write the distribution (6.40b) as

fo (N) = wgf (N)QAN) , (6.41)
where the function w; ] "is of order umty and gives the conditional probability for the hopping
transfer of an electron from orbital ¢/ on site j into an orbital o on site 4 if the number
distribution of the remaining electrons is given by N = {Ni,...,Non}. For the expectation
values N, one finds, in particular,

Wi (N°) = (Wolel ¢ .| Wo) - (6.42)

1,0 ]o

Since the probability factors in (6.40a) have the same form

2
P(L - 17N0')P(L_ 17NU') = (L _ NO_)IJ(L NU/)P(LuNO')P(LvNo") ’ (6438')
L2

for both cases o # ¢’ and o = ¢’, the Gutzwiller approximation can be written in the compact
form

AN AW ) = Q77 (N)

= N HP (L, Nyn) . (6.44)

Equations (6.37) and (6.44) define the Gutzwiller approximation for multi-band system. The
remaining steps of the derivation are exact as in the one-band case.
First, equation (6.37) allows us to write the norm as

(Ug|Wg) = Z’A )Hnm Pl (6.452)

I(|11>2)

S0 CURSEED SIS (VT SIS

N (N |=No) 1(111>2)

where Z{¥(N) is the number of sites (included in X') with a multiple occupancy I provided
that the distribution of all electrons is given by A. In equation (6.45b), we have X = L, the
set of all lattice sites.

_ The sum over N in (6.45b) can be replaced by sums over all possible multiple occupancies
M = {M,..., M an},

(Ug|Wg) = EQ HPLN ZC N I ™, (6.46a)

I(11)>2)

where we introduced the combinatorial factor

—1
Cy (L, N) [H M[] . (6.46D)
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It counts the number of possibilities to put Ny,..., Noy electrons onto the lattice for a given
number M of sites with multiple occupancies I € {(12),...,(1...2N)}. Here, the numbers
of empty and singly-occupied sites are determined by the completeness relations

My = L-— ZN + > (I -1M;, (6.47a)
1(|11>2)
My, = N,— Y M, (6.47D)
I(|I|>2,0€1)

which follow from (6.31).

As in the one-band case, all relevant expectation values have the same form as the norm,
apart from factors of order unity in the respective sums, see below. Again, we will be able
to replace all these sums by their maximum terms. From equation (6.46a), we see that one
has to find the maximum term with respect to M and N. We first consider the sum over M

n (6.46a). The maximum term condition for each of these multiple occupancies has the form
of equation (6.23a) if we use Stirling’s formula and equations (6.47). This leads directly to

g3 = mm@ Hm , (6.48)
oel

where the values M; = Lm; are the numbers for which the sum in (6.46a) takes its maximum.
The evaluation of the sum with respect to the ‘gross’ occupancies N in (6.46a) is, in
general, quite complicated because it requires an explicit evaluation of the distribution Q(N ).
The evaluation becomes much easier if we choose the parameters 7, such that the sum (6.46a)
takes its maximum at values N = N°. In this way, we ensure that the orbital densities in the
Gutzwiller wave function |¥) and the corresponding one particle wave function |¥y) are the
same. Then, the maximum term condition for the sum in (6.46a) with respect to N reads

0 ( 7\ 2N, P<L7N0)>’
0 = Q(N)pe ————2= (6.49a)
ON, M !M@! N=NO
3, N, (L — Ny )E=Ne NNo
= oy (772 MM"MM@ o (6.49b)
7 N=NO

where we used Stirling’s formula and equation (6.39a). To evaluate (6.49b), we use again

equations (6.23) and find
g2 — L=name

(6.50)

ne Mmg

We skip the straightforward proof here that the numbers N, and M; that maximise the
sum in (6.46a) are, in fact, the expectation values of the corresponding operators, i.e.,

- (U | M| e)
M; = Lm —_— 6.51a
! ! (Ug|¥a) ( )

. (V6 |Ny | Te)
Ny=Ln, = ———. 6.51b
(Ug|¥a) ( )

The results derived so far, agree with those that we found in the exact evaluation of the
Gutzwiller wave functions in infinite dimensions. Equations (6.30c), (6.30d), (6.48), and (6.50)
lead to

M= —AQ : (6.52)

mI m@
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which is equivalent to (5.67d) if we choose )\% = my /mg. This is possible since Ay just leads
to a different norm of |Ug) and does not affect expectation values.

Finally, we have to evaluate the expectation value for an electronic hopping operator. With
the help of equation (6.44), we find

HY (N)QT (N )17
>

(Walef 16,0 Pc) = (L — No)(L — Nov)

[T P& N2 (6.53a)
o./

where

QZIL\{M} (J\7/)+Z§i’j} (J\Nf{,o)‘i‘zfi’j} (,/\7]{7(,)] (6 53b)

HZ}U,(N)E Z H gI

N'(|No=No|) I(|11>2)

Again, the sum over N’ in (6.53b) can be replaced by a sum over the multiple occupancies M.
As in the one-band case, we have to distinguish the different occupancies of the sites ¢ and
j- Depending on these occupancies different arguments occur in the respective combinatorial
factors (6.46b). We set gr = 1 for |I| < 1 and use the abbreviation §. = |0 N I|. Then,
equation (6.53b) can be written as

Hy f Z(Hng) YD gnvegngnuear (6.54)

Ii(ogl;) Ij (o' ¢1;)
e (L—2,{N1 —sh b N, =5, N, —5§e,...,N2N—5§§V—5§§V}) .

In the case that o = ¢/, the terms (5({9 and (55, obey 50 = (55, = 0 because of the summation
restriction in (6.54). In the thermodynamic limit, it follows that

Cr (L—z,{Nl—(s{i SN, =¥, N, —5§e,...,N2N—5§;V—5§;‘V}) (6.55)

I

1; I; 1;
=C(L N M, 5 MJ’ 60/ M@z MJ” 6"N+5”]N
=M 5e) (5) = I (55 :

o (#0,0")

Hence, equation (6.53a) becomes

(Walel ¢ 1) ZQ HP (L, N ) on" (6.56a)
X ZHg?MIC (L, N)LTY (N, M)
with
0,0 (N7 1 _ w,] (N)L 770770
hi7 (N, M) = T-N)(@ Z > 9LUegnILUe g, (6.56b)

I (o¢1;) 1; (o' ¢15)

5 st a2 st 450
NEARNTIACET SR TALER:
M, My, ) T2 M, '

o/ (#0,0")

Apart from the factor (6.56b), which is of order unity, equation (6.56a) is identical to the
norm (6.46a). Thus, in the thermodynamic limit we can replace the whole sum by its maximum
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term, which has the same position as the norm with respect to N and M. When we use
equation (6.50) for the factors 7, and the relation

I; I; I; I;
o5 6 8 5+87
91,0091, 91,00’ 91; = el =N H el "
Uod1;91;U0" 915 MO’ MU’ MU//
o' (#0,07)
Moo My [ Mrue M,
Lo L | [ Hibe T (6.57)
MyM, MyM,
the expectation value for a hopping term finally becomes
(Valdl ¢ 1 Va) g
i0%0 = 4000 (Vole! ,¢; | Wo) . (6.58)

(Va|Pq)

Here, the renormalisation factors,

Z NV MiyeMy s (6.59&)
I(o¢I)

are the same as in equation (5.83) if we work with |I") = |I) and

m
A =0rpAr =01 % : (6.60)

m
I

This completes the proof that the Gutzwiller approximation leads to the same results for the

energy functionals as obtained in the limit of infinite dimensions.

6.1.3 Non-Local Terms in the Hamiltonian

The Gutzwiller approximation scheme, as introduced in sections 6.1.1 and 6.1.2, can also be
used to calculate the expectation values of non-local operators. As an example, we consider
the expectation value of the single-band operator

T T O O
Jig = Ci1Gi165,1050 = €1Ci28j28 (6.61)

as it appears, e.g., in the ¢-J model, equation (2.40a).
Following the arguments in section 6.1.1, we first consider the uncorrelated expectation
value

(Dol ;5 [Wo) = D A" (N Ui, N U AN UGN U (6.62)
NI N3
where the sets N{ and NV} do not contain the lattice sites ¢ and j. We apply the usual Gutzwiller

approximation assumption that the sum in (6.62) does not depend on N and Nj. This leads
to

AN Ui, NG U G AN U G, NS U ) (6.63)
= P(L —2,Ny — 1)P(L — 2, Ny — 1)(Wo|.J;57 W) .

The expectation value of (6.61) with respect to the Gutzwiller wave function(6.3) is then given
by

(WalJT[Wa) = (Ul |Wo)P(L — 2, Ny — 2)P(L — 2, Ny) (6.64)

x Y g*MCppy(L—2,N1 =1, Ny — 1) .
M2
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If we replace the sum by its maximum term and divide it by the norm, we end up with

o
(YalJij [Ya) _ myms (Wo|JH W) . (6.65)
(Va|¥a) ni(1 —ng)nz(1l — ng) "
The factor
9y = mims = A2\2 (6.66)

n1(1 — nz)nz(l — ng)

in (6.65) is the same as the one derived in the limit of infinite dimensions, see equation (5.126).

Other non-local terms can be evaluated within the Gutzwiller approximation along the
same lines as the expectation value (6.64). The results, however, do not necessarily agree with
those in the limit of infinite dimensions. For example, in the Gutzwiller approximation, the
expectation value of the correlated hopping operator

Tf; = ﬁwég,lﬁjzéj,l ; (6.67)
is given by
3 212/~ At A 4
(T5 1) we = NiA3 (08l 175965 1w, - (6.68)

In contrast, the corresponding evaluation in infinite dimensions leads to

~

(T hwe = NA3(El 11 )w, - (6.69)

Equations (6.68) and (6.69) only agree if the diagrammatic rules in infinite dimensions are
taken into account when the uncorrelated expectation value in (6.68) is evaluated by means
of Wick’s theorem. This means that the second term in

(inll 2651 w0 = (Ri2)wo (i), (€16, 1), (6.70)

has to be dropped. Note that without adding such ‘infinite-dimension-rules’ to the combina-
torial Gutzwiller approximation one can easily derive contradictory results. For example, the
hopping operator can be written in the form

Y .
Ci1Ci1 = Mi26 16 M50+ (1 —Ri2)¢; 18 170 (6.71)

i 161 (1= fja) + (1= fgp)el 16 (1 —jo) .

If we evaluate each of the four terms on the r.h.s. of equation (6.71) by means of the Gutzwiller
approximation we find

A~

<ézT,1Ci,1>\Ifc = Q%<é;1éi,1>% (6.72)

B ()‘?l)‘% — 2XaA2AiAg + )‘%)‘%) <é;‘[,26j,2>‘110<é;,26i,2>‘1’0 <61T,1éj,1>\1’o

with ¢ as introduced in (6.27). The additional terms, in comparison to equation (6.26),
i.e., the second line of (6.72), only vanish in the uncorrelated limit (A\; = 1) or if we apply
the diagrammatic rules in infinite dimensions. The combinatorial Gutzwiller approximation
itself is not able to resolve the contradiction between the two expressions, equations (6.26)
and (6.72).
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6.2 Slave-boson Mean-Field Theories

The main problem in the investigation of many-particle systems arises from two-particle terms
in the Hamiltonian, e.g., the operator H; in (2.14). As we will show in this section, it is possible
to get rid of such two-particle terms by introducing certain auxiliary (bosonic or fermionic)
degrees of freedom, which are coupled to the physical particles. In this way, the quantum
mechanical problem usually does not become simpler because a model of coupled fermions
and bosons is just as difficult to tackle as the original physical system. Such a reformulation
of the problem, however, may open ways to tackle it by means of approximate solutions that
cannot be formulated for the original system.

For the derivation of theories with auxiliary particles, one may either use functional integral
techniques or rewrite the Hamiltonian directly in terms of physical and auxiliary operators.
We briefly summarise the ideas behind the functional integral method in section 6.2.1. In
section 6.2.2, we introduce the Kotliar-Ruckenstein (KR) theory [125] for the single-band
Hubbard model, which is based on a reformulation of the fermionic operators and most clearly
related to the Gutzwiller variational approach. Note that Barnes and Coleman introduced an
alternative slave-boson scheme for impurity systems, which will not be addressed in this work;
we refer the interested reader to references [158-167].

A generalisation of the Kotliar-Ruckenstein method for multi-band Hubbard models is
straightforward for systems with density-density type interaction, as we will show in sec-
tion 6.2.3. In a more recent work [168], the approach has also been generalised for the investi-
gation of multi-band models with general on-site interactions. We will discuss the main ideas
behind this approach in section 6.2.4. Unfortunately, the derivation in [168] is mathemati-
cally not well-defined. Therefore, we propose an alternative slave-boson scheme for general
multi-band models in section 6.2.4, which quite naturally reproduces the Gutzwiller energy
functional, derived in chapter 5.

6.2.1 Slave Bosons and Functional Integrals

Quantum mechanical problems can be formulated quite elegantly by means of functional inte-
grals. For an introduction into this field see, e.g., reference [3]. Here, we consider the single-
band Hubbard model in order to illustrate the basic concepts behind the use of auxiliary fields
in the context of functional-integral representations.

As shown, e.g., in reference [3], the partition function for the Hubbard model can be written
as the functional integral

Z = / D(®7,®, ) exp|—So — Si] . (6.73a)
with
B B,
SQ = / dTZ (19;0(7') <5i’ja7' - ti,j) (I)jJ(T) y (673b)
0 i.,,8
and 5
Si=U / dr > @7 (1)@ (1), | (T)®; 4(7) - (6.73¢c)
0 i

Here, 8 = 1/(kgT) is the inverse temperature and ®; ,(7) and @, ,(7) are Graimann variables,

which represent the fermionic operators é;rg
9

two-particle term in (6.73c), we write it as

and ¢; ,, respectively. In order to get rid of the

i1 ()25 (1)@, | (T)®;4(7) = i(AS(TV + A5(7)?) (6.74a)
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with

AS(T) = ZT(T)(I)%T(T)—F(I) (T)(I)’l(T), (6.74b)
Ai(r) = 1(Q(1)®; (1) — @7 | (T)®; (7)) . (6.74c)

Note that A$(7) and A3(7) describe the charge and the spin density on site i. At each imaginary
time step in the integral (6.73c) we may replace the two quadratic terms in (6.74a) by means
of a ‘Hubbard-Stratonovich transformation’ [169, 170]

exp

c/s c/s 2
A, ] % / [ (7)) exp [ le (D) 2(7)) — @A ()| . (6.75)
If we consider «§(7) and z§(7) as the real and the imaginary part of a complex field &;(7) we
can write the partition function (6.73a) as

:/D( /p “ @, )exp [ — S°] (6.76)
with

= S+ 2/ a7 | D) + L OB ()81 + ()27, (1), (1)

(6.77)

The effective action S°f belongs to a system of free (i.e., uncorrelated) fermions, which, at

each lattice site ¢, are coupled to bosonic degrees of freedom described by the field Z;(7). Note

that there is a large amount of arbitrariness in the choice of both the rearrangement (6.74a)

and the type of Hubbard-Stratonovich transformation that is used. For example, instead of

the integral in (6.75), one can also work with a discrete sum over Ising variables s = £1

[171]. All these functional-integral techniques are of great importance for quantum Monte-

Carlo calculations [171-173] and field-theoretical approaches to the Hubbard model, see, for
example, reference [174].

For a physical system of fermions and bosons, which are locally coupled, the action would

contain a term
ST = d E T . 6.78
0 /0 ! ; i 87’$Z ( )

Such a term is missing in the effective action (6.77) and, therefore, it does not correspond
to a quantum mechanical system with a well-defined Hamiltonian for physical fermions and
bosons. In the following section, we introduce an auxiliary-particle method that avoids the
functional integral technique and addresses directly the physical Hamiltonian.

6.2.2 Kotliar-Ruckenstein Theory for the One-Band Hubbard Model

In this section, we introduce the auxiliary particle method, which was proposed by Kotliar and
Ruckenstein in order to investigate the single-band Hubbard model. We shall show that the
ground-state energy functional in this approach agrees with the Gutzwiller variational energy.
We start from the single-band Hubbard model (6.2a) with its four-dimensional local Hilbert
space H; for each lattice site i represented by the four states |I) = |0),|o),|12) (with o = 1,2
for the two spin directions). The Hilbert space of the whole lattice system is given as the

tensor product
H= & H; . (6.79)

(2
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Kotliar and Ruckenstein introduced auxiliary bosonic operators &I Iz qgl 7» which led to an
enlarged local Hilbert space HZF B defined by the basis states

11T, oy = 1), @ 1), - (6.80a)

Here, |I); is the fermionic configuration state, defined in equation (4.4), and |I),p is the
bosonic state

D)5 = L 10)s5 - (6.80D)

with the bosonic vacuum state |()>Z-;B. The original quantum mechanical problem can be
recovered in the following way:

i) One has to find a subspace H; of HZF B that is isomorphic to the physical Hilbert space H;
for each lattice site ¢. Kotliar and Ruckensstein defined this subspace by means of the

constraints
Fio = 1=-) a} =0, (6.81a)
I
Fio = &6, —nly+nl, =0, (6.81h)

where we introduced the bosonic occupation operators
il = ol (6.82)
The constraints (6.81) define the subspace H; by the condition
EFs|¥) =0 (6.83)

for each |¥) € H; and 6 € (0,1, 2). Alternatively, we can define H; directly by specifying
its basis

11); = I, I)i;FB =1);® )5 - (6.84)

The corresponding Hilbert space for the lattice system is given by

H=®H;. (6.85)

Note that, by this construction, we now have a one-to-one correspondence of all physical
states |U) € H and their counterparts |¥) € H.

ii) With the auxilliary Hilbert spaces H; and H properly defined, one can find operators O;
in H; that are similar to the physical operators O; in H;. Here, ‘similarity’ means that

{|Oi| '), = (I|O|I), (6.86)

for all configurations |I), |I’). With similar local operators O;, we can set up an ‘effective’
Hamiltonian Hig that is similar to the physical Hamiltonian Hig, i.e., it obeys

(U[Hip|¥) = (V| Hip|¥') (6.87)

for all physical states |¥),|¥’) € H and their counterparts |¥),|¥’) € H. In this way,
we have introduced an exact mapping of the original physical problem, described by the
Hamiltonian H;p in its Hilbert space ‘H and the effective Hamiltonian Higin H .
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To set up .EI 1B, we start with an identification of operators that are similar to the fermionic

(t) (t)

operators ¢; . in ‘H;. Their counterparts ¢;'/ in H; can be chosen as

1,0 1,0
ég,a = fi,aé;rp ’ é@o— - ’Fj,aéi,a 5 (688&)
where we introduced the bosonic operators
f;'r,a = ¢g;6¢i;12 + qu;@gbi;o‘ . (6880)

As required, the operators QEQ obey equation (6.86). To set up the Hamiltonian Hip in ‘H;,

we need to further find an operator 1,12 that is similar to m;;12 = 7;,17; 2. The most obvious
choice is

o . B

Mis12 = N1 - (6.89)

Note, however, that there is a large amount of arbitrariness. For example, the operators
i1 = ALy 12 = My 6.90
Mi;12 = Ty, pMis12. O M1 = M;12 ( . )

are also similar to 7,12 since both obey equation (6.86). The same ambiguity arises for the
operators (6.88a). For example, they may equally well be chosen as

—é;‘r,o - qi,aé};,o ) éi,o- = qAZ7o'éi7o' (691&)

with
o = (Dig) V2, ,(1—Ai )72, (6.91b)
i, = (1=A) V2] (A )72 (6.91c)

and
Ao =gy + Ry - (6.91d)

In fact, this is a better choice than (6.88a) since it yields the correct ground-state energy in
the uncorrelated limit U = 0 if the resulting effective Hamiltonian

2 NN S - B
Hip =Y tijdi,el,d .6, +UY iy (6.92)
4,5,0 i
is investigated on a mean-field level, see below.
Kotliar and Ruckenstein [125] used a functional integral approach to calculate the free
energy of the Hamiltonian (6.92). For ground-state properties, i.e., at zero temperature, their

saddle-point approach is equivalent to an evaluation of the Hamiltonian (6.92) by means of
the variational wave function

[U5°) = [¥5) @ o) - (6.932)

Here, we introduced a fermionic single-particle product state | V() and a coherent bosonic state
gy =[] Dil0) (6.93b)
i

with R R
Dy =[Jexp (% 190 I) . (6.93¢)
I
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Note that, by construction, (6.93b) is an eigenstate of ng ; with eigenvalues ¢;.r; see, e.g.,
reference [3]. Therefore, the coefficients ¢;.; give the bosonic occupation

lpial® = <ﬁ1'3;1>\p§ = n?;[ ) (6.94)

which is determined by a minimisation of the ground-state energy functional

<H 1B \IIFB - Zt%]qzaqjs< Cio ]s ‘1’0 +U2nz 12 - (695)
7]8

Here, the factors qz’-i , and 4;, are given in (6.91) with the operators (;ASETI) replaced by their

expectation values cpl(*l) Note that all quantities in this section are real and the asterisks,

for example in equatién (6.95), are only used for an easy comparison with the corresponding
multi-band results in section 6.2.4.

In general, the wave function (6.93a) is not entirely in the physical Hilbert space H and,
hence, it violates the constraints (6.81). Therefore, instead of dealing with the exact con-
straints (6.81), we only satisfy them for their expectation values

1= > nf, (6.96a)
I

B B
Nioe = N2+ Nig s (6.96b)
with respect to |\I/0FB> in the ‘slave-boson mean-field theory’ by Kotliar and Ruckenstein.

The constraints (6.96) and the energy functional (6.95) are the same as those derived for
the Gutzwiller wave function in the limit of infinite spatial dimensions or evaluated by means
of the Gutzwiller approximation in sections 5.2 and 6.1.1.

6.2.3 Hubbard Models with a Density-Density Interaction

A generalisation of the slave-boson theory is straightforward [175, 176] for multi-band Hubbard
models with a local Coulomb interaction of the form

=Y Usoriioitg = Uping (6.97)
o0’ 1

where

=Y User - (6.98)

oo0’'el

For each atomic configuration |I),, we introduce bosonic operators ¢Z(TI), which define an en-
larged local Hilbert space HI® in the same way as in equations (6.80). A subspace H; of
HZF B that is isomorphic to the physical Hilbert space H; is then given by the basis states | 1),
defined in equation (6.84). For the mean-field treatment, one needs to define H; also by a set
of constraints, which, as a generalisation of equations (6.81), are given as

Fio 1- Z B=0, (6.99a)

Fi, = é},géiva— ST Al =0. (6.99b)
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The proper operators cJr in ‘H; that are similar to cJr and, eventually, lead to the correct

mean-field results, have the form of equations (6.91) Wlth

fi,U = Z (bz IUJ(ZSZI Z <I’éj,o‘[/>z éz;léi;f’ ) (61003)
I(c¢I) r
Aig = > Olibir - (6.100b)
I(o€l)

Altogether, we find the effective Hamiltonian

Ay =Y "t07 gl a5 080 2., +ZZUI”U (6.101)

%] o,0’

with ﬁ?;[ as defined in (6.82). A variational wave function of the form (6.93) yields the same
energy functional as derived within the Gutzwiller theory.

6.2.4 General Multi-Band Hubbard Models

A generalisation of the slave-boson mean-field theory for the treatment of general multi-band
Hubbard models has been derived by Dai et al. [177] and, more successfully, by Lechermann
et al. [168]. As demonstrated in the previous sections, the slave-boson approach contains a
number of adjustable objects. These rather flexible elements of the theory are the definition
of the extended Hilbert space H;, the definition of its physical subspace H;, the form of the
constraint equations Fi,g = 0 and, finally, the particular definition of similar operators O;.
Despite this huge flexibility, in both works the authors fail to derive an exact mapping of
Hilbert spaces and Hamiltonians that, on a mean-field level, leads to satisfactory results.

Dai et al. use constraint equations that do not define the correct physical Hilbert space.
This problem has been pointed out and solved by Lechermann et al. In their work, however,
they fail to derive proper fermionic operators él(-ﬂ. Instead, certain symmetry arguments are

(t)

employed to guess the form of certain operators ¢;'”, which yield a reasonable energy functional

on mean-field level. These operators, however, are not similar to the physical operators élm

and the whole derivation appears to be even less controlled than for the models discussed in
the previous sections. Here, we summarise the main ideas of the slave-boson mean-field theory
introduced by Lechermann et al. and show that their energy functional at zero temperature
agrees with the results of the Gutzwiller theory; see also reference [178].

As in case of the Hubbard models discussed in the previous sections, one has to set up
a local Hamiltonian H; that is isomorphic to the physical fermionic Hamiltonian H; with its
basis |I'),. Lechermann et al. discuss various possibilities to define such local Hilbert spaces
consisting of bosons and fermions. At first sight, it seems that H; is most naturally defined as
a generalisation of (6.84) through a basis

1), =), ® |F>i;B (6.102)

with bosonic operators gf) 1 and the corresponding states T)ip = gbzr |O)ZB However, the
Hilbert-space H; defined by this basis is discarded by Lechermann et al. on the grounds that
there is no way to find a reasonable set of constraint equations as an alternative definition
of H;. In section 6.2.5, we show that the basis (6.102) can, in fact, be used for a slave-boson
theory, which, however, deviates significantly from the original scheme introduced by Kotliar
and Ruckenstein.
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Instead of (6.102), Lechermann et al. introduced the basis

1 .
D)= —= Ol 1 10),5 © 1), (6.103)
VIl 1(|IZ|F> e

as a definition of their Hilbert space H;. Note that in their derivation they draw a dis-
tinction between physical particles and quasi-particles, described by operators cif]g and fi(?,
respectively. Our derivation in this section indicates that this distinction is unneéessary and
confusing.

The Ansatz (6.103) employs bosonic operators qgi;n 7 for each pair of multiplet states |I")
and configurations states |I) with the same particle number |I'| = |I|. The number of these
operators is much larger than the dimension of the local Hilbert space, which is obviously
different from the scheme introduced by Kotliar and Ruckenstein. Despite this large number
of operators, the space H; is isomorphic to the physical Hilbert space H; with its basis |I),.
Therefore, it is possible to find operators O; in ‘H, that are similar to the physical operators
OAZ' in H;, see below.

For the mean-field treatment, one has to find constraints that define the Hilbert space H;
in a unique way. As shown in [168], this is achieved by means of the operator identities

Fi,O = 1= Z (Z)Z;F,]qgi;f‘,] =0, (6.104a)
I
Fi;a,a’ - ZO-A»LO- Z ¢ZF[’¢ZFI <I|Czo' 10’ |I/> (6]‘04b)
WG

The representation 7i;.r rv of local operators m;,r v = |I'), (T'| in H; is readily given by

m;;r,r = Z &Z;F’[éi;r‘”[ . (6.105)
I
This result leads to
Higo = ZEleIS I Z¢zf[¢z T 1 (6.106)
r,r

for the representation of the local Hamiltonian (5 62).
In order to set up the effective Hamiltonian HH, one needs representatlons c . of fermionic

creation operators. As proven in [168], a conceivable choice for giﬂ is
71 0 Z Azao AI ol (6107&)

where ; T
o (O RTCIN) RO MO ATC NV O PR
(P D) Do (6.107b)

oI 1,0

is a bosonic operator and N is the number of spin-orbital states |o) per site. Evaluated on
mean-field level, the expression (6.107) does not lead to a reasonable energy functional; it
does not provide the correct results in the uncorrelated limit. The situation here, however,
is different from the models discussed in the previous sections. There, it was possible to find

improved expressions for the operator ézﬂ, which were still similar to the physical operators

éj »» but lead to a satisfactory energy functional. In case of the operators (6.107), it seems
impossible to improve them accordingly. Instead, Lechermann et al. introduce an ‘improved’
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expression for (6.107), which, though leading to reasonable results on the mean-field level, is
mathematically not similar to cT To work with such an improper operator, brings an element
of arbitrariness into the whole slave boson derivation, which is certainly unsatisfactory. We
refer the reader to the work of Lechermann et al. where the ‘improved’ expression of gj , IS
motivated in detail and just introduce their final result in our considerations here. Instead of

ff; in (6.107b) it is suggested in [168] to work with

qga ZZZ F‘é |F/ | ’I/> AzFI(ﬁzF’I’MZWU ) (6108)

o Ir
where . o
My = (2[AEP)A§“ - A§h>A§p)]1/2> , (6.109)
and
AE;‘;)’U, = > Olrsbirs AlE e 1) (6.110a)
r,I,I’
AE;}Z),UI = > bl b d TN, el 1) (6.110b)
I

Note that AZ(};/? and Mi;m(,/ are considered as matrices with respect to the indices o, o’ whose

elements are bosonic operators. The square root and the inversion [...]7%/2 in (6.109) are
defined with respect to this matrix structure.
The operators (6.106) and (6.108) define an effective Hamiltonian

HHZZtZ’f,Zqu@JU) iy Jv’+ZH“OC (6.111)
Y]

a0 1Y

that can now be evaluated on mean-field level, i.e., by means of a wave function as defined in
equation (6.93a) with the bosonic operator

Dy =TT exp (piridle) - (6.112)
1

Like for the single-band model, the constraints (6.104) and the Hamiltonian (6.111) are readily
evaluated with respect to the bosonic wave function by a replacement of the operators (Z)l N by

(*)

their corresponding amplitudes ¢, ;. These amplitudes then serve as variational parameters.

We close this section with a proof that the energy functional that results from the mean-
field treatment of the constraints (6.104) and of the Hamiltonian (6.111) agrees with our
Gutzwiller variational results derived in section 5.2. For the rest of this section, we drop all
lattice site indices since we are only dealing with local quantities.

As discussed before, the uncorrelated local density matrix Cg o> equation (5.35), is not di-
agonal, in general. It is therefore often useful to introduce a second orbital basis, defined by the
operators ﬁg) that, by construction, have a diagonal local density matrix, see equations (5.35)-
(5.37). In order to show the equivalence of the Gutzwiller theory with the slave-boson results
of this section, we have to work with both representations simultaneously. The operators fLL
define Fock states |H), which can be used to write the multiplet states (4.26) as

=> TurlH), (6.113)



6.2. SLAVE-BOSON MEAN-FIELD THEORIES 81

where the coefficients Ty and 17 1 are related through

Tur =Y QuiTrr , Qur=(H[I). (6.114)

We start our comparison with the functional for the local energy, which has been derived
in equation (5.65). The expectation value m%l r, in that equation can be written as

0 _ * 0
mpry, = 2 : THl,FITH47F4mH17H4 :
Hy,Hy

= > Tyr,Tir,my (6.115)
H

because, for a diagonal local density matrix in the h-representation, one finds

my g = 5HH,m9q, (6.116a)

my = J[ 5 [ @-n3). (6.116b)

~v(occ.)  4/(unocc.)

In order to make contact with the slave-boson results, we need to bring (6.115) in the seemingly
more complicated form

m(f)‘1,F4 Z THIHQHI mHTH’ F4QH/ \/WLTH/, (6.117)
H,H' I

which is equivalent to (6.115) because of the completeness relation

> Qpr = dpm (6.118)
I

We now introduce the new variational parameters

wYr,r = Z )‘F,F’TIZ,F’QH,I\/m%{ y (6.119)

I H

which allow us to write the expectation value (5.65) as

(Hoei)we = Y Z or 1o 1B (6.120)
I’

This equation has the same form as equation (6.106) after the bosonic operators dA)(FT)I have

(*)

been replaced by their mean-field expectation values ¢, I
We now address the constraints (5.47). The first constraint (5.47a) can be written as

Z Altzrl)\FIQm%LFQ =1, (6121)
I'\['1,I'a

which, by use of equations (6.117) and (6.119), is found to be equivalent to

Z‘PF,N’F,I =1. (6.122)

This is the equation (6.104a) at mean-field level.
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7 (1)

A set of constraints equivalent to (5.47a) is obtained when we use the operators h~'’,
hyPTP Yy, = (hlh )w, - (6.123)

As shown in section 5.2.1, this equation leads to
Z Z >\F FIAF FQTHl,FlTHQ 112<_F.r2‘h,yh,y |H1>1/mH m?_IQ <hjyh,y/>\1/0 . (6124)
'y, T2 Hi,Ho

Then, the identity

(Halhlh |Hy) = Qp, p (La|hl b | 1), (6.125)
11,12

transforms equation (6.124) into the form

SN et rer o (R 1) = (B by, - (6.126)
r nr

These equations can be transformed to the c-representation, which leads to

DD et peralllehé 1) = (@ o), , (6.127)

r I,r

and is equivalent to equation (6.104b) at mean-field level.
Finally, we consider the renormalisation matrix qg/ in the c-representation, see equa-

tion (5.80a), which is related to the corresponding matrix cﬁl in the h-representation, see
in equation (5.83), via
= T Sty g (6.128)

We write the expectation value in (5.83) as

(e, ) = 32 Toyr Ty, (Halh | Ha)yfmfy m,

Hq,Hy

(6.129)

Together with equations (6.118) and (6.119) this leads to

ZZWW (IR (B | T) (6.130)

FI"II’

~'Y/_
4y = l—n

The transformation (6.128) from the h-representation back to the c-representation is not as
straightforward as the corresponding transformation from equation (6.126) to equation (6.127),
whereas the transformation with respect to the lower index -y is still simple,

(Clef "y = (Tl Tz, . (6.131)
Y

For the upper index 7/, we need to take into account the factor \/ 1/(n,(1— nv ;) in (6.130),

which also depends on /. For this purpose, we introduce the hole den81ty matrix D° with the
elements

DUU’ = < Cor AL>\I’O ) (6132)
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in addition to the density matrix C? already defined in (5.35). Then, the transformation (6.128)
for the upper index 7' can be carried out along the lines

ItL ’ U, /u*/ =
Zu%a,ﬁ = > gv” il "’O és (6.133)
" /1 (1 =nz) v )y (1= n3)
=y ((CODO)—%) és
z a,0!
Here, we used the notation
U, UL, - ~ o~
P i A ((CODO)—%) e (6.134)
~ ng, 1-— ng,) 70!

With equation (6.134) and (I’|¢é;|I) = (I ]éj}|f "), we can finally write the renormalisation-matrix
in the c-representation as

07 =D et aer p(TEL ) > ((COD°)7F)  wledir) . (6.135)

!
IR N 5 79

This expression matches equation (6.108) at mean-field level, apart from the fact that the
constraints have been used to write the matrices A®) (= (%) and A® (= D°) as a function of
the fields ¢ 15 see equations (6.110). However, as long as the constraints are fulfilled, this
makes no difference because it does not change the variational energy functional.

6.2.5 Alternative Slave-Boson Scheme for Multi-Band Hubbard Models

As discussed in the previous section, a generalisation of the Kotliar-Ruckenstein scheme for
the investigation of multi-band models faces significant problems that, up to now, have not
been resolved satisfactorily. In this section, we show that, due to the enormous flexibility
of the slave-boson approach, it is, in fact, relatively easy to reproduce the Gutzwiller energy
functional for multi-band Hubbard models. To this end, however, one has to approach the
problem in a different way from Kotliar and Ruckenstein. We start with a reconsideration of
the slave-boson theory for the one-band model as discussed in section 6.2.2

As pointed out before, there is a large amount of arbitrariness in the choice, e.g., of the
constraints (6.81). Instead of those equations, we can also work with

Fig = 1= muhg;, (6.136a)
I
Fio = fig—fig Z mi;]'flgj 5 (6.136b)
I

where ;.7 and ﬁ?;[ are defined in equations (4.9) and (6.82) respectively. Note that the
Hilbert space H; given by the basis (6.84), is already uniquely defined by the first constraint,
equation (6.136a). In Hi, however, the second equation is equally valid, i.e., it is Fz}o |I), =0
for all states (6.84).
In the Kotliar-Ruckenstein scheme, the operators m;.; are chosen as n?_l. In our approach,
we work with ’
i = My - (6.137)

Evaluated on mean-field level, i.e., with the wave function (6.93a), one finds

(1) ges = (Misr)weniy » (6.138)
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where ”%3-1 = |pis|?>. A comparison with the corresponding results in the Gutzwiller theory,

equations (5.68), shows that the bosonic amplitudes in our alternative slave-boson scheme
correspond to the Gutzwiller variational parameters Ay,

)\i;jigoi;j . (6.139)

This equivalence leads to the constraints (6.136),

L = Z it [* (ir) w, (6.140a)
I

ﬁ?,o‘ = |80i;o|2<mz‘;cr>\1'0 + |§01;12’2<mi;12>\110 (6.140Db)

on mean-field level, which agree with those in the Gutzwiller theory, see equations (5.53).

We choose the operators éj . in H; as
A (6.141a)
where o o

Gic = ¢;'r;12¢i;5ﬁi,6 + ¢>Zg¢i;@(1 —Niz) - (6.141b)

Note that here, unlike in the Kotliar-Ruckenstein scheme, the operators (jZ(TU) contain both

fermionic and bosonic degrees of freedom. Evaluated with the wave function (6.93a), one finds
~ A * 0 * 0
46 = <qi,a>\IIOFB = ¥i12¥i6 6 + 902';0901‘;(2)(1 - ni,&) ) (6142)

which agrees with equation (5.85a). However, the expectation value of a hopping operator is
the same as in the Gutzwiller theory,

A~

<§i,a—éj,a’>\PgB - Q¢,a‘j;,a<éj,oéj,o>\1/o ) (6-143)
only if we neglect the ‘three-line’ contributions

Z‘k;12 5 ;0 ;0 2 Ai,c‘fAj,c"r \1102 Ai,aAj,U Uy ~ Y- :
(Ph12Pis — PhoPia) (e o8 w2 (E] e Vwy =0 (6.144)

These terms emerge when the expectation value (ﬁ“—,éj oC; oNj.5)w, is evaluated by means of
Wick’s theorem,

~

(i o0l o5 M) w = nand 5 (el 1¢; hwe + 10 ¢ o hwo (e o5 0w - (6.145)

Since the three-line terms vanish in the limit of infinite spatial dimensions, our slave-boson
approach and the Gutzwiller theory yield the same variational ground-state energy.

A generalisation of our new slave-boson scheme for multi-band models is straightforward.
We work with an arbitrary set of local multiplet states |I");, which define the basis (6.102) of
a Hilbert space H;. As a generalisation of (6.136), we introduce the constraints

Fip = 1= miri, (6.146a)
Tr
Fioor = &6 — ¢l e 0 il (6.146b)
r

which yield an alternative way to define the Hilbert space H;.
The operators ;,r v are properly represented in H; by

m.rr = mi;r,rfagl;pagi;p . (6.147)
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An evaluation of these operators on mean-field level, i.e, by means of a wave function (6.93),
with
Dy = [[exp (pirdly) . (6.148)
r

leads to
mirr = (Wirr)grs = (Mir ) wPireir - (6.149)
Through a comparison with the corresponding Gutzwiller result,
Mg, = (e 0 ) W AL Air (6.150)
for a diagonal variational-parameter matrix A;;r r = or A;r, we find the correspondence

AT =94T (6.151)

of the variational parameters A\;r v in the Gutzwiller theory and the amplitudes ¢;r in our
slave-boson mean-field theory. An evaluation of the constraints (6.146) on mean-field level
leads to

1 = Y @hreir{mirr ), (6.152a)
I

<é;'r,aéi,g/>\1’o = ZSDZF%;F<é;-r7oéi70/mi;r,r/>q;0, (6.152b)
I

which matches the Gutzwiller constraints, see equations (5.48), for a diagonal variational-
parameter matrix.
Finally, we define the operator

=Y ad, (6.153a)
with
Qg = tor (Tl ) > Ty T HY o (6.153b)
r,rr I’

Here, we dropped the site index ¢ and introduced the operator
HYp = (L= for )(T)e, |1 Vo' ying 1o (6.154)

N e 1) (foriingr o+ (U= for )i 1) -

Note that the expectation value of I:I}’/I, has already been introduced in equation (5.81),

section 5.2.5. There, we also used the abbreviation f, ; = (I |élé4|1) and the expectation value
of the operator
g, =CiCr [ 1 -no), (6.155)
o'eJ\o

which is defined for ¢ € J = I U I’. The operator é: , in H; is similar to the physical creation

operator éj’o. This follows from the fact that the sums over ¢’ and I, I’ in equations (6.153)

are just a complicated expression for

D) (| = Ty p T HY el (6.156)
o LI
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A mean-field evaluation of (6.153b) leads to the renormalisation matrix

! “ 0; ’
&G = Z ‘p:;FSOi;F’ <FICL\F'> ZTI,FT;’,F’HL}T/ ; (6.157)
rr IV

which matches equation (5.81) in the Gutzwiller theory. As in the single-band model, the
expectation values of hopping operators agree with those in the Gutzwiller theory

o N o’ o \* /. R
<§;r’o'1 §1702>\I,(I;‘B - Z qiyllﬁ (quH) CI,Uicj,U’2>\IIO ’ (6158)

/ /
01,05

only if we neglect the contributions with more than one line connecting the sites ¢ and j. This
is ensured in the limit of infinite spatial dimensions, where both approaches then yield the
same ground-state energy functional.

6.2.6 Merits and Shortcomings of Slave-Boson Theories

As we have shown in the previous sections, the slave-boson mean-field theory provides an alter-
native way to determine the Gutzwiller ground-state energy functional for multi-band Hubbard
models. We believe, however, that there are good reasons to prefer the derivation based on
Gutzwiller wave functions over the slave-boson mean-field theory. These wave functions are
well defined and they are evaluated exactly in the unambiguous limit of infinite spatial dimen-
sions, D — oo. In contrast, the slave-boson mean-field derivation is uncontrolled and, as we
have seen, quite adjustable in its outcome. Of all the different equations that one may derive
within such an approach, the ‘right ones’ are usually identified by some sophisticated guess.
This guess, not surprisingly, always turns out to be equivalent to the Gutzwiller theory. This
very equivalence is by far the most convincing argument for the credibility of the slave-boson
results.

The derivation by Lechermann et al. is particularly problematic because it works with an
inaccurate representation of the fermionic creation and annihilation operators. This shortcom-
ing also prevents an improvement of the results by computing fluctuations around the saddle
point within a functional integral representation. It should be mentioned, however, that the
promise of such an expansion, although often made, has never materialised in any convincing
improvement of the results, not even for the one-band Hubbard model [179]. In contrast, it
is possible to calculate systematically 1/D corrections for Gutzwiller wave functions for all
physical quantities [133, 180]. Such calculations allow one to estimate the accuracy of the
results in infinite dimensions and to improve them systematically, if necessary.

The Gutzwiller theory can also be used to calculate quasi-particle excitations within a
Fermi-liquid approach, see section 7.3. The quasi-particle bands in the Gutzwiller theory coin-
cide with those derived in the slave-boson mean-field theory by Lechermann et al. Therefore,
the zero-temperature spectral properties are equivalent in both approaches.

The functional integral representation of the slave-boson mean-field theory provides a way
to investigate systems at finite temperatures. On the other hand, the Gutzwiller ground-state
energy functional also provides the Landau parameters for the description of thermodynamic
properties [105]. Therefore, both approaches are equivalent in the Fermi-liquid regime when
the temperatures 7" is much smaller than the Fermi temperature Tg. Although the slave-boson
mean-field equations can also be solved for T &~ T or even for T' > T, the approximation
breaks down in this temperature regime [181].



Chapter 7

Single-Particle Excitations

As we will show in this chapter, the Gutzwiller theory does not only provide an approximate
ground-state description of multi-band Hubbard models, but it also allows us to calculate
quasi-particle excitation energies. To this end, we first summarise the basic results of the
microscopic Fermi-liquid theory in section 7.1 and Landau’s phenomenological approach in
section 7.2. In section 7.3, we introduce our Gutzwiller quasi-particle theory.

7.1 Spectral Function of a Fermi Liquid

7.1.1 Definitions

The essential quantity for the investigation of the Hubbard models (2.15) with respect to
single-particle excitations is the retarded Green’s function,

G777 (1) = —10(1)(@ol{é, , (1), &, (0)}] o) . (7.1)
or its Fourier transform,
0,0’ _ 1 ik(R;—R;) > iwt ~o,0’
G77 (w) = Lizj:e v dt e G77 (1) . (7.2)

Here, |®y) is the exact ground state of our Hamiltonian (2.15), H = Hy, and

(1) = eifitell) it (7.3)
are the Heisenberg representations of the operators éETU)
the spectral density

. For a comparison with experiments,

Sp(w) = —% S I [G7 ()] (7.4)

is of particular interest because it can be measured, e.g., by ‘angle-resolved photoemission
spectroscopy’ (ARPES) [182]. Note that the spectral density (7.4) obeys the sum rule

/_ T dwSk(w) = N | (75)

where N is the number of bands or spin-orbitals in the Hubbard Hamiltonian (2.15).
In the uncorrelated limit, Hy = 0, the spectral function

Spw)=> 6(w-Ep.) (7.6)
vy
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has sharp d-peaks at the band energies E,g - of the single-particle Hamiltonian lﬁIO, see equa-
tion (2.16). This explains the term ‘spectral function’ for Sg(w). The corresponding non-
interacting Green’s function is given by

0,0’ * 1
Gog (W) = Zu’y,a(k)mu%g/(k) : (7.7)
77

w
y

where the unitary matrix u, ,(k) was introduced in equation (2.18) and § = 07 is an infinites-
imal increment. Note that we may consider the Green’s functions (7.2) as the elements of a
matrix G (w) with respect to the indices o, ¢’. Then, the uncorrelated Green’s function matrix
can also be written as

Gog(w) = [w—p+i0] 7", (7.8)

where the elements 9, of the matrix &Y were introduced in equation (2.17a).

7.1.2 Single-Band Greens’s Function

We start our considerations with the single-band Hubbard model where o =7, | is a spin-index
and the unitary matrix w, (k) = d,,, is diagonal. For this model, we can write the Green’s

function as 1

w—e) —T(k,w)’

Gr(w) = (7.9)
where, by definition, the entire influence of the Coulomb interaction is encoded in the ‘self-
energy’ ¥, (k,w). The spin index of the self-energy only matters for systems with ferromagnetic
order, whereas in paramagnetic systems we have 3, (k,w) = X(k,w). Note that equation (7.9)
is equivalent to

G%(w)_l = Gg;k(w>_1 - Za(kvw) ) (7.10)

which can be read as a definition of the self-energy.

In a diagrammatic expansion of the (time-ordered) Green’s function, the self-energy can
be expressed as a sum of a well-defined class of diagrams; see any text book on many-particle
physics, e.g., references [3, 30, 183]. In fermionic systems, it turns out [34, 36, 184, 185] that
the self-energy in the thermodynamic limit has the form

Yo(k,w — Ep) = X2(k) + ZR(k)(w — Br) +iXL (k) (w — Er)? (7.11)

around the Fermi energy Eg, provided that the diagrammatic expansion converges properly.
Note that the very existence of such a Fermi energy for a correlated system is already a
profoundly non-trivial result of the diagrammatic expansion. With the self-energy (7.11), the
Green’s function near the Fermi energy reads

1
Gy, Er) = 7.12
k= Br) = e SRR (@~ Br) LR (@~ Br)? (7.12)
where we introduced the shifted energies Ek , =% +%%(k). The identity
Im | 5(x) for §—0° (7.13)
— — — .
S T mo(x) for

holds in our case because § = —X!(k)(w — Er)? — 01 and X! < 0 follows from the analyticity
of G(z) in the upper complex plane. Equation (7.12) leads to the spectral density

Sk(w — Ep) Za — Ep, — S} (k)(w — Er)) (7.14)
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for values of w around Er. The J-function gives finite contributions for w = Fy , with

Ero — Ev = 2,(k)(E} , — Er) (7.15)
and ]
25(k) = TSR (7.16)

It allows the spectral density (7.14) to be written in the form

Se(w — Ep) =Y 25(k)6 (w — Ego) + Sp(w) . (7.17)

o

A comparison with (7.6) shows that, near the Fermi energy, the correlated spectral density
resembles that of an uncorrelated system. The bare single-particle energies 5,% are shifted by
Y9 (k) and renormalised by the factor z,(k), which defines the ‘quasi-particle energy’ Eg,,,
equation (7.15). The contribution of a quasi-particle to the sum rule (7.5) is reduced from unity,
in the uncorrelated limit to z,(k) < 1 in the correlated system. Therefore, z,(k) is denoted as
the ‘quasi-particle weight’. The rest of the spectral weight lies in the ‘incoherent background’
S}cnc(w). The quasi-particle behaviour near the Fermi energy is a direct consequence of the
specific form (7.11) of the self-energy. Systems with such self-energies are usually denoted as
‘Fermi liquids’.

7.1.3 Multi-Band Green’s Functions

The quasi-particle or Fermi-liquid theory for multi-band Hubbard models is technically more
difficult but, in principle, very similar to that of the single-band model. In multi-band models,
the Green’s function matrix ék(w) and the self-energy matrix i(k,w), with their respective
elements G7,7 (w) and X, ,(k,w) , are related via

Gr(w)™ = Gop(w) ™ = S(k,w) , (7.18)

which generalises equation (7.10) for the single-band model. Near the Fermi energy, the self-
energy matrix of a Fermi liquid has the form

Y(k,w — Ep) = X(k) + 2R(k)(w — Ep) +iX'(k)(w — Er)?, (7.19)

where, as we will see below, a Fermi-liquid behaviour requires that the matrices io(k) and
>R (k) are Hermitian. Note that iX'(k) is not necessarily an imaginary matrix but we write it in
analogy to the corresponding equation (7.11) for the single-band model. The self-energy (7.19)
leads to the following equation for the inverse of the Green’s function near the Fermi energy,

[Gr(w — Ep)] ' =w— EY — 2R(k)(w — Ep) +i2!(k)(w — Er)?, (7.20)
where we introduced the shifted energies
E) =& +¥0%k) . (7.21)

For fixed values of k and w, we can diagonalise the first two (Hermitian) matrices on the right
hand side of equation (7.20)

i(k,w)[Ep + SR (k) (w — Ep)]i! (k,w) = R(k,w) . (7.22)

by means of a unitary matrix 4(k,w), which, to leading order in (w — Er), has the matrix
elements

Uy,o(k,w — Er) = Up,y,0(k) + U1:y,0(k)(w — Er) . (7.23)
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The elements R ~(k,w) = R, (k,w) of the diagonal matrix R(k,w) are given by

Ry(k,w — Er) = Roy (k) + Ri;y(K)(w — Er) (7.24)

where
ROW(k)(S’Y,'Y/ = Z uo;%a(k)El?:;a,o’ugw’,cr’(k) ) (7253)
Rlﬂ’(k) - Z uO;’YaU(k)EE;U, <k>u(>§;7,o"(k) : (725b)

Note that E~,2 is diagonalised by @9, as indicated in equation (7.25a), whereas equation (7.25b)
only holds for the diagonal elements. .
After the diagonalisation (7.22), we can write Gg(w — EF) as

Grlw — Erp) =i (k,w)K (k,w)i(k,w) (7.26)
where

K:( ) ) = [ ~( )_j(kvw)]ilv (7.27&)

I(k,w) = iig(k)S (k)i (k)(w— Er)? . (7.27b)

In order to determine the spectral function (7.4), we have to calculate the imaginary part
of the matrix K(k, w). By construction, the matrix R in (7.27a) is real and diagonal. For
the calculation of Im[K (k,w)], we may safely assume that I is imaginary and also diagonal
for the following reason: Any real part of I (k,w) is negligible as compared to the dominant
linear term in R(kz, w). Although non-diagonal imaginary elements of I lead to non-diagonal
elements in Im[f( (k,w)], they vanish in the limit w — Ep as long as the emerging quasi-particle
energies (7.31) are non-degenerate. This leads to the imaginary part

Im[K, (k,w)] = —7d, y6(w — Ry ~(k,w)) (7.28)

of K (k,w) near the Fermi energy. Like in the one-band model, we can evaluate the -function,
which leads to

Im[Ky (K, w)] = =70y, 2y (K)o (w — B, (K)) (7.29)
where
5 K) = g = [Tkt~ S0 k)] (7.30)

gives the quasi-particle weight and
Bk = Er + 2zy(k)(Roy (k) — Er) (7.31)

is the quasi-particle dispersion. These notations are obviously justified from our final result
for the spectral function

Sk(w — Ep) =Y 2y(k)6(w — Egy) + Sp(w) - (7.32)
¥
The quasi-particle dispersion Ej , belongs to an effective single-particle Hamiltonian,

=Y e kot (7.33a)

!
k,o,0
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in the original basis |o) with effective energies

ot =Moo (B) + Y Zo5(K)eRs 5170 5 (K) - (7.33Db)

Here, we introduced the renormalisation matrix

Zoot(B) = Yt (k) 2y (k)00 (K) (7.33¢)
Y
and the energy shifts
oo () =Y Z05(SL 5/(K) = 05,5/ EF)Zor 5 - (7.33d)

7.2 Landau Theory

In this section, we briefly remind the reader of Landau’s phenomenological energy functional
in section 7.2.1. This functional is based on the idea that it exists a one-to-one correspondence
between elementary excitations of a Fermi liquid and the excitations of a non-interacting Fermi
gas. The correspondence between Fermi liquids and Fermi gases becomes mathematically more
explicit when we introduce the operators for quasi-particle excitations in section 7.2.2. With
such operators, we write the quasi-particle excitations energies as expectation values of the
Hamiltonian in section 7.2.3. These exact relations are needed for the implementation of the
quasi-particle concept into our Gutzwiller theory in section 7.3.

7.2.1 Landau Energy Functional

As shown in the previous section, the low-energy excitations of Fermi liquids are quasi-particles,
which, qualitatively, resemble the excitations of a Fermi gas without Coulomb interaction.
Landau used this observation as a starting point of his phenomenological approach in which
he assumed that there exists a one-to-one correspondence of excitations in a correlated Fermi
liquid and a fictitious non-interacting Fermi gas. At zero temperature, both are then described
by a Fermi distribution in momentum space

g, = () = O(Ep — Egy) - (7.34)

For a Fermi gas, such a distribution is correct for all (k,~y) while, for a Fermi liquid, it only
applies to the vicinity of the Fermi surface.
Low-energy excitations of a Fermi liquid are described by changes

Moy = Ny — n%ﬁ (7.35)

of the distribution ng_. The expectation values of observables, e.g., of the energy, may then
be expanded in a power series with respect to dng ,,

0E =Y Bryonks+ Y fyy(k K )onp,dng  + O(6n®) . (7.36)
ko~ ¥k K

For sufficiently simple Fermi surfaces, for instance, a sphere in case of the free-electron gas, the
coupling constants f. .(k, k") can be expressed by a small number of parameters, the so-called
‘Landau-parameters’. In this way, one can investigate quite a number of phenomena, which
are related to weak perturbations of the Fermi liquid both at zero and finite temperature; see
references [35, 36, 186, 187]. For a single-band model, Landau parameters have been calculated
in the Gutzwiller theory and successfully applied for an investigation of *He in reference [105].
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7.2.2 Quasi-Particle Excitations

In order to formulate a quasi-particle approach in the context of our multi-band Gutzwiller
theory, we first address the question how Landau’s quasi-particle ideas are mathematically
connected to the Fermi-liquid theory discussed in the previous section. The excitations of the

(T)

Fermi gas are described by the bare fermionic operators ¢, , which, in the ground state, obey

equation (7.34) with g = cLﬂckﬁ. It raises the questlon wether or not such creation and
annihilation operators also exist for the quasi-particles. They have to obey equation (7.34) but
with the expectation value carried out with respect to the true many-particle ground state |®g).
It turns out that, near the Fermi surface, it is indeed possible to define such operators.

To keep the notations simple, we consider only a paramagnetic single-band model and skip
the spin index o. In this case, we can define quasi-particle creation and annihilation operators
via

hl = dte iErteatel (1) (7.37a)

= /
where Ey and z(k) are the quasi-particle energy and the quasi-particle weight defined in (7.15)

and (7.16), respectively. As we will see below, the real parameter o can be chosen arbitrarily
as long as it obeys the conditions

dt e'Frtette, () (7.37b)

|Ex — Ep| < « (7.38a)
and o 2( /Ep)
a“(w/Ep)"

d SmC <1 7.38b

/EF WSk (w )(W—EF)2+042 ( )

for n = 0 and n = 1. Obviously, both conditions (7.38) together can only be met in the
immediate vicinity of the Fermi surface.
In order to show that h;rc creates and h,, annihilates a quasi-particle, we calculate

AL oA a2
(Do|hy g ®o) = M;\(‘I’Mék@o)’Q (7.39a)

0 0
X/ dt/ Q' 1Bk o)t (B o) ,—i(En—Eo)(t—t')

1 . a?
= Z(k)Zn](wckl%)P ( (7.39b)

B+ En — Ep)? +a?”’

where |®,,) is a basis of eigenstates of our single-band Hamiltonian H = Hp with energies
E,. A comparison with the Lehmann representation of the spectral function

fs,c Z| (|6, | D0) |25 (w + (En — Ep)) +Z| (®p]e)|Bo)26(w — (En — Eo))  (7.40)

allows equation (7.39b) to be written as

St s 1 Ep o2
Solhphy| Do) = ——~ dwsS, . 7.41
@aliiinio0) = 5 [ Aol = (7.41)
The factor 1/2 in (7.40) replaces the o-sum in the definition (7.4) of the spectral function.
Note that we have E,, — Ey = —Ep + E/, with energies E], > 0 in (7.39b) and in the first sum
of equation (7.40). The second sum in equation (7.40) only contributes for w > Ep.
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If a obeys equation (7.38a), we can use the spectral function (7.17) to evaluate the expec-
tation value (7.41). This leads to

Ep 2
713 o . 1 inc «
@olilinlo0) = O(Fr ~ B + 5 /_ood S o (T422)

where the second line follows because « also obeys equation (7.38b). In the same way as

n (7.39a), we can show that near the Fermi surface the quasi-particle operators satisfy the
equations

(Dolhfhy | Do) = OwO(Ep — Eg) (7.43a)
(Dolhghly|Po) = OkiwO(Ex — Er), (7.43b)
(@olhLhl,|Bo) = (Do|hyhy|Po) = 0. (7.43c)

7.2.3 Quasi-Particle Energies

Finally, we calculate the expectation value
~(@®a10™)

E- (k) = (H)y - (@™o ®)

— E, (7.44)

of our single-band Hamiltonian H with respect to the state
‘(I)(—k)> = Bk |®o) (7.45)

in which a quasi-particle is removed from (i.e., a quasi-hole added to) the ground state |®g).
With the definition (7.37) of the quasi-particle operators, and using the Lehmann representa-
tion (7.40) of the spectral function, we find

") 1™ ! 5 1B 2 Ena’
oM He®y = &, )¢, |® : 4
@O = e Sl g s (6
1 Er (Ey — w)a?
= —— d . .46b
i | S (7.46b)
Evaluated with the spectral function (7.17), the expectation value (7.46a) becomes
Er 2
)| 7716 (F) 1 inc (EO — w)a
oV |H|P =Fy— Ex+ —— dwSy, 7.47
@Y = By~ Bt g [ sttt @

In order to calculate (7.44), we expand the inverse of the denominator by means of equa-
tion (7.42b),

1 Y L a?

g ~ O~ ) - ()/ W) . (49)

This equation, together with (7.47) and (7.38b), leads to
E_(k)=—FEk. (7.49)
In the same way, we can show that adding a quasi-particle also leads to the expectation value
Ey (k) = <ﬁ>¢<+k> — Eo = +Eg (7.50)

for the state

@F) = b @) - (7.51)

We will use the exact equations (7.49) and (7.51) when we derive our approximate Gutzwiller-
Landau quasi-particle theory in the following section.
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7.3 Landau-Gutzwiller Quasi-Particles

The Gutzwiller theory provides approximate ground states
Ta) = PalPo) (7.52)

for the general class of multi-band Hubbard models (2.15). As discussed in section 5.3, the
single-particle wave function |¥y) is the ground state of an effective single-particle Hamiltonian,
see equation (5.96). Based on the exact results on quasi-particle excitations, as discussed in the
previous section, we now develop a scheme to calculate such excitations for our approximate
Gutzwiller ground state. We first identify the quasi-particle operators that belong to |¥q).
With these operator, we then calculate the quasi-particle excitation energies. In the following,
we restrict our derivation to systems without superconducting order parameters. A more
general derivation can be found in reference [138].

7.3.1 Operators for Quasi-Particle Creation and Annihilation

We define quasi-particle and quasi-hole creation operators

ek = Pohl (Po)™, (7.53a)
gy = Pahy, (Pa)™", (7.53b)

to which the Gutzwiller wave function behaves like an uncorrelated Fermi gas, see below.
These operators obey usual Fermi anti-commutation relations,

[éTk’,y,TA)k/;y/]_F = 5k,k’5'y'y’ , (754&)
[éTk,'y’ é;rc/;y/]'f‘ = [@k,'y’ @k’,'y’]-i- =0 ) (754]3)

and they create quasi-particles/quasi-holes in the variational Gutzwiller ground state, as can
be seen from

Ol Va) = OB — Biy)|Wa) | (7.550)
Vo hon|VG) = O(Eny — Ep)|¥a) . (7.55b)

With these operators, we define the states

K, . A . k.
wED) = el W) = Pohl W) = PowED) (7.56a)
WED) = b [W6) = Pohy, W) = PalUieY) (7.56b)

in which a quasi-particle or quasi-hole is added to the variational ground state. The single-
particle state |¥() is defined in terms of the operators hL , in equation (5.102). Note that [¥o)

and iLL - have to be used with their optimum values, given by the parameters

that minimise (5.104),
OE(...)

i [y —g0

=0. (7.58)

Equations (7.56) unveil that our approach is a microscopic realisation of Landau’s phenomeno-
logical concept: the excitations of a correlated system, described by |¥q), are uniquely con-
nected to the excitations of a Fermi gas, described by |¥).
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In analogy to the exact equations (7.49) and (7.50), we define the quasi-particle or quasi-
hole excitation energies as
EQP =+ (Evar(k7 ) Evar) , (759)

where the upper and lower signs correspond to quasi-particles and quasi-holes, respectively.
Here,
<\I,(kn ‘H ‘\I,(kﬁ)>
E™(k,y) = (7.60)
(0 G,i V‘I’G,’i )

is the expectation value of our Hamiltonian with respect to the wave functions (7.56) and Ey**
is the variational ground state energy (5.103).

7.3.2 Quasi-Particle Energies

In this section, we prove that the quasi-particle energies, as defined in equation (7.59), are the
eigenvalues
Ezf; = E~ (7.61)

of the effective single-particle Hamiltonian (5.96). In the orbital band basis (2.17a), this
effective Hamiltonian has the form

T8 = N 5 et (7.62)
k,o,0’
with the effective band energies
’ *
s?f;foﬂ, Noo’ + Z 95 Ek:5.50 (qg ) . (7.63)
5,5

This results is in agreement with the general form (7.33) of a quasi-particle Hamiltonian
energies in Fermi-liquid theory. Note that 5%; vor 10 (7.33) differs from eg o in (7.63) by
the inclusion of local terms, see equations (2.17b) and (5.98b). This is compensated in the
Gutzwiller theory by a proper adjustment of the fields 7, 5.

We close this section with the proof of equation (7.61). In the following, we drop all lattice
site indices and set symbols {} of the quantities (7.57). For example, the set of independent
variational parameters {5\”0} that minimises the variational energy is denoted as M. We
write the energies Ej® and EY*(k,v) in (7.59) as

B = Z L TN, C%0) K27, 4 Fhoe (A0, 090 (7.64a)
EX(k,y) = Z ng A0, 000 1 A ka’ ‘I/é ) ’Ck’ ot o | ’7)>
+EIOC<A1° ¢+ A7) (7.64D)
where )
K77 = Zek;575/<é;oékﬁ,>qjo , (7.64c¢)
k

and Qgg/, is defined in equation (5.98a). The matrix Af ) describes the change of the un-

correlated local-density matrix C° due to the creation of a quasi-particle or a quasi-hole. Its
elements are given by

k, *
AS_L;;”L, = *u, ,(k)u

o (k) s (7.65)
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where the coefficients u. ./ (k) have been introduced in (5.100).
The sum over k in (2.14) is readily evaluated,

k *
> oo (U0 1ok oy o U0 = KDY & gt o (k) oK) . (7.66)

Therefore, to order (1/L), the expansion of £E” = EY*(k,v) — E§* with respect to ug*zr,(k;)
yields

tE = £ Z @ 7 ki1 (K1t 1 () (7.67)
8@?‘;/ B)o (k
)
+Z Z Kgg 9Co0 | aCOO +50,0"
p,0 | o,0,5,6 p:p’ | G0=(050 P’ | Go—F0:0
From equation (5.101), we find

* k,

+ Z Qb‘— o.lgk o U/Ufy U(k)u’y,ol (k) = :l:Ek7fy + ZT]S.’O./A;;;L/ y (768)

o,0',6,6/ o0’

which allows us to evaluate the first line in (7.67). For the second line, we employ

, 077, o QESP
> KI o = g0 15" , (7.69)
aoct - oCcy ~aco
o,0',6,6’ PP’ | G0=G0:0 PP Uy PP | Go=G0:0

where we have used the fact that the dependence of Kgg: on C can be ignored in the derivative

of ESP with respect to C° because |Wo) is an exact eigenstate of flgﬁ, and ESP is its eigenvalue.
Using (5.104) and (7.58) we can rewrite this expression as

OESP OFoc 0
800 = 800 — np,p’ s (770)
PP | GO=C0:0 PP’ | G0=E0;0

which, together with equations (7.67)-(7.69), proves (7.61)



Chapter 8

Two-Particle Excitations

Two-particle excitations are described by two-particle Green’s functions, which we introduce
in section 8.1. In section 8.2, we derive the time-dependent Hartree-Fock approximation, which
provides a feasible way to calculate two-particle Green’s functions for many-particle systems.
In section 8.3, we employ an evaluation scheme, very similar to that of the time-dependent
Hartree-Fock approximation, in order to develop a time-dependent Gutzwiller theory.

8.1 Two-Particle Green’s Functions

For the theoretical interpretation of various experiments, one has to consider two-particle
Green’s functions of the form

Grai(t —t') = —i0(t — ) (®ol[el, (t)e,, (1), &b, (¢)e,, ()]|®o) (8.1)

where, as in the previous chapter, |®¢) is the exact ground state of the time-independent
Hamiltonian H, e.g., the multi-band Hubbard Hamiltonian (2.15), and C(T)( t) is the Heisen-
berg representation of the operator C(T) with respect to H. The Green’s functions (8.1) nat-
urally arise in ‘linear-response theory’ because they describe the time-dependent changes of
expectation values

S(El ¢, )

01702

<6(1;'16(72>t - <éj;'1é0'2>_00 = Z dt Ggg,gi (t —t )f0'370'4 (t/) (82)

e}

03,04

in the presence of a small time-dependent perturbation

=" foo(t)ile,, (8.3)

o0’

added to H [30, 188, 189]. After a Fourier transformation, equation (8.2) reads

6< 0'1 0'2 Z Ggg:gzll f0'370'4(w) (84)

03,04

with -
Gsiw = [ acmzme (5.5

and fo, 0, (w) and 6(621 oy ) (w) defined accordingly.
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The general definition (8.1) can be used to set up more special two-particle Green’s func-
tions, which are of interest for specific experiments. For example, for the investigation of
magnetic excitations in lattice models, the transversal susceptibility

Gr(g,w) = —% /0 " dt et <% ‘ [S*;(t), S;;(O)} ‘ qfo> (8.6)

is of importance [190]. Here, we introduced the g-dependent spin-flip operators

S _ iqR; &+ _ igR; ~t A
Sy = ZquRLS;r_ZGQ&Ci;(bT)Cz‘;(bl)’ (8.7a)
i ib
G- (& _ —igR; 5t 4
Sq = (ST =) e el e (8.7b)
ib

in the Heisenberg representation, where the sum runs over all L lattice sites R; and orbitals b.
Magnetic excitations are found as poles of the Green’s function Giet(g, E), or, equivalently, as
peaks in

XT(q7E) = ImGT(q7E) (88)

at energies ¥ > 0. They can be measured, e.g., in neutron scattering experiments.

8.2 Time-Dependent Hartree-Fock Approximation

An approximation, frequently applied to two-particle Green’s functions, is the ‘random-phase
approximation’ (RPA). This approach can be derived in various ways, e.g., by an equation of
motion technique or in diagrammatic perturbation theory; see, e.g., reference [191], where we
derived the RPA equations for the Green’s function (8.6).

In this section, we use a different derivation in which the RPA turns out to be a time-
dependent generalisation of the Hartree-Fock theory; see, e.g., references [192, 193]. If derived
in this way, the approach can be generalised quite naturally in order to set up a time-dependent
Gutzwiller theory, as we will show in section 8.3.

8.2.1 Equation of Motion for the Density Matrix

We consider the general Hamiltonian ﬁel, equation (2.3a), which was investigated within the
Hartree-Fock theory in section 3.1. Here, we want to calculate the time dependence of the
density matrix p(t) with the elements

Por.a (t) = (R(t)]ehe, [V (2)) | (8.9)
where |W(¢)) is the solution of the time-dependent Schréodinger equation for the Hamiltonian
H(t)=Hy+ V(). (8.10)

To be in line with previous works on time-dependent Hartree-Fock and Gutzwiller theories,
we use a different order of subscripts in the definition (8.9) of density matrices than in other
parts of this work; compare, e.g., equation (3.65).

The expectation value (8.9) obeys the Heisenberg equation

iporo (1) = (R)|[H, e, )T () (8.11)
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which contains the commutator

H(0),660) = 3 (oo + oo ®)ehby = oo + S0y, | (812)
o1
1 A At oA 4
+§ Z (U01,0270703*U01702703, )CZ_lC:rTZCU,C%,
01,02,03
1 At At A
"‘5 Z (U0’701,02703 - U01,U’,Uz703) C:[rlcjrcagccrg .
01,02,03

In the time-dependent Hartree-Fock approximation, we assume that the solution |¥(¢)) of the
Schrédinger equation at any time t¢ is approximately given by a single-particle product wave
function. In this case, the expectation value of the commutator (8.12) can be evaluated by
means of Wick’s theorem. This leads to the equation of motion

i5(t) = [h(t), 5(0) (8.13a)
for j(t), where the matrix h(t) has the elements
hoo!(t) = €00 + foo () + D WI2 Doy 0 (1) (8.13b)
01,02
with
W;,?I”al = U0701702,U’ - Ua,m,a’,az . (8.13C)
Note the symmetries
WL = W = Wi (5.0

which we have used already to derive equations (8.13). We introduce the abbreviation o =
(0,0") for pairs of single-particle indices, which allows equation (8.13b) to be written as

holt) = 2o + folt) + S WE por(t) (8.15)

The matrix A(t) is related to the expectation value

EIp0] = (H D)oty = (6o + foliDpalt) + 5 3 oW pt)  (8.16)

o o0’

of our Hamiltonian with respect to a wave function |¥(¢)), which, again, is assumed to be
a single-particle product state. In (8.16) we introduced the notation & = (¢/,0) for o =
(0,0"). A comparison of equations (8.13b) and (8.16) shows that the matrix (8.15) can also

be determined through
0
he(t) = Elp(t 8.17
(1) = 5oy ElA0)] (8.17)

which will become an essential equation for the formulation of a time-dependent Gutzwiller
theory in the following section.

8.2.2 Expansion for Weak Perturbations

We are only interested in cases where V(t) is a weak perturbation to the time independent
Hamiltonian Hg. In this case, the density matrix p(t) and the Hamilton matrix h(t) are given
by

pt) ~ pP+6p(t), (8.18a)
h(t) =~ h°+ f(t) +oh(t), (8.18D)
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where 05(t) describes a ‘small’ time-dependent perturbation around the ground-state density
matrix p° and

R = eo+ ZWg/p?,, , (8.19a)
a-/

Sha(t) = Y W opei(t). (8.19D)

With the expansion (8.18), the equation of motion (8.13a) becomes

0 = [1%p", (8.20a)
i0p(t) = [h°,6p(t)] + [6h(t) + f(t), "] - (8.20b)

We have to solve equations (8.20) for density matrices that belong to a single-particle
product state. Such density matrices are idempotent, i.e., they obey the matrix equation

p=p. (8.21)
With the expansion (8.18a), this condition reads
. <02
Po= "), (8.22a)
op(t) = p°6p(t) +6p(t)p° + (55(t))* . (8.22b)

The condition (8.22a) and equation (8.20a) just recover the time-independent Hartree-Fock
equations derived in section 3.1. Their solution yields a basis |y) of states for which the
ground-state density matrix

Y. = pS =0, O(E, — Ep) (8.23)

and the Hamilton matrix
0 0
h%y = h,y =0y E, (8.24)

are diagonal. Here, Ep is the Fermi energy and F, are the eigenvalues of the Hartree-Fock
equations (3.9a).

8.2.3 RPA Equations

Mathematically, the density matrix g, = 5° is a projector onto ‘hole’-states. In addition, we
define the projector onto ‘particle’-states as

pp=1-7". (8.25)

With these two operators, we can decompose all matrices into their four components

5F2vw(t) = ﬁv(iﬁ(t)ﬁw ) (8.26a)
) = puf(t)pw (8.26b)
RO = 5,005, (8.26¢)

with v,w € {p,h}. Note that h%"" has the elements
0;
WY = 6400,/ By (8.27)
An evaluation of the condition (8.22b) for the components 6p""(¢) yields

6p°(t) = 6p"(t) + 6p™ (£)6p™ (t) + 6p" (£)5p™* (1) , (8.28a)
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and
I (t) = £5p™0 (t)0p ™ (t) (8.28Db)

for v # w. From equations (8.28) we conclude that the components §5PP(¢) and 65" (¢) can
be neglected in the following since they are quadratic with respect to the leading fluctuations
§pP(t) and 5P ().

We express the time-dependent quantities 5% (¢) and 6" (t) by their respective Fourier
transforms 05" (w) and & f**(w). The equation of motion (8.20b) can then be written as

a0 (B () e

where we introduced the matrices (tensors) £ and W with the elements

~' Yivh § : * o},0% *
U"‘/ = 7W’Yl,’}’2 = — u"{l,Ulu’m,O'ZWo'lvo’Q u’7170'/1u'Yé70'é (830)

)
01,02,01,049

and

E’? = E’;fllj”}’yg = 571,7{572774 (E’Yl - E’y2) . (8-31)

The coefficients u(v*z, in (8.30) determine the solutions |v) of the Hartree-Fock equations and

have been introduced in equations (3.2).
By comparison of equation (8.31) with (8.4) we find

G (w) = [(w +is— B) ( _01 ) > + U] (8.32)

for the inverse of the two-particle Green’s function

GY (w) = G2 (w) = oG (W) (8.33)
v W 71,72 \W Uryy,01 Uz 00 01,02 W)U ot Ut - '

’
01,02,01,09

Note that we have added an increment id with ¢ = 07 in (8.32), to ensure that G(w) obeys the
boundary conditions of a retarded Green’s function. For U = 0, the Green’s function (8.32)

reads
I(w)=F(w+id — E) (8.34)

and has the elements

0 0
4 l7 4 p ) B p 3
TY (@) = Thi35 (@) = 8y, g0y 0y — e , ’”_“EW 7 (8.35)
1 2

The Green’s function I' is not exact for the single-particle Hamiltonian Hy since we just set
U=0in (8.32), and kept finite the Hartree-Fock self-energy, which influences the eigenvalues
E,. due to the Hartree-Fock self-energy contributions to the eigenvalues FE., the Green’s
function I is not exact for the single-particle Hamiltonian Hy in (2.3). With the ‘uncorrelated’

Green’s function (8.35), we can write (8.32) as

Glw) = T(w)[1+UT(w)]™! (8.36a)
= I +T(w)UG(w) (8.36b)
where, in the second line, we expanded the denominator [14UT (w)] ™! into a power series with

respect to UG. Both equations (8.36) are standard formulations for the two-particle Green’s
function in the random-phase approximation.
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The derivation of the RPA as a time dependent Hartree-Fock theory illustrates that it is
a reliable approximation only for systems with a ground state that is properly described by a
mean-field approximation. Therefore, the RPA has to be discarded for the correlated systems
we are interested in. Just as we succeeded to improve the ground-state description by means
of a Gutzwiller wave function, we will now introduce a time-dependent generalisation of the
Gutzwiller theory as an improved method for the investigation of two-particle excitations.

8.3 Time-Dependent Gutzwiller Theory

The time-dependent Gutzwiller approximation has been developed for single-band Hubbard
models by Seibold et al. [194, 195]. It was applied, with astonishing success, to a number of
such models and response functions [195-206]. In this section, we give a derivation of the time-
dependent Gutzwiller theory for multi-band models. To this end, we set up an effective energy
functional of the density matrix in sections 8.3.1-8.3.3, which eventually leads to Gutzwiller
RPA equations in section 8.3.4.

8.3.1 Energy Functional

As shown in section 5, the expectation value of the multi-band Hamiltonian (2.15) in the
Gutzwiller theory is a function of the variational parameters Ar - and of the one-particle
wave function |Uy), see equations (5.86)-(5.89), (5.80b), and (5.65). The single-particle wave
function |¥g) enters the energy functional solely through elements

Py = Picior = ()t o)ug (8.37)

of the non-interacting density matrix, where Y is an abbreviation for (i, 0; j,0"). It is therefore
possible to consider the energy

E=E(\,p) (8.38)

as a functional of the density matrix p and the vector A of variational parameters Az, with Z
as an abbreviation for (I',I”). The density matrix in the energy functional (8.38) must be
derived from a single-particle wave function and, therefore, it has to obey the condition (8.21).

Note that, in the following considerations, the density matrix will either be considered as
a matrix (with respect to its two indices (i,0) and (j,0')) or as a vector (with respect to its
single index Y'). To distinguish between both cases, we denote (8.37) as p or as p for the
respective matrix and vector interpretation.

The constraints (5.48) are also functionals of A and p and will be denoted as

gi(Ap)=0 , 1<i<nc. (8.39)

Here, n. is the number of independent constraints, which, due to symmetries, will usually be
smaller than its maximum value 2N? + 1, where N is the number of spin-orbital states per
lattice site.

By solving equations (5.48) we can, at least in principle, express n. of the parameters Ay
through the density matrix p and the remaining ‘independent’ parameters )\iZ. In this way, we
find an energy functional EGA(Al, p), which has to be minimised with the only constraint (8.21)
for the density matrix. This leads to

H{ESHN, p) — trA(p* — p)} =0, (8.40)
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where we introduced the Lagrange-parameter matrix A. In full analogy to the treatment of
the one-band model [197], one finds that equation (8.40) leads to

0 = [, (8.41a)
8EGA

0 = - , (8.41b)
N, a0

where we introduced the matrix h° with the elements

hO B 8EGA
Y opy

(8.42)

py=r%

Here, we used again the notation Y = (j,0';4,0) for Y = (i,0;7, U’)~ and introduced the
parameters p° (or p°) and A0 that minimise EGA(Al, p). The matrix h° further defines the
single-particle ‘Gutzwiller-Hamiltonian’

W= > higgortl gé (8.43)
1,7;0,0’
8.3.2 Second-Order Expansion of the Energy Functional

In order to study excitations, we add a small time-dependent field
Hi(t)= > fl o0l e +he. (8.44)
i,5;0,0’

to our multi-band Hamiltonian (2.15). With the time dependence f; 5. (t) = fi,g;jﬂze_i“’t,
the expectation value of H¢(t) reads

i —iwt
Ef(>‘ 7P) = E fi,a;j,a’e Pjo’si,o + C.C.o (845)
i7j;0-70-l
where c
. . *
. . s 1,0231,01 S / o1 o2
f%Ul;J,Uz = 52,] i,o136,00 + (1 5@,3) Z fi,gi;jﬂéqgi (qgé) . (8-46)
Pi,oa;i,0on o o
1502

The renormalisation matrix ¢ and the (correlated) local density matrix C are defined in equa-
tions (5.80) and (5.70), respectively.
The time-dependent field induces small amplitude fluctuations of p and Al

py = p¥+opy(t), (8.47a)
Ny o= AL AL (). (8.47b)

In order to set up the RPA equations, we have to expand EG* up to second order with respect
to dpy and S\,
: R |
ESNp, A = B+ tr(h065) + 3 > 6py M{E Spy
Yy
1 : :
5 D (OXZME dpy + Sy MU 0N, )
ZY

1 § A i
+5 ZEZ: SNy My 75,60y, . (8.48)
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Here, we introduced the matrices M?PP, M, MP» M with the elements

MY, = aiif;:’ (8.49a)
My, = ﬁ’ (8.49D)
My, = ;E;;, (8.49¢)
My, = ai?j;[;’ (8.49d)

where the second derivatives on the r.h.s. are evaluated for p = p® and Al = A0, Note that
there is no linear term ~ A}, in (8.48) because of the minimisation condition (8.41b). For our
further evaluation, it is useful to write equation (8.48) in a more compact form by means of
matrix-vector products,

- 1 -
ESA(p,A) = E0+tr(h05ﬁ)+§5pTMpp5p

N 1 -
+(ANT M6 p + 5((5)\‘)TMM6)\ : (8.50)
Here, we used the symmetry MM = [MP’A]T.
Like in the one-band model, we assume that the local multiplet dynamics, described by

the amplitudes (5)\iZ (t), are fast compared to those of the local density matrix. This leads to
the ‘antiadiabaticity assumption’

0

—— ESA(p A =0 8.51

which gives us the multiplet amplitude fluctuations
) - -1 .
SN = — [MM] NS p (8.52)

as a linear function of the densities dp. This result, together with equation (8.50), finally leads
to the energy expansion

- 1 -
ESA(p) = Eo+tr(h05,5)+§5pTKpp§p, (8.53a)

Krp

- - -1
NPP — NP> [MM} M (8.53b)
solely as a function of the density fluctuations dp.

8.3.3 Invariance of the Second-Order Expansion

Before we continue our derivation, we need to address the question whether or not the
second-order energy expansion (8.53a)-(8.53b) depends on the particular choices that we have
made with respect to our variational parameters. For example, in our numerical minimisa-
tions for transition metals, we found it convenient to work with the variational parameters

Ar,r/A /m%m%, instead of Arr. Furthermore, in the previous section we had to choose a cer-

tain set of dependent and independent parameters in order to fulfil the constraints (5.48).
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While the variational ground state is obviously not affected by such an arbitrary choice of the
independent variational parameters, the same is not obvious for the matrix K*”.

Mathematically, both of the changes that we could make, i.e., defining different variational
parameters, or, introducing another set of independent parameters, are described by a general
transformation

Al = Al p) (8.54)
from some old (A},) to new variational parameters AL,. The energy functional
ES%(p, N') = E%*(p, A(p, X)) (8.55)

changes accordingly. The second derivatives (8.49a)-(8.49d) with respect to the new and the
old parameters are related to each other. One finds

WP = NP4 VTEPY + NI 4 VTR (8.56a)
MR = MW+ VI, (8.56b)
M = WP + WTMMY | (8.56¢)
MM = WMWY (8.56d)
where we introduced the matrices V and W with the elements
- Nz
\% = — 8.57
zZY dpy ( a)
- Oy
e = g (8.57)

Note that for the derivation of equations(8.56a)-(8.56d) we explicitly used equation (8.41b).
For the second-order terms in the expansion (8.53a), we now readily find

M {M’_\X]il MY = VTN + NPV 4+ VI Y
Y2 [M)\)\]_l NV (8.58)
which, together with equation (8.56a), yields the equivalence
Ke? = K" (8.59)

of the second-order expansion.

8.3.4 Gutzwiller RPA Equations

The derivation of RPA-type equations within the time-dependent Gutzwiller theory goes along
the same lines as discussed in section 8.2 for the time-dependent Hartree-Fock theory. The
energy functional (8.53) defines a Hamilton matrix h(t) with the elements

EA GA Pp 0
hy (t) = e —FE Z KL, 0pyi(t) = b + 6hy (t) (8.60)
Y

which we assume to obey the same equation of motion,

i65(t) = [A°, 5p()] + [5h(t) + (1), 7] (8.61)
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as the density matrix in the time-dependent Hartree-Fock theory, see equation (8.20b). The
diagonalisation of the matrix h° yields a basis |y) with

h) o =hS =6y, E, (8.62)
and
P =Py =06y,O(Ey — Ep) . (8.63)

With the projectors g = 5° and pp=1— PV, we can define the particle and hole components
of all matrices, as we did in equations (8.26). The components §p"*(¢) of the density-matrix
fluctuations obey equations (8.28), i.e., to leading order we can neglect 55" (¢) and JpPP(t).
Hence, after a Fourier transformation we end up with the same form of RPA equations,

o (L0 gee| (@) (W)

=m0 ) m ] (e ) == () ) (500
as in equation (8.29). Here, however, the bare matrix of Coulomb parameters U is replaced by
the matrix K?? and the energies I, in the matrix E, equation (8.31), are not the eigenvalues

of the Hartree-Fock but of the Gutzwiller Hamiltonian (8.43).
For a comparison with (8.4), we must keep in mind that f(w) in (8.64) is renormalised,
i.e., it is not the bare field as it appears in (8.4), see equation (8.46). On the other hand, on
the Lh.s. of equation (8.4) appears the ‘correlated’ expectation value of the density matrix,

whereas in (8.64) we work with the fluctuations of the uncorrelated density matrix. Therefore,

we define

G lw) = [(w+15 —E) ( _01 (1) ) +f(ﬂp] . (8.65)

which yields the elements of G(w),
GY (w) = eyy GY (w) (8.66)

apart from frequency independent factors cyys. We can calculate these factors ab-initio if
we assume that correlated and uncorrelated density-matrix fluctuations are related through
the same renormalisation factors as the corresponding ground-state density matrices. Alter-
natively, the factors cyy+ could be determined by a consideration of sum rules. Ideally, both
ways lead to the same results. At the moment, due to the lack of numerical experience for
multi-band systems, we cannot make any substantial statements on how the factors cy;y ought
to be determined in general. Note, however, that this question is of minor importance since
it only affects the overall spectral weight and not the frequency dependence of the Green’s
function matrix G(w).

A numerical evaluation of our time-dependent Gutzwiller theory for multi-band systems is
under way and will be published elsewhere [207]. Results for single-band models can be found
in references [195-206].

8.4 Spin-Wave Excitations in Itinerant Ferromagnets

For the investigation of spin-wave excitations in itinerant ferromagnets, the Gutzwiller theory
provides an alternative scheme, which resembles the Bijn-Feynman approach [208-210] for the
investigation of density excitations in Bose superfluids.

The theoretical examination of spin-wave excitations requires the analysis of the imaginary
part x7(q,w) of the Green’ function Gr(g,w), see equations (8.6)-(8.8). The magnetic exci-
tations of a system are represented by poles of G(q,w) at frequencies w > 0. For our further
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analysis, we expand the ‘spin-wave state’

|0) = S | Do) (8.67)
in terms of exact energy eigenstates
%) = D W), (8.68a)
H|®,) = E,|®,) . (8.68b)
The Lehmann-representation of (8.6),
i (@ | S [R0) 2 [ {®n] 55| Do)
Gr(qw)=—F) 4 — — a : (8.69)
Lo w—(Ey—Ep)+i6 w+ (En— Ep)+id

shows that there are poles in G (q,w) for the energies E, — FEy > 0 with weights

(8.70)

~ 2
[Wal® = (@05 o)

In a ferromagnetic system without spin-orbit coupling, the state |<I>91:0> is also a ground

state of H , since the operator 5’;:0 just flips a spin in the spin-multiplet of the ground state
|®g). Therefore, we can conclude that G7(0,w) has one isolated pole for w — Ey = 0. Now we
consider finite but small values of g, and assume that the expansion (8.69) is still dominated
by a narrow distribution of low-energy states. This scenario explains the pronounced peak in
x7(q,w) for small values of w and |q |, which is seen in experiments and interpreted as a spin-
wave excitation, see, e.g., reference [211]. Then, the spin-wave dispersion Eq can be identified
as the position of this peak, and F4 is approximately determined by the first moment of the
distribution |W,|?,

S B [Wal® (o] H|®0)
E, = — 8.71
© T TS WP (@0 %) (8:712)
(®o|Sq HSq|Po) (o H|Po)

(@] S§ Sq|Po) (@o | o)

(8.71D)

It is still impossible to derive the spin-wave dispersion Eq4 from equation (8.71) since we
do not know the ground state |®() of our multi-band Hamiltonian (2.15). If we assume,
however, that the variational wave function |¥g) is a good approximation for |®y), we may
substitute |®p) in equation (8.71a) by the variational wave function |¥g). In this way, we
define the ‘variational’ spin-wave dispersion

o (VGlSTHS [ ¥6)  (vlf|ve)
q &t G—
(Vg |SqSq |¥a) (Vg | Ug)

(8.72)

Note that this quantity obeys no strict upper-bound properties. Nevertheless, we expect that
Eq? < Eg" is fulfilled because the expectation value (8.71) includes high-energy states that
do not belong to the spin-wave excitation seen in experiments.

In principle, transversal spin-excitations are given as peaks both in x7(q,w) and xr(q, Fo—
w) for frequencies w > Ey. The latter contributions are identical to the second term in
equation (8.69) and we could include them by using the proper spin-wave state

W) = (57 +59)|%e) (8.73)
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in our variational approach. However, the contributions from the second operator in (8.73)
vanish for ¢ = 0 and may be neglected for small values of |q|, where spin-wave excitations are
observed in experiments.

The variational spin-wave dispersion (8.71) can be evaluated in the limit of infinite spatial
dimensions by means of the diagrammatic techniques developed in chapter 5. The results of
this tedious but straightforward evaluation can be found in reference [151]. We will present
numerical results for a two-band model in section 9.1.4.

Note that, in general, the Gutzwiller wave function is not an eigenstate of the operator

2
S? = <Z S) (8.74)
i
for the total spin and its z-component

$2=)"Si.. (8.75)

Here, S; = (S‘Z z §i7y, S’ZZ) is the local spin operator defined by the z-component

)

o=z A ; _otoa
Siz =3 ;mn%(bn i (b1) s b1) (8:76)
and the two spin-flip operators
6/~ _ Nt ;
5= zb:‘fz‘;(m/wci;(blm) (877)
through
. oo o
Sia = (57 +57), (8.78a)
N 1 4 A
Siy = (S5 =57). (8.78b)

With a Gutzwiller wave function that violates the global spin-symmetry, the variational spin-
wave dispersion (8.71) has no Goldstone mode, i.e., it will usually yield the unphysical result
E§" # 0. This shortcoming is not bound to the variational spin-wave theory, but will also
appear if we calculate the transversal susceptibility within the time-dependent Gutzwiller
theory of section (8.3). Therefore, it is of importance for both approaches, to ensure that the
Gutzwiller wave function is an eigenstate of $2 and S%. In appendix (E.3), we discuss how
this can be achieved by introducing certain constraints on our variational parameters Ar .



Chapter 9

Model Studies

In this chapter, we address four different questions that naturally arise in connection with a
two-orbital system. In section 9.1, we investigate the stability of the paramagnetic ground
state with respect to ferromagnetic spin order. Instabilities with respect to orbital order are
discussed in section 9.2. In section 9.3, we consider metal-insulator transitions in degenerate
two-band models. Finally, in section 9.4, we investigate the scenario of an orbital selective
Mott transition and study the effects of a finite local hybridisation between orbitals.

9.1 Ferromagnetism in a Two-Band Hubbard Model

It is well known that ferromagnetic order appears in single-band Hubbard models only under
very special circumstances, e.g., if the density of states has a sharp peak at the Fermi level
and the Coulomb interaction is much larger than the band width. This is seen not only
in the Gutzwiller theory, but also in the Dynamical-Mean-Field-Theory, see, e.g., references
[212, 213].

From these results, we can already conclude that ferromagnetism, as it is observed in
transition metals, is closely related to the orbital degeneracy of the partially filled 3d-shell
in these systems. Therefore, it is quite instructive to study ferromagnetic instabilities in a
system with two orbitals, as a first step from the simple one-band model towards a realistic
description of materials with partially filled 3d-shells.

9.1.1 Model Specification

We consider a Hubbard model with two degenerate e, orbitals per site on a simple cubic
lattice. The local (atomic) Hamiltonian for this system is given in equation (2.23). Using the
notations introduced by Slater and Koster in reference [214], we find
52;%16 = tglil)a((l/2) cosky + (1/2) cosky + 2cos k) + (3/2)t£ld)5(cos ky + cos ky)
—i—t((;i)a cos ky cos ky + [(1/4)t£5i)0 + Stézl)ﬁ] (cos ky + cos ky) cosk,

+3tgi)5(cos kycosky + (1/4) cos ky cosk, + (1/4) cos ky cos k) , (9.1a)
E?C;Uﬂ) = (3/2)t£llcl)(7(cos ky + cosky) + dda((1/2) cosky +(1/2)cosky +2cosk,)  (9.1b)

—i—élt((igr cos kg cos ky + [(3/4)15((13)0 + 75((1017r (9/4)t((13)5](cos kg + cosky) cosk, ,
e?cw = £ ou = = (V3/2)[- tdda + tgd)é] (cos ky — cos ky)
[(\f/él)tdd(7 \ftddw (3\f/4)tdd)5](cos ky — cosky) cosk, . (9.1c)
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Figure 9.1: Model density of states
at the Fermi energy as a function of
the orbital filling n,. The dashed
lines indicate the fillings used in sec-
tions 9.1 and 9.3. The total band-
width is W = 6.8 eV.

for the bare (spin independent) band energies (2.17a). Here, we included hopping parameters
to the nearest and second-nearest neighbours, and set the cubic lattice constant equal to unity.

As in references [99, 122, 123] we choose the hopping parameters according to general
experience for transition metal energy bands, tgi)a =1eV, té?a = 0.25eV, and t&)‘;(m : té}%’r@) :
tfiz)é’(z) =1:(—0.3) : 0.1. This choice avoids pathological features in the energy bands, such
as perfect nesting at half band filling. The single-particle part of the Hamiltonian (9.1) is
easily diagonalised in momentum space and leads to a density of states Dy(e) that is shown
as a function of the band filling in figure 9.1. Later, we will study the half-filled case, n =
(ny +ny)/2 = 0.5, in the context of the Brinkman-Rice metal-to-insulator transition, and
the fillings n =~ 0.29 and n = 0.35 for ferromagnetism. The case n = 0.29 corresponds to a
maximum in the density of states at the Fermi energy. For this band filling, we expect the
strongest tendency to ferromagnetism.

9.1.2 Variational Energy Functional

For a two-band model, it is possible to give a manageable explicit expression of the variational
energy as a function of the variational parameters. The eigenstates of the two-particle spectrum
all belong to different representations of the point symmetry group, see table 2.3.2. Therefore,
one can safely assume that the variational-parameter matrix Ap v = dp v is diagonal and we
have A\pr = A for all states |I'), |I') that are degenerate due to the cubic symmetry. Then,
we have to deal with 11 independent variational parameters mpr = /\%m%:

i) two parameters for an empty and a fully occupied site: my, f;
ii) four parameters for singly and triply occupied sites: mg and ts with s =T, |;

iii) five parameters for doubly-occupied sites: dl ’T, di’l, d? (for the triplet 3As), dg (for the
doublet 'E), and d4 (for the singlet ' A;).

In this section, we work with an uncorrelated local density matrix
<é;'[,(b,s)éi,(b’,s’)>\lfo = 05,5/ 0,5/ s (9.2)

which is diagonal and orbital independent Then, the constraint equations (5.47) can be solved
explicitely, e.g., by considering the occupations

myg = 1—2n;—2n) +d}' +di* +d) +da + 2dp + 4t; + 4t) + 3f , (9.3a)

1
ms = mng— dfs+t§+2tg+f+§(dA+2dE+d?) (9.3b)
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as functions of the remaining nine independent parameters.
The expectation value of the two-band Hubbard Hamiltonian is given by

E® = > gieao+ U = J)(d] +dft +df) (9.4)

+2(U" + N)dg + (U + J)da + (2U +4U" = 2J)(t; + ¢, + f) .

where we introduced the orbital-independent elements

4 = 1[(\/5+\/WS);(\/@+2 dE+\/d>?> (9.5)

ns(1 = ny)
+\/n78(\/m7)+\/ﬁ> +\/t§<\/cg+\/f)r

of the diagonal renormalisation matrix and the bare band energies
EF,s
€50 = / deeDy(e) . (9.6)
—0o0

For comparison, we also consider the energy

Bl = N e + (U = J)(d] +dit) (9.7)

+2U'dy + 2Ud. + (2U +4U" = 2J)(t; + t| + f)

of a two-band model without the terms in the second line of the atomic Hamiltonian (2.23).
Here, the renormalisation factors are given by

= [

v (v + aF) + Vi (a7 ) |

In this case, there are seven variational parameters d?, d%l , do, de, t1, t|, and f, which
represent the occupation of the configuration states |I). The probabilities for an empty site
my and a singly-occupied site mg are related to the variational parameters by

ms = ns—[di° +ts+2ts+ f+de.+do] (9.9a)
my = 1—2n;—2n) +d}' +di* +2do + 2d, + 4t + 4t + 3f . (9.9b)

In the following, we compare the results from the two Gutzwiller wave functions to those from
the Hartree-Fock theory.

9.1.3 Ground-State Properties

The energies (9.4) and (9.7) have to be minimised with respect to their respective (nine or
seven) independent variational parameters mp and the magnetisation

ME(nT—nl)/Q, (910)

for example, by means of the algorithm introduced in appendix E. In figure 9.2(left), the
magnetisation M is shown as a function of U for fixed J/U = 0.2 (U'/U = 0.6).
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Figure 9.2: Left: Magnetisation density per band as a function of U for the Hartree—Fock
solution (HF), the Gutzwiller wave function with pure density correlations (GWgeps), and
the Gutzwiller wave function with atomic correlations (GWatom) for (a) ng = 0.29 and (b)
ns = 0.35. The dotted line indicates the results for GWytom with Jo = 0. The local exchange
interaction is J = 0.2U in all curves. Right: Phase diagram as a function of U and J for the
Hartree—Fock solution (HF) and the two Gutzwiller wave functions (GWgens, GWatom) for (a)
n = 0.29 and (b) n = 0.35; PM: paramagnet, FM: ferromagnet.

The critical interaction for the ferromagnetic transition, U™, is about a factor two larger

than its value UFY as obtained from the Hartree-Fock—Stoner theory. The corresponding
values Ugens always lie somewhat below the values for the Gutzwiller wave function with
atomic correlations. In general, the relation Myp(U) > Mens(U) > Matom(U) holds, i.e., for
all interaction strengths, the tendency to ferromagnetism is the strongest within the Hartree—
Fock theory and weakest for Gutzwiller wave functions with atomic correlations. Furthermore,
the slopes of M(U) are much steeper in the Hartree-Fock results than in the presence of

correlations.

The properties of the ferromagnetic phase strongly depend on the spectrum of the atomic
two-electron configurations. To further analyse this point, we have included the case of Jo = 0,
which changes only the excited two-electron states. A shift of the curve M (U) results towards
smaller interaction strengths; for a given magnetisation density, a smaller interaction strength
is required as compared to the correct symmetry case J = Jg, see figure 9.2(left). The effect is
more pronounced when we go to the Gutzwiller wave function with pure density correlations.
In this case, all exchange terms in (2.23) are neglected. Then, even the ground state is modified
since the atomic spin triplet with S* = 0 moves up in energy into the range of the atomic spin
singlets. Again, the magnetisation curve shifts to much smaller interaction strengths. Both
results indicate that itinerant ferromagnetism is strongly influenced by the atomic multiplet
spectra.

In figure 9.2(left/a), we chose the particle density per band to be n = 0.29, right at the
maximum of the density of state curve, compare figure 9.1. For this case, there are finite
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slopes of the M(U) curves at Up, and a ‘Stoner criterion’ for the onset of ferromagnetism
applies. In figure 9.2(left/b), we chose the particle density per band as n = 0.35. As seen from
figure 9.1, the density of states at the Fermi energy Do(Er,1) + Do(EF,|) first increases as a
function of the magnetisation density. Therefore, a discontinuous transition thus occurs from
the paramagnet to the ferromagnet.

In the case of pure density correlations, a second jump in the M (U) curve is observed
that is absent in the other two curves. As discussed in reference [123], this jump is related
to another feature of the density of states. In the Hartree—Fock theory, this feature is too
weak to be of any significance in comparison to the interaction energy. When the full atomic
correlations are taken into account, this first-order jump at a finite magnetisation density
disappears due to the enhanced flexibility of the variational wave function. Nevertheless, in
this range of a strongly varying magnetisation density, we find rapid variations of the various
double occupancies, similar to the behaviour near the Brinkman—Rice transition for n = 0.5
in section 9.3.

Another remarkable difference between the Hartree—Fock and the Gutzwiller method lies
in the approach to ferromagnetic saturation. In the Hartree-Fock theory, the magnetisation
saturates at U values about 20% to 40% above the onset of ferromagnetism at UI?F. In contrast,
in the variational approach saturation is reached at about twice the onset value, Ugyy < 2Up.
However, even when the minority spin occupancies are zero and <§2t> is constant, the majority
spin occupancies s and altT f vary with U since the limit of zero empty sites is reached only for
U — .

In figure 9.2(right), we display the J-U phase diagram for both fillings. It shows that the
Hartree—Fock theory always predicts a ferromagnetic instability. In contrast, the correlated
electron approach strongly supports the idea that a substantial on-site Hund’s rule exchange
is required for the occurrence of ferromagnetism at realistic interaction strengths. For the
case n = 0.29, the differences between the phase diagrams for the two correlated electron
wave functions are minor. Due to the large density of states at the Fermi energy, the critical
interaction strengths for the ferromagnetic transition are comparably small, and the densities
for the double occupancies in both correlated wave functions do not differ much. For the
larger band filling n = 0.35, i.e., away from the peak in the density of state, the values for Up
are considerably larger and, in the atomic correlation case, the Gutzwiller wave functions can
generate local spin triplets more easily while keeping the global paramagnetic phase.

The magnitude of the local spin as a function of U is shown in figure 9.3. For U — oo,
each site is either singly occupied with probability 2 — 4n or doubly occupied (spin S = 1)
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with probability 4n — 1. Hence,
((5)%)00 = (3/4)(2 — 4n) +2(4n — 1) = 5n — 1/2.. (9.11)

For the correlated wave functions, this limit is reached from above since, for U < oo, charge
fluctuations first increase the number of spin-one sites at the expense of spin-1/2 sites, which
turn into empty sites. A further decrease of U will also activate the singlet double occupancies
and higher multiple occupancies. Thus, the local spin eventually reduces below <(§Z)2)oo On
the contrary, the Hartree—Fock theory does not give the proper large-U limit for the local spin.
Instead, the Hartree-Fock limit is given by

(SHHHEF = n(3 4 2n) . (9.12)

The change of <(§z)2) at Up is only a minor effect within the correlated electron approach. In
particular, this holds true for the case of atomic correlations, where about 90% of the local
spin saturation value is already reached in the paramagnetic state. Again, the Hartree—Fock
results are completely different. There, the local spin sharply increases as a function of the
interaction strength since the absence of correlations fixes

(S)%)M(U < UFT) = ((S)*)(U = 0). (9.13)

Finally, in figure 9.4, we display the energy differences between the paramagnetic and
ferromagnetic ground states as a function of the interaction strength for J = 0.1U. For the
correlated electron case, this quantity is of the order of the Curie temperature, which is in the
range of 100 K — 1000 K in real materials. On the other hand, the Hartree-Fock theory yields
small condensation energies only in the range of U =~ 4eV; for larger U, the condensation
energy is of order U. Including the correlation effects, we have relatively small condensation
energies even for interaction values as large as twice the bandwidth (U ~ 10eV).

9.1.4 Spin-wave Excitations

As discussed in the previous section, the stability of a ferromagnetic solution is drastically
overestimated in a Hartree-Fock treatment since only the Stoner parameter I = (U + J)/2
governs the magnetic behaviour in that approach. The paramagnet becomes unstable as soon
as the Stoner-criterion

is fulfilled, where Dy(Er) is the density of states at the Fermi level. This means that a ferro-
magnetic transition occurs for any value of the local exchange constant J. This is in striking
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Figure 9.5: Variational spin-wave disper-
sion in z direction, E"*((q,0,0)), for a
generic two-band model with n = 0.29,
J = 02U, and the values U/eV =
7.8, 10, 12, 13.6 correspond to magnetisa-
tions m = 0.12, 0.20, 0.26, 0.28.  The
lattice constant is a = 2.5A. Inset:
E"((q,0,0)) and E*((q/v2.4/V2.0))
for m = 0.2 and m = 0.28, respectively.
The spin-wave dispersion is almost isotropic
for strong ferromagnets.

contrast to our Gutzwiller variational approach, where a sizeable Hund’s-rule coupling J is
crucial for the formation of ferromagnetic order. Thus, for small values of J, the Hartree-
Fock theory leads to qualitatively incorrect results. These significant differences complicate
a comparison between the variational spin-wave approach, introduced in section 8.1, and the
random-phase approximation because the latter is based on a Hartree-Fock description of the
ground state. For the same set of parameters J and U, the underlying ground states are
completely different and, therefore, a comparison of the spin-wave properties is not meaning-
ful. It thus appears more reasonable to consider the results of both methods for the same
magnetisation m, and not for the same parameters J and U.

In figure 9.5, the variational spin-wave dispersion in z-direction is shown for four different
magnetisations. Here, we used the same tight-binding parameters as in our analysis of the
ground state in the previous section. The average electron density per orbital and spin direction
in the paramagnet is n = 0.29. We keep the ratio J/U = 0.2 fixed and consider different values
U/eV = 7.8, 10, 12, 13.6, which correspond to a magnetisation per band of m = 0.12, 0.20,
0.26, 0.28. The last value belongs to the almost fully polarised ferromagnet (m ~ n). As can
be seen from figure 9.5, the spin-wave dispersion drastically depends on the magnetisation.
The data can be fitted very well to

E"((¢4,0,0)) = Dg2(1 + B¢2) + O(q5) , (9.15)

in qualitative agreement with experiments on iron-group metals. In the case of a strong
ferromagnet, we obtain D = 1.4eVA2 and D = 1.2eVA2 for m = 0.26 and m = 0.28,
respectively. This is the right order of magnitude in nickel, where D = 0.43 eVA? was observed
experimentally [215]. The inset of figure 9.5 shows that the spin-wave dispersion is almost
isotropic, which also agrees with experimental observations. In our variational many-body
approach, the spin-wave stiffness decreases as a function of U. This does not come as a
surprise because the effective coupling between the sites decreases when the electron hopping
between the sites becomes less effective.

In figure 9.6, the results for the spin-wave dispersion in the RPA are shown for three
different values of U. In contrast to our variational approach, the RPA predicts a negative
slope of the dispersion for non-saturated ferromagnetism, M < n. Note that for U = 5.2eV
the system has just attained the fully polarised state, see figure 9.2(left). However, even
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Figure 9.6: RPA spin-wave disper-
sion in x direction, ERPA((q,0,0)),
for a generic two-band model with
n = 0.29 and J = 0.2U. The value
U = 4.0eV corresponds tom < nin
Hartree-Fock theory whereas U =
5.2eV and U = 6.2eV correspond
to the fully polarised Hartree-Fock
ground state. Also shown is the
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in this case, a well-defined RPA spin-wave excitation does not yet exist. It requires a further
increase of U until the fully polarised collinear Hartree-Fock ground state appears to be stable.
Since the RPA probes the ‘local’ stability of a mean-field state, it is conceivable that another
ferromagnetic Hartree-Fock state with some spiral order has a lower energy than the collinear
state. However, ferromagnetic phases with spiral order are not generic for transition metals.
We argue that this prediction of exotic ferromagnetic spin structures is an artefact of the
Hartree-Fock approach.

In the case of a stable collinear ferromagnetic Hartree-Fock ground state, the RPA spin-
wave stiffness increases as a function of U, again in contrast to our variational approach. For
all generic cases, DRPA(U — o0) > DY (U — 00) holds in the limit of infinite coupling. In our
case, D?*PA(U — 00) = 1.4eVA2, as compared to DV (U — oo) = 0.4eVA2. The variational
and RPA results differ significantly in the strong-coupling limit, too. Nevertheless, there are
some intermediate coupling strengths where the variational and the RPA spin-wave stiffness
agree. Such accidental agreements may also occur when RPA results are successfully compared
to experimental data as, e.g., in reference [216].

9.2 Orbital Order in a Spinless Two-Band Model

The investigation of orbital degrees of freedom has become an important field in theoretical
solid-state physics over the past two decades. There are a number of materials that are
believed to show phase transitions with orbital order parameters. Among them, the perovskite
manganites, e.g., Laj_,Sr,MnOs3;, have attracted particular interest because of the colossal
magnetoresistance behaviour, which is observed in these materials. In theoretical studies on
manganites, one often neglects the almost localised Mn 9, orbitals, and investigates solely
the electronic properties of a system with two eg orbitals per lattice site. In order to study
the ferromagnetic phase of such a model, Takahashi and Shiba [217] further neglected the
spin-degrees of freedom because the Hund’s rule coupling was assumed to align the spins in
the two ey orbitals.

The mean-field study in [217] found a surprisingly large number of stable orbitally ordered
phases for the spinless e; model. However, as we have seen in the previous section, mean-field
approximations overestimate the stability of ordered phases in correlated-electron systems.
Therefore, in this section, we investigate the emergence of orbital order in the two-orbital
Hubbard model without spin-degrees of freedom by means of our Gutzwiller theory.
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9.2.1 Model System and Types of Order Parameters
Without the spin-degrees of freedom, our two-orbital model reduces to
Hy, = Ho+H, (9.16a)
2
o b AT 4
Hy = Y2 > 6l (9-16b)
i,j bb'=1
-ﬁU = Uzﬁi,lﬁi,Z . (9160)
i

The Hamiltonian (9.16) is formally equivalent to the one-band Hubbard model (2.20) if the
indices b,b" are regarded as spins. However, the tight-binding parameters in (9.16b) would
be unusual for a genuine one-band model since they contain inter-orbital hopping terms. The
Hubbard parameter U in (9.16¢) is given as U = U’ — J, where U’ and J are the Coulomb and
the exchange interaction in the original two-band Hamiltonian (2.23).

In line with reference [217], we restrict our investigation to systems with only nearest-
neighbour hopping and choose tgq, = 1eV, tggs = 0eV. Additional hopping terms would
only destabilise the orbital order we are interested in. For the eg-orbitals |z1) = |22 — y?) ,
|22) = 322 — r2) | the one-particle Hamiltonian in momentum space becomes

Hy = Z Z €Z§b:b/éTk;z,bék;z,b’ ) (917)

k bV
with
52;171 = (cos (k) + cos (ky) + 4 cos (k:z))/Q,
koo = 3(cos(kg)+cos(ky))/2, (9.18a)
€kl2 = —\/g(cos (kz) —cos (ky))/2 = €funy - (9.18b)

The k-integrated density of states Dgy(e) that results from this band structure is shown in
figure 9.7.

For our investigation of orbital order, we need to introduce two more basis representations
of the orbital space,

Sl =Sl

|z1) (Iz1) + I22)) » (9.19a)

|22) (Iz1) = I22)) » (9.19b)
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and

ly1) = (|21) +ilz2)) , (9.20a)

Sl =Sl

|y2) (lz1) —ilz2)) - (9.20D)

The dispersion relations in momentum space for the ‘x’- and the ‘y’-basis become

eha1 = ((2—V3)cos(ky) + (24 v/3) cos (ky) + 2 cos (k)) /2, (9.21a)
ehon = ((2+V3)cos(ky) + (2 — V3)cos (ky) + 2cos (k)) /2, (9.21b)
€12 = cos (k) + cos(ky) —2cos(k:))/2 = €kar, (9.21c)
8%;171 = cos (ky) + cos (ky) + cos (k,) = €k;272 , (9.21d)
5%1,2 = (1+ V/3i) cos (kz) + (1 — V/3i) cos (ky) — 2 cos (k2))/2, (9.21e)
ko1 = <5i;1,2>* : (9.21f)

The interaction term (9.16¢) has the same form for all three basis representations £ = x, y, z.
We describe orbital order in our model system (9.16) through the order parameters

Tie = ((lig) — (ig))/2, (9.22a)
ie, = O lig, (9.22b)

for each of the three representations . Using the Pauli matrices 1, 7%, 7Y, 7%, the order param-
eter can also be written as (compare reference [217])

Tig = Z< &, (Fowéis,) - (9.23)
bb’

Besides the orbital character of the order parameter, we need to specify its lattice-site
dependence. Following reference [217] we consider orders of the form

Tig = Teoexp (IQRy) (9.24)

with commensurate vectors Q that belong to the I' point (Q = (0,0,0)), the R point (Q =
(m,m,m)), the X point (Q = (0,0, 7)), and the M point (Q = (7, m,0)). The real parameter
Teo in (9.24) is independent of the lattice site vector R; and assumed to be positive. Note
that, for vectors Q # (0,0,0), equation (9.24) divides the lattice into an ‘A’-lattice with a
majority &; occupation (7;¢ > 0), and a ‘B’-lattice with a majority & occupation (7;¢ < 0).

9.2.2 Evaluation of the Energy Functionals

For the investigation of the Hamiltonian (9.16), we work with the local correlation operator

P = Z A, 1T 1 (9.25)
I

where, as usual, 1y = |I)(I| projects onto the four local configuration states |I), i.e., the empty
state |), the doubly-occupied state |d) and the two single electron states |€1),]£2). Note that
|£1) and |&2) depend on the orbital representation & whereas the states |)) and |d) are invariant
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under the orbital transformations (9.19) and (9.20). For the variational parameters \;, we
make an Ansatz that is consistent with the spatial symmetry of the order parameter,

Aig = Ao, (9.26a)
Aid = A (9.26Db)
iy = As +0Asexp (IQRy) (9.26¢)
Aig, = s —dAsexp (IQRy), (9.26d)

where the parameters Ay, Ag, As, 0\ are independent of the lattice site vector R;. .
We only consider single-particle wave functions |¥g) for which the local density matrix C°
is diagonal with respect to b, V/,

0 — /At 4 _ .0
Ci;&b,é‘b/ = <Ci,5bci,£b/>\1/0 = Ny, Obb - (9.27)

Finite non-diagonal elements in C° could only appear if we were mixing different order pa-
rameters.

With the expectation values m;; = )\12; 1{(Mi.r)w,, the constraints (5.48) can be readily
solved by expressing all local occupancies in terms of the average numbers of doubly-occupied
sites mj.q,

mig = 1-— ng@ - n?@ + M, (9.284a)

Mig, = MNoe, — Mid- (9.28b)
Apart from the still unspecified single-particle wave function |¥¢) and the corresponding local
density matrices Cio , the probabilities m;.q are the only remaining variational parameters. We
skip the explicit declaration of the orbital representation £ for the rest of this section and
write b instead of & in all indices.

With our general results, as derived in chapter 5, the expectation value of the single-particle
Hamiltonian (9.16b) becomes

A~ b,b/ R R o
Eo = (Ho)wg = > JGndin'ts, <CI,ij,b/>% = (Hp)w, (9.29)

ij by
with the renormalisation factors
1 2
G = 5o (Ve + i) (9.30)
R0, (L—n,) WV

and b is defined via 1 =2 and 2 = 1.
The lattice symmetry of the order parameter leads to further simplifications. We introduce
the majority and the minority orbital density

nY =n® + 7 (9.31)
such that
”?,1 =ng ”?,2 = ng:' (9.32)

The upper and lower signs in (9.32), and in corresponding equations below, belong to lattice
sites i € A and ¢ € B, respectively. For the other local expectation values, we find

Mg = Mg, (9.33a)
mip = mg = ni —my, (9.33b)
Miz = Mg = n% —myg, (9.33¢)
mip = 1-— 2n° + my. (9.33d)
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A similar notation is introduced for the g-factors

i1 =4+ , G2 =4qF, (9.34)

where
1 2
g+ = 1~ (Vmgmz + /mzmg)” . (9.35)
n(i(l . ng:) (\/ \/ F )

The expectation value (9.29) splits into four components
Eo=q EY" +q¢ B+ /gy (E""+E™1), (9-36)

which belong to the four different hopping channels between majority (‘+’) and minority (‘—’)
states. In momentum space, the one-particle expectation values in (9.36) can be written as

/ 1 R R R R
B =g DD o (Ml},b'<CL;z,bCk;z,b’>wo + WMy (Cly Qe plicas )y, (937)
k by

g3 /At 4 Ingd /At A
0 My (i pCrck Qe )y T 9 Mb7b’<Ck+Q;Z7bCk+Qyzvb/>\IJO)

where w, w’ represent the + or — signs, and the coefficients M, are given as the elements of

the matrices
- 1 1 ~9 1 1
M- = < 11 , M= = 1 1 , (9.38)

~ 1 -1 ~ 1 -1
3 _ 4 _
w0 o) -5
For the evaluation of the expectation values in (9.37), we determine the single-particle wave

function |¥o). As shown in section (5.3), |¥p) is given as the ground state of the effective
single-particle Hamiltonian

HY = [) - Zexp (IQR;) (75,1 — 1i2), (9.39)

where f[{) was introduced in (9.29) and the term proportional to the variational parameter 7
allows the order parameter 7y to be varied.

Here, we only aim to investigate the stability of the orbitally unordered state. Therefore,
we just need to analyse the energy expression (9.36) for small values of the order parameter 7.
An expansion of the g-factors (9.35) up to second order in 7y,

¢+ ~ Go £ o + @75 (9.40)

yields

~2
- (- a
Vara- = Go+ <q2 - 2q30> 75 - (9.41)

Note that the coefficients ¢, are still functions of nY and mg. To leading order in 79, the
effective Hamiltonian (9.39) becomes

rreff _ ~ z a4 4 N
0o = 4o E E kbt Chee 2 pCksz b 71 E (Ck;z,1ck+Q;z,1 T Ok 2%k+Q;z,2 (9.42)
kK by Kk
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because we can set g;, = o in Hj), equation (9.29). The single-particle Hamiltonian (9.42) is
easily diagonalised numerically. This diagonalisation provides the coefficients in the quadratic
expansion of (9.37) ,

E** = Eg+ Eyid, (9.43a)

E*F = E\+ Eyg, (9.43b)

and, consequently, of the variational ground-state energy

~2
Eyar = Go B + (qugot + G EXY — E} ({1> 6+ Umyg. (9.44)
q0
Here, we introduced
EI* =2(E, + E.) (9.45)
for v = 0 or 2. The minimisation of Ey,; with respect to my can be carried out for 7y = 0,
9
Bt 20 +U=0, (9.46)
omy —

which determines the optimum number 7my of doubly-occupied sites as a function of U and n®.
This allows us to express the variational energy solely in terms of 7,

Evar = qNOEED)Ot + CTng . (947)

A negative sign of the coefficient
ai
CTO = qOESOt + qQE(gOt — E(l)% = CTO(U7 ’I’LO) (948)

in (9.48) indicates the instability of the unordered state. Note that a positive ¢;, does not
necessarily prove the stability of the unordered state because it does not exclude first-order
transitions.
In Hartree-Fock theory, a quadratic expansion of the ground-state energy leads to
EyY = E + (B - U)rg (9.49)

var

and the critical interaction strength in this approach is therefore given as

UdF = Eiet (9.50)

9.2.3 Results

In figures 9.8, we show the critical interaction strength (9.50) in Hartree-Fock theory as a
function of density for the various types of orbital order introduced at the beginning of this
section. Our data agree with those reported in reference [217]. Note that in Hartree-Fock
theory, the critical interaction strength is finite for all densities n® > 0 and diverges only in
the limit n® — 0.

The phases in figure 9.8(left) are not stable within our correlated Gutzwiller approach for
all densities and interaction parameters. This holds in particular for the order parameter 7'1%,
which has surprisingly small critical values UgF around quarter filling 2n° ~ 0.5.

For the four surviving phases in figure 9.8(right), we show the ratio USW/UHF of the
critical parameters in Gutzwiller and Hartree-Fock theory as a function of density in figure 9.9.
Apparently, there is only a narrow window of densities around half filling 2n° ~ 1 where orbital
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Figure 9.8: Critical interaction strength in Hartree-Fock theory. Left: orders 73 (full line),
75 (dashed), T;(x) (long-dashed), 73, (dotted), and 7% (dash-dotted), which are not stable
within the Gutzwiller theory. Right: orders 715’( x) (full line), T;(x) (dashed), 7§, (dotted), and
7% (dash-dotted).

order occurs in the Gutzwiller theory. This is in sharp contrast to the Hartree-Fock findings in
figure 9.8(right). For three of the phases, the orbital order may disappear again if U exceeds
some second critical value Ugw > Ugw. This behaviour is also different from the Hartree-Fock
theory in which the orbital order is stable for all U > Ué{F. Mathematically, the appearance
of the second critical parameter Ugw is due to the fact that g2 in (9.40) has a minimum
as a function of m,. Hence, the coefficient c;, may have one or two roots as a function of
U, depending on the other parameters in (9.48). The appearance of the second transition is
therefore a genuine many-particle effect. Only one of the four orders, 7§, is unstable in the
limit U — oo for all densities. For the three other orders, we find critical densities n? with a
stable order for all n® > n? in the limit U — co. The values of nQ are displayed by arrows in
figure 9.9.

The failure of Hartree-Fock theory to describe the orbitally ordered phases of the two-band
model is not surprising. It is well known, for example, that Hartree-Fock theory also grossly
overestimates the stability of ferromagnetic ground states in a one-band Hubbard model [218]
or in two-band models, as we have seen in section 9.1.3.

9.3 Metal to Insulator Transitions in a Degenerate Two-Band
Model

As shown by Brinkman and Rice [102], and recapitulated in section 5.4, the Gutzwiller theory
for a one-band model at half filling exhibits a metal to insulator transition at finite values
U of the interaction parameter U. Obviously, one expects that similar transitions occur at
integer fillings of multi-band models. In the following, we summarise the results for the metal-
insulator transition in the model with two degenerate e, orbitals per site that was introduced
in section (9.1).

For multi-band systems with 2N spin-orbitals per site, the Brinkman—Rice transition occurs
at integer numbers, i.e., for 1 < 2n < 2N of electrons per atom. For densities n = 1/4 or
n = 3/4, the transition in the two-band model is continuous like the Brinkman-Rice transition
in the one-band case, see reference [122]. Therefore, we focus on the case n = 2, where, in
general, the transition is discontinuous in the bandwidth reduction factor q. This means that
a jump occurs at the Brinkman—Rice transition from a finite value ¢gr in the metallic phase
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to ¢ = 0 in the insulating phase.

In figure 9.10(left), the ¢ values are shown as a function of U for various J/U ratios.
The singular case J = 0 (U = U’) differs from the generic situation both qualitatively and
quantitatively. For models with 2/N spin-orbitals per site and a purely Hubbard-type local
interaction, Hy = U > 0.0’ Nlofigr, the critical interaction is given as [119]

U _V/n(l—=n+1/2N))+/(n+1/(2N))(1 —n)
o=

(1—n)n ol »

where g¢ is the uncorrelated ground-state energy per lattice site. Note, however, that the
Brinkman-Rice transition is continuous only at this point, and values of J/U as small as 1072
produce finite jumps of a significant size. A (realistic) value of U’ = 0.8U (J = 0.1U) is enough
to reduce the critical interaction strength Upg for the Brinkman—Rice transition by a factor
of two.

The reason for this behaviour is readily understood. All atomic two-electron states are
degenerate in energy only for U’ = U (J = 0). Thus, all double occupancies have equal weight
near the Brinkman—Rice transition, both in the metallic and insulating phase. Any finite J
value will remove the degeneracies and re-establish the generic case.

As seen from figure 9.10(left), the critical interaction strength Upr and the size of the
g-factor strongly depend on the size of the Hund’s-rule coupling J/U. In figure 9.10(right), we
display the behaviour of ggr as a function of U’/U at the corresponding critical interaction
strengths Upgr. For the Gutzwiller wave function with atomic correlations (GWatom ), & maxi-
mum of ¢g§R* ~ 0.4 for U’ < U occurs near U'/U = 0.9 (J/U = 0.05). A shallow minimum of
@i 2~ 0.1 is seen near U'/U ~ 0.14 (J/U = 0.43). On the contrary, the same curve for the
Gutzwiller wave function with pure density correlations (GW 4ens) increases monotonically as
a function of J/U towards ¢4 ~ 0.6 at U’/U = 0.

In the range 0 < U’/U < 1, we always find qdens > qgr. Moreover, we have Ugg > Ug%{ls,
see figure 9.10(left). As expected, the metallic state is stabilised by the introduction of the
full atomic correlations. Nevertheless, the two values for the Brinkman—Rice transition are
fairly close to each other, Upgr = Ugf{ls. Therefore, it is interesting to plot the value of the
q factor for the case of atomic correlations at U = Udens. It is very similar to the ¢gr curve
for pure density correlations (see figure 9.10(right)). Th1s shows that the ¢ factor sharply —yet
continuously— drops as a function of U in the region Ug dens < U < Ugg before it jumps from
gBR to zero at the Brinkman—Rice transition.

In figure 9.11, we display the paramagnetic (U, U’) phase diagram at half band filling. It
is seen that the additional atomic correlations (GWatom) further stabilise the metallic phase
for all U > U’ (J > 0), as compared to the result of the density correlations. The figure
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Figure 9.10: Left: Bandwidth renormalisation factor ¢ at half band filling as a function of U
for various values of J (J = (U — U’)/2). Right: Bandwidth renormalisation factor at the
Brinkman-Rice transition U = Upg as a function of U’/U for the Gutzwiller wave function
with atomic correlations (full line) and pure density correlations (dotted line). Also shown is
the value of the g factor for GWatom at U = Ug%{lg (dashed line).

also shows the gain in the variational energy when we use the Gutzwiller wave functions with
full atomic correlations instead of pure density correlations. The gain is shown for fixed value
U = Ugf{ls as a function of U’/U. Tt is quite considerable, of the order of 0.1eV, for realistic
values of J/U =~ 0.1.

In the unphysical regime J < 0 (U’ > U), the metal is less stable in the presence of
full atomic correlations. Note that in this parameter range the insulating ground state is
different for the two variational wave functions: a unique atomic ' A; state with energy U — |J|
versus two degenerate |T],0) and |0,7]) states of energy U for pure density correlations. As
a consequence, the violation of the atomic symmetry in this limit leads to a qualitatively
different result for pure density correlations.

Apparently, the exchange interactions in multi-band systems have a profound influence
on the qualitative nature of Mott metal-insulator transitions. In the Gutzwiller theory, these
transitions are, in general, of first order in the hopping renormalisation factor ¢q. Whether or
not these findings are an artefact of our approach or generic for multi-band systems is still not
clear; so far, the results of the Dynamical-Mean-Field-Theory are inconclusive. In reference
[219], our results were qualitatively reproduced within a ‘linearised DMFT calculation’. In
contrast, a study based on the ‘numerical renormalisation group’ found discontinuities only
for models with density-density type exchange interactions, see reference [220].

9.4 Orbital Selective Mott Transitions and Local Hybridisation

Metal-insulator transitions in Hubbard models with different densities of states have attracted
a lot of interest in recent years [221-228]. A dispute arose over the question whether or not
the transition occurs at different interaction strengths for the wide and the narrow band.
A transition with different critical interaction parameters is usually denoted as an ‘orbital
selective Mott transition” (OSMT). Apparently, a consensus has now been reached that such
an OSMT can occur in Hubbard models with different bandwidths, subject to the bandwidth
ratio « of the narrow and the wide band and the value of the local exchange interaction J.
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In most of the previous calculations on OSMTs, the Dynamical-Mean-Field-Theory was
employed. The OSMT in a two-band Hubbard model was first investigated by means of the
Gutzwiller theory in reference [228]. In that work, the authors found an OSMT both for
vanishing (J = 0) as well as for finite (J # 0) local exchange interaction. For J = 0, the
critical band-width ratio was found to be a, = 0.2. The Gutzwiller results in [228] were in
good agreement with data from DMFT and a slave-spin approach proposed in reference [226].

In this section, we analyse the OSMT in a two-band model in more detail. In particular, we
permit a finite expectation value Ag = <éj 1¢; 9) for the local hybridisation, which can change
the nature of the OSMT. Such a hybridiéation could be finite spontaneously, solely due to
the Coulomb interaction, or due to a finite hybridisation term in the Hamiltonian. We will
investigate both possibilities.

9.4.1 Model Hamiltonian and Gutzwiller Wave Function

We investigate our generic two-band Hubbard model with the local Hamiltonian (2.23) and
the single-particle Hamiltonian

4 g b At .
Ho = Z ti.5Ci (b,5)Cii(b,s) (9.51)
1,7;b,8
where we assume that the hopping amplitudes

t2; = aupti; (9.52)

depend on the orbital index b only via overall bandwidth factors cy. This leads to an orbital-
dependent renormalisation

Dy(e) = Dy <5> (9.53)

(67 (073
of the bare density of states
1
Do(e) = 7 ij §(e —en) (9.54)

where ¢y, is the Fourier transform of ¢; ;. In this section, only symmetric densities of states
will be considered D(—¢) = D(e). As in section 9.2, we will also consider the corresponding
spinless model, which has been introduced in equations (9.16).
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We work with a real variational-parameter matrix Ar v and, since there is no spin order,
we assume that only states with the same quantum number S, lead to finite non-diagonal
elements. Due to these symmetries, the local correlation operator contains up to five variational
parameters for the spinless model and up to 26 for the full two-band model.

Throughout this section we will investigate the half-filled case of our model systems and
allow for a finite local hybridisation

AO = <é7];,(1,5)éi,(2,s>\110' (955)

With respect to the operators ¢ and &, the local density matrix is therefore non-diagonal. As
shown in our derivation of expectation values in section 5.2, it is more convenient to work with
creation and annihilation operators

X0 IS SN A()
h'L (Ls) D) (Ci,(l,s) + ci7(2,5)) ) (956&)
X0 N S AN C) BN Gy
hi i(2,8) T 5 (Cz‘,(l,s) Ci,(g,s)) (9.56b)

that have a diagonal local density matrix,
R) _ /3t o _ 1
- <hi,(b7s)hi7(b’7s)>\po = Op,p/ (5 + Ao)- (9.57)

With respect to these operators, the single-particle Hamiltonian I:IO reads

bb T i
= > i b sy o (9.58)

1,5;b,0";s

where

Nb y = (517 by + AO& 1— 51) b’)) (959)

7]

Both atomic Hamiltonians (2.23) and
C-basis to the h-basis.

6¢) keep their form under a transformation from the

9.4.2 Orbital-Selective Mott Transition in an asymmetric Two-Band Hub-
bard Model

First, we consider the metal-insulator transition in the asymmetric two-band Hubbard model
without local hybridisation. For our numerical calculations, we use a semi-elliptic density of

states )
Die) = ~v1-¢2, (9.60)

where we have defined the energy unit as D = 1, half of the bare bandwidth. For our analytical
considerations, we do not need to specify the bare density of states (9.60). It turns out that
D(e) enters the results only through the integral

0
£0 —/ deD(e)e (— 2 for D(e) = D(S)(s)) , (9.61)
oo 3
and through its value D(0) at the Fermi level. When we set a; = 1 and introduce the
bandwidth ratio o = a1 /as < 1, the expectation value for the one-particle Hamiltonian (9.51)
is given by

(Ho)we = (af + d3a)eo . (9.62)
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Figure 9.12: Renormlisation factors g for A = 0, and bandwidth ratios a = 0.2, a = 0.1; Left:
J =0 ; Right: J=0.1.

Without hybridisation, the variational ground-state energy has to be minimised only with
respect to the variational parameters Ar /. In figure 9.12(left), we show the resulting renor-
malisation factors ¢, as a function of U for J = 0 and two different bandwidth ratios a. As
already observed in reference [228], it depends on the value of o whether or not there is an
orbital selective Mott transition. For J = 0, the critical ratio is a. = 0.2, i.e., the renormali-
sation factors g1, go vanish at two different critical values Uy < U if @ < a. By switching
on J, the critical ratio o, becomes larger and the Mott transitions take place at smaller val-
ues of U; see figure 9.12(right). These findings are in good agreement with the results of
Dynamical-Mean-Field-Theory; for a comparison, see reference [228].

For J = 0, we can gain more insight into the nature of the different Mott transitions in our
model by some analytical calculations. First, we consider the case o > .. If we approach the
Mott transition from below, we can neglect the variational parameters for empty and fourfold
occupied sites. Due to the high symmetry of the model for J = 0, the ground-state energy is
then a function of only three variational parameters, d, ¢, and, 0,

B =20d(1—2d)f($,0)+(1+d)U, (9.63)
where
2
f(6,0) = 4oy (sin (¢) sin (0) + v/2 cos (¢) cos (9))
+4as (cos (¢)sin (A) + V2sin (¢) cos (9))2 . (9.64)

Here, tan (¢)2 gives the ratio of the probabilities to find a singly-occupied site with an electron
in the wide and in the narrow orbital. The ratio of the probabilities for doubly-occupied
sites with two electrons in the same and in different orbitals is parametrised by tan (9)2.
The variational parameter d gives the total probability for single occupation. At the Mott
transition, where d — 0, the two angles ¢, 6 can be calculated analytically

1 —17 4+ 2a — 1702
b = 6(d—0)== :
0 ( 0) 2arccos<3(1_34a+a2)>, (9.65a)
1 (1 + )2v/2sin 26
= ¢(d— 0) = = arct : 9.65b
o = 9ld—0) = garctan (57— "50 (9.65D)
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Figure 9.13: Left: tan (¢9)® (full line) and tan (Ap)® (dashed) at the Mott transition as a
function of bandwidth ratio «; Right: Ratio of renormalisation factors ¢2/q; at the Mott
transition as a function of a.

Both values, tan (¢0)?, and tan (6y)* are shown as functions of « in figure 9.13(left).
As expected, the weight of local states with no electron in the narrow band vanishes for
o — a.. The renormalisation factors g, both vanish proportional to a square-root, g, ~
VU, — U, when U approaches U, from below. The ratio ¢2/¢; is finite for U — U, and goes to
zero proportional to \/a — ag, see figure 9.13 (right). Finally, the critical interaction strength
Uqo = U is given by
U = 2|60|f(¢0, 90) (Oé > Oéc) . (966)

Next, we consider the case a < «.. For interaction parameters U < U < U, the
electrons in the narrow band are localised and the wide band can be treated as an effective
one-band model. This leads us to the critical interaction parameter

Ut = 2|20l £(0,0) = 16|e0]  (a < ac) (9.67)

for the Brinkman-Rice transition of the wide band. Starting from the Brinkman-Rice solution
for U < Ug1, we can expand the variational energy to leading (i.e., second) order with respect
to the three parameters {v;} = {¢,0,my},

3
E= E() + Z UiEiJUj . (968)
4,j=1

The localisation of the narrow band becomes unstable when the matrix E has negative eigen-
values for physical parameters v; > 0. This evaluation yields the following expression for the
narrow-band critical interaction strength

o
1 -4«

Uez = 16]eq] (a < a). (9.69)

The resulting phase diagram for all 0 < o <1 is shown in figure 9.14.

9.4.3 Spinless Two-Band Model with Spontaneous Hybridisation

As the simplest example for a model with different densities of states, we investigate the spinless
two-band model. In the half-filled case and without spontaneous hybridisation (Ag = 0), the
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constraints (5.47) can be solved analytically for this model, see section 5.4.1. The variational

energy is then solely a function of Ay,

)\2

Eqar = 4)\3 <1 - 2d> €0+ %)\3 . (970)

The energy (9.70) can be minimised analytically. As a result, we find again the Brinkman-Rice
solution

7\ 2
¢gBr = 1- <UC> ; (9.71a)
1 U
dgr = S |1-+ 71b
BR 1 < Uc> (9.71b)

for the renormalisation factor ¢ = drqs 1y and the expectation value of the double occupancy
d= )\3 /4. The Brinkman-Rice metal-insulator transition occurs at the critical value U = U, =

16eq], see section 5.4.1.
We now investigate the stability of the solution against a spontaneous hybridisation of the

two bands. For the renormalisation factors ap, we set a1 + ag = 2, i.e., the difference of the
bandwidths is parametrised by Aa = a1 —ag. Starting from the analytic solution for vanishing
hybridisation, we can calculate the variational ground-state energy to leading order in Ag,

EAO = EBRr + C(U, Aa)Ag . (9.72)

A spontaneous hybridisation will appear if the coefficient C' in (9.72) is negative. The analytical
evaluation leads to the Stoner-type instability criterion

f(Aa) U/U.(2+U/U:) _
U.D(0) = 201 +0/v? Y wrte), 073

where A
a
f(Aa) = :
2arcsinh (Aa/\/él - Aa2>

In figure 9.15, the function f(Ac«) and the right hand side of equation (9.73) are shown as
a function of A« and U, respectively. As can be seen from this figure, the function f(A«)
and therefore the left hand side of (9.73) approach zero for Aaw — 2. On the other hand, the
right hand side of (9.73) is positive for all U > 0. This means that for arbitrary values of U
there exists a critical bandwidth difference Aa. with Ag > 0 for a > a.. Figure 9.16 (left)

(9.74)
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Figure 9.15: Left: f (A«), equation (9.74); Right: ¢g(U/U.), equation (9.73)

shows the phase diagram for ground states with and without finite hybridisation for different
values of the density of states D(0) at the Fermi level. Whether or not there is a transition
in the large U limit for all values of Aa depends on the value of D(0). This is illustrated in
figure 9.16 (right), where the critical difference Aa. for the transition is shown as a function of
D(0) in the limit U — oco. Note that a spontaneous hybridisation has already been observed in
a Falicov-Kimball model within a mean-field approximation [229]. This is in agreement with
our results in the limit Ao — 2.

Our analytical results on the spinless two-band Hubbard model show that a difference in the
bandwidth increases the tendency of the system to exhibit spontaneous hybridisation between
the narrow band and the wide band. Mathematically, the reason for this is quite simple. Both
the expectation value of the one-particle energy <I:IO) and the Coulomb interaction (I:IbC> are
changing quadratically in Ag. However, in the limit Ao — 0 the energy gain from <fIloc>
always exceeds the decrease in energy from <ﬁ0>. At first glance, one might think that the
same behaviour should be observed in the OSMT phase of the two-band model with the only
difference that it is not the bare, but the effective width of the narrow band that vanishes. As
we will discuss in the next section, however, this hypothesis turns out to be incorrect.

120 T T T ™ 25 T T T T T
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Figure 9.16: Left: phase diagram of the spinless two-band Hubbard model for different densities
of states at the Fermi level D(0) = 0.25,0.2,0.15,0.13,0.125,0.1 (from the bottom to the top
of the figure) Right: critical difference Aac in the limit U — oo as a function of D(0).
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9.4.4 Spontaneous Hybridisation in the Two-Band Model

We present numerical results for the two-band model with a finite local hybridisation (9.55).
As shown in the previous section, a vanishing width of the narrow band can be the driving
force for a spontaneous local hybridisation of the wide band and the narrow band. In our two-
band model, however, the vanishing of the effective bandwidth for go — 0 does not have the
same effect. This can be seen in figure 9.17, where we show the results for the renormalisation
factors q1, g2 and the hybridisation Ag. Unlike in the spinless model, there is not necessarily
a finite hybridisation when the effective narrow bandwidth goes to zero for U — Ug. The
reason for this differing behaviour is an additional contribution to the one-particle energy of
the full two-band model. To leading order in Ag, there is a third term from the expansion of
the narrow-band renormalisation factor

@2 ~ q2(Ag = 0) + cAf. (9.75)

The coefficient ¢ is negative and, multiplied with the negative bare one-particle energy of the
narrow band, it leads to an increase of the total energy. This contribution to the energy
overcompensates the negative term from the Coulomb interaction.

A finite hybridisation Ag sets in at larger values of U when the system is already in the
OSMT phase, see figure 9.17. Numerically, it seems as if Ag approaches its maximum value
AF*™ =1/2 only in the limit U — oo.

In all systems with finite values of J that we investigated, we did not find a solution with a
spontaneous hybridisation. It is not excluded, though, that, for values of J smaller than some
critical parameter J. there is a solution with a finite hybridisation. However, it is difficult to
determine this small parameter J. numerically.

9.4.5 Orbital-Selective Mott Transition in a Two-Band Model with Finite
Hybridisation

The assumption that there is no hybridisation between the two degenerate bands in the Hamil-
tonian of our model is quite artificial. In this section, we will therefore investigate how the
OSMT is affected if we add a hybridisation term of the form

N N
Hyyp, = —1) Z ¢ 1)Cias T h.c. (9.76)
,8

to our Hamiltonian (2.23).
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Figure 9.18: Left: expectation value 2Ag as a function of U for several values of 7; Right:
Renormalisation factors q1, g2 for & = 0.15 and 7 = 0.025D, J = 0.05U (full line), 7 = 0.025D,
J =0.025U (dashed), = 0.05D, J = 0.025U (dotted).

For J = 0, we find that the OSMT phase is destroyed for any finite value of 7. This is
illustrated in figure 9.18 (left) where we show the expectation value Ay as a function of U for
several values of 7.

For finite J, the behaviour of our model is more ambiguous. As we have seen before, a
finite J stabilises the OSMT phase whereas a finite 7} tends to destroy it. Therefore, it depends
on the ratio of both quantities whether or not an OSMT is found. Figure 9.18 (right) shows
the renormalisation factors g for different values of J and 7. For J = 0.025U and 7 = 0.05D,
the OSMT is completely suppressed. This is still the case for the smaller value n = 0.025D,
although the narrow band factor ¢ is already quite small in the region of U parameters where
it would be zero for 7 = 0. Finally, for larger values J = 0.05U an OSMT phase is restored for
interaction parameters U > U.y where U,y is larger then the corresponding value for 7 = 0.

In summary, our numerical calculations show that appearance and disappearance of an
OSMT results from a subtle interplay of the local exchange interaction J and the local hy-
bridisation 7.



Chapter 10

Materials

In this final chapter, we report on two materials, which we have investigated with our Gutzwiller
variational theory. Results for the quasi-particle bands and the magnetic properties of fcc nickel
are presented in section 10.1. In section 10.2, we investigate the electronic properties and, in
particular, the Fermi-surface topology of Na,CoOa.

10.1 Magnetic and Electronic Properties of Nickel

In this section, we address ferromagnetic nickel as the prototype of band ferromagnetic mate-
rials. On the experimental side, one of the reasons why nickel has been in the focus of interest,
much more than iron or cobalt, is the relative ease to grow large single crystals. Consequently,
a lot of experimental investigations have been carried out on nickel in order to determine its
magnetic properties and electronic structure. For a review, we refer to references [230-233].

10.1.1 The Nickel Problem

On the theoretical side, of all the iron group magnetic metals, nickel is the most celebrated
case of discrepancies between Spin Density-Functional Theory (SDFT) predictions and ex-
perimental results. Early on, de-Haas—van-Alphen data indicated the presence of only one
hole ellipsoid in the Fermi surface of the minority spin bands, located around the X-point of
the Brillouin zone [234]. In contrast, energy band calculations using SDFT predict two hole
ellipsoids around the X-point, the Xs-state of pure d(tay) orbital character, and the X-state
of pure d(eg4) orbital character. Concomitantly, neutron scattering experiments [235] revealed
that the orbital character of the nickel magnetic moment exhibits less e, admixture than
predicted by energy-band calculations.

Measurements by angle-resolved photoemission-spectroscopy (ARPES) confirmed the de-
Haas-van-Alphen results: the minority Xo-state of pure d(e,) orbital character was found to
lie slightly below the Fermi level. Furthermore, the photoemission data differ considerably
from SDFT over the whole range of occupied 3d bands. Most importantly, the width of the
occupied part of the 3d bands is approximately W = 3.3eV [236, 237], whereas SDFT gives
Wsprr = 4.5€V, or larger [238]. ARPES studies also reveal big discrepancies between SDFT
and experiment in the exchange splittings of majority and minority spin bands near the Fermi
energy. The SDFT results give a rather isotropic exchange splitting of about 650 meV to
750 meV, whereas photoemission data show small and highly anisotropic exchange splittings
between 160 meV for pure 3d(e,)-states such as Xy and 330 meV for pure 3d(tg,)-states such
as S3 near the X-point.
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Another discrepancy concerns the position of the Lo/-state. Experimentally, it is found
approximately 1.0eV below the Fermi energy Erp whereas the SDFT puts it to about 0.3eV
below Er. This state is special as it represents the most binding, pure 4p-state. An incorrect
4p-level implies that DF'T slightly underestimates the partial density of the 4p electrons and,
thus, the 3d-hole density. This appears to be a general problem of the underlying DFT
calculation. The same problem appears for 4d transition metals of bee structure: the position
of the purely 5p-state Ny also appears shifted by about 0.7eV to lower energies as compared
to the DFT results, see reference [239)] .

Lastly, the size and the direction of the magnetic moment pose a big problem to SDFT.
Early experiments using ferromagnetic electron resonance and the KEinstein—-de-Haas effect
have produced the values ¢ = 2.183 and ¢’ = 1.835, which result in an orbital moment of
torb = 0.0507up per atom for nickel [230]. In general, the values of the orbital part of the
magnetic moments in band ferromagnets are not very well reproduced in SDFT. Iron and
cobalt show large deviations [240], even in relativistic SDFT calculations [241]. Moreover, the
magneto-crystalline anisotropy energies are not correct, i.e., they come with the wrong sign
in SDFT. As shown by Aubert and Gersdorf [242, 243], the value of the dominant anisotropy
constant is K1 = —8.8ueV, i.e., the (111) direction is the easy axis in nickel. For a (001)
magnetic moment, the energy is higher with an energy difference F,niso = F111—Foo1 =~ —3 peV
per atom. In contrast, it is Fapiso > 0 in SDFT calculations, e.g., by Daalderop [241] so
that K1 > 0. The SDFT results for cobalt and iron are equally disappointing. At low
temperatures, the complex behaviour of the magnetic anisotropy as a function of temperature
and the magnetic field was interpreted by Gersdorf [242] to be caused by a shift of the electronic
state (001) X5, to about 3meV above the Fermi energy. The famous second hole ellipsoid
around the Xy indeed exists [242] as long as the magnetic moment has an angle of less than
18 degrees with the (001) direction. However, the states (100) X3 and (010) X2, remain
below Ep, about 33 meV [242].

All these discrepancies could not be overcome by SDFT modifications such as the GGA
variants [244, 245]. Apparently, a substantial improvement of SDFT results for nickel along
these lines is presently not within reach. Recent correlated electron theories remove the SDFT
shortcomings only partially. For example, with LDA+U-type calculations it seems to be
possible to adjust to experiment the orbital moment, the magnetic anisotropy, and the Fermi-
surface topology [246, 247]; however, other quantities, especially the entire quasi-particle band
structure, remain elusive within these theories.

10.1.2 Model and Wave-Function Specifications

In order to apply the Gutzwiller theory, the parameters of a proper multi-band Hubbard Hamil-
tonian need to be specified; these are the hopping amplitudes, the local potential terms, the
local spin-orbit coupling, and the local Coulomb interaction parameters, see also appendix G.1.
In addition, we have to specify the class of Gutzwiller wave functions that we use for our in-
vestigation.

Electron-Transfer Amplitudes and Local Potential Terms

For nickel, we consider a minimal model that includes only those bands that are partly filled
within a paramagnetic LDA calculation. Therefore, our multi-band Hubbard Hamiltonian
Hyp comprises of 18 spin orbitals, namely 3d, 4s, and 4p. The non-magnetic local-density
approximation to DFT provides the LDA band structure E,%EA. We represent the bare energy-
band matrix elements E?c, »o 10 the kinetic energy operator Hy in terms of real electron-

transfer integrals ¢ (r) in the two-centre approximation [214], which range up to third nearest
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N, sso spo sdo ppo ppT
1] —1.0292 1.2047 —0.5933 1.2144 —0.5284

2 | —0.1039 0.2234 —0.1089 0.5989 —0.2205

3| —0.0050 —0.0223 —0.0223 0.0137 0.0076
pdo pdm ddo ddm ddé

1| —0.6960 0.2300 —0.4780 0.3150 —0.0481
2 | —0.2092 0.0524 —0.0848 0.0336  —0.0007

3| —0.0439 -0.0023 -0.0245 —0.0011 0.0024

Table 10.1: Electron-transfer parameters % (r) to Np-th neighbours (all energies in eV).

neighbours, N, < 3. These parameters and the local potential terms e, are chosen in such

a way that our tight-binding fit reproduces the LDA band structure. In this fit, we include

information on the symmetry of the single-particle states, see e.g., reference [248|. For the

optimal choice, the k-averaged root-mean-square deviation between our tight-binding fit and

the LDA band structure up to 2eV above the Fermi energy is 15 meV for the 3d bands and for

the 4sp bands. Our values of the electron-transfer parameters are summarised in Table 10.1.
For the on-site parameters, we find for both spin species

€4s,4s = &g = 5.6022eV ,
iy = IPA = 85335eV,
Eap ap = hit = 7.7835eV, (10.1)
E3d(tag)3d(tag) = Etoy = —0.0290eV,
€3d(eg),3d(eg) = Eeg = 0.0436eV ,

where z-:II;DA is the result from the fit to LDA and 6;“& is used in practical calculations for

a better agreement between our Gutzwiller theory and ARPES experiments for nickel, see
below. For the total crystal-field splitting, we find ect = &1,, — €., = —0.0726 eV.

The energetically highest-lying state of pure d character is X5 (purely ta4), 0.18 eV above
the Fermi energy. The state Xy (purely eg) lies 0.025eV above Er. The width of the 3d bands
can be estimated from F(X5) — E(X;) = 4.45eV (X, is predominantly of d(e,) character), or
from E(Xs5) — E(L1) = 4.63eV (L1 is predominantly d(ta)).

Next, we address the Lo/-state. Experiment locates this state at about 1.0eV below Ef.
The SDFT calculations for ferromagnetic nickel as well as our Gutzwiller theory find the Lo/~
state about 0.3eV below the Fermi energy when we use the LDA 4p orbital energy z-:I];DA =
8.5335eV. Therefore, we shift the 4p orbital energy by 0.75eV to &5t = 7.7835¢V, and find
the Lo/-state 0.97 eV below Er. In the following, we present results that use szhift = 7.7835¢€V.
This choice enhances the 4p partial density by approximately 0.1 electron and, correspondingly,
enhances the 3d hole charge by the same amount so that we work with ny = 8.78. The
remaining 1.22 valence electrons are about evenly split between the 4s level and the three 4p
levels.

Local Hamiltonian

As described above, the paramagnetic LDA calculation provides a first single-particle contri-
bution to the local Hamiltonian,

“ronsite __ AT oA
Hloc - E :EUCi,aci,U (102)
1,0
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with |o) = |4s,4p,3d) ® | T, ]). In addition to these single-particle contributions, we include
the spin-orbit interaction for the 3d electrons only, |0) = |3d) ® | 1,]). Hereby, we restrict
ourselves to the dominant, purely atomic contributions of the form

e =Y g< L6 + g + Lalo)el 2, (10.3)

i,0,0'

Here, ¢ is the strength of the spin-orbit coupling, ¢, . are the three Pauli matrices, and
Zx,y,z are the Cartesian components of the vector operator for the angular momentum. For the
spin-orbit coupling constant, we choose ( = 0.080€V as in references [249, 250].

The second part of the local interaction is the two-particle Coulomb interaction H in (2.15).
The intra-atomic interactions in the 4s and 4p shell are rather weak when compared to the
broad 4sp energy bands. Thus, we expect only small correlation effects in these bands. We
also neglect correlations between 4sp electrons and 3d electrons beyond those contained in the
LDA band structure. This is a more serious approximation as we neglect magnetic polarisation
effects on the 4sp bands and thus may underestimate the 4sp contribution to the magnetic
moment. Under these assumptions, the spin-orbit sum in the interaction part of (2.15) runs
over the 3d orbitals only. The local Hamiltonian is then given by

ﬁloc — f{I + rronsite _|_I_irso ) (10‘4)

loc loc

For the d-orbitals, we introduce a basis ‘F3d> of eigenstates of ﬁI,
H|T3) = Epsa|T37) (10.5)

The atomic states |T') that we will use in our definition of the Guzwiller correlation operator,
can be written as product states,

T) = [T Tt r) . (10.6)

Since, in our Gutzwiller theory, we only correlate the 3d states |I'3¢), the variational parameters
Arr are independent of the 4sp configuration |T'4*)|T'¥P). This leads to a numerically tractable
problem if the number of non-diagonal elements in Ap s does not significantly exceed the
number of diagonal elements.

Naturally, we should not completely ignore the Coulomb interaction of the 4sp electrons.
In this case, a big charge flow from the 3d to the 4sp bands and unphysically small occupations
of the 3d shell would result. One way to overcome the charge flow problem, is to introduce a
chemical potential that keeps the 3d partial charge fixed during the calculations, ngy = 8.78;
see [251] for an alternate method, which gives essentially the same results.

The Gutzwiller theory produces an optimum magnetic (spin-only) moment, which is too
large by about 10%. It should be mentioned that the SDFT results show a similarly large
overshooting of the magnetic moment. To best compare with experiment, we thus carry out
calculations at fixed magnetic moment for the total energy, with either the spin-only moment
fixed to the (spin-only) experimental value of pgpin = 0.55up, or with the total magnetic
moment fixed to the full experimental moment of p = 0.606u5 when the spin-orbit coupling
is included.

Parameters for the Coulomb Interaction

It remains to determine the Coulomb interaction parameters U?!:92:73:94 in (2.15). In the
spherical-atom approximation, there are only three independent interaction parameters, for
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example the three Racah parameters A, B, and C; see appendix C. The spherical-atom
approximation is excellent in cubic systems. In principle, the Coulomb interaction among
3d(tag) electrons may differ from the Coulomb interaction among 3d(eg4) electrons because the
radial parts of their orbital wave functions could be different. Measurements of d-d transitions
of magnetic impurities with cubic site symmetry in non-magnetic oxide hosts show that these
differences are marginal. The d® multiplets 3H and 3P, which are accidentally degenerate in
spherical-atom approximation, split by cubic two-particle corrections but not by the crystal
field. However, they are found to be degenerate within the experimental resolution of some
meV [92]. In test calculations, we have used different A parameters for d(ta,) electrons and
d(eq) electrons but we have not found any features in our quasi-particle energies, which would
indicate a failure of the spherical-atom approximation.

The Racah parameters B and C are related to the Slater integrals F» and Fy. They deter-
mine the splitting of the multiplets of a specific 3d" configuration. They can be determined
experimentally from d-d transition spectra for magnetic impurity ions in non-magnetic insu-
lating hosts. Typical values for all kinds of transition metal ions are tabulated in [92]. It
is found experimentally that the ratio C'/B varies smoothly between 4 and 5; C/B = 4 is
obtained theoretically when hydrogen 3d wave functions are used. Experimentally, the values
for B and C for Ni*?* and Ni3* ions are known [92]. When we linearly extrapolate these values
to a neutral atom we find our values for nickel as B = 0.09eV and C' = 0.40eV so that we
employ a ratio C'/B = 4.4. The values for B and C are close to the ‘bare’ atomic values, i.e.,
the screening appears to be of little importance to B and C. For a fixed ratio C/B, we may
replace the two interaction parameters B and C by a single effective parameter J, as is quite
often done in the LDA+U literature. This exchange coupling J is related to B and C by

B C J

5 + F= 7 (10.7)
For our nickel values for B and C, we find J = 0.88¢eV, a value very similar to the ones used
by Anisimov et al. [252] and others.

The Racah parameter A (basically the U parameter of the Hubbard model) determines the
separation of the various d"™ multiplets. The ‘bare’ values, as calculated, e.g., from atomic wave
functions are of the order of 25eV, as discussed already in Herring’s book on magnetism [253]
and confirmed recently in [254]. There is a technique to extract U parameters using ‘constraint’
density-functional theory and supercell geometries. It has been found that for minimum-basis
models the U-values are smallest. For example, in the case of the cuprates, values U < 2eV
were found for a single-band Hubbard model whereas a three-band model including the oxygen
2p states employs Ugg =~ 8 €V [255]. Similar results have been found in the case of BaBiOg3 [256].
For 3d band models, values of U = 4...6eV have been reported [252]. For the 4s-4p-3d
multi-band case of nickel, no such calculations are available but values U ~ 10eV appear to be
reasonable. We choose A in such a way that our Gutzwiller theory reproduces the experimental
3d band width. For our 18 orbital basis, we find A = 9eV to reproduce best the quasi-particle
3d band width W = 3.3eV; a value of A = 12eV leads to W = 3.0eV. If we worked with
a model of only ten 3d spin orbitals, the corresponding band-width reduction is achieved for
A=4eV.

Gutzwiller Wave Functions

For a multi-band model with ten correlated spin orbitals, it is impossible to evaluate the entire
variational space defined by our general class of Gutzwiller wave functions (4.25). For example,
if we work with a symmetric variational-parameter matrix and assume that all elements Ar
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can be finite for states |I'), |I) with the same particle number, we find

1 < /10\2
Nep=72Y_ ( > = 92378 (10.8)

n
n=0

as the total number of variational parameters. Even with our efficient minimisation algorithm,
described in appendix H, the treatment of such a large number of variational parameters is
infeasible.

Fortunately, for physical reasons, it is not necessary to exploit the entire space of param-
eters Aprv. Depending on the particle number, there will be many states |I'), which give no
contribution to the variational energy since their probability to be occupied is almost zero.
For example, in case of nickel with approximately 8.8 d-electrons per atom, all states |I') with
particle numbers |I'| < 7 give only a small contribution and the corresponding non-diagonal
elements of the variational-parameter matrix can surely be neglected.

For those states |I') that mostly determine the variational energy, the matrix Ap v has to
obey the symmetries of the lattice. In nickel, with its cubic site symmetry, it seems reasonable
to couple all states |I'), [I') that belong to the same representation of the point symmetry
group. In this way, however, we would violate the spherical approximation, which is used
in our construction of the atomic Hamiltonian. In order to be consistent, we thus allow a
coupling only for those states |I'), |I”) that belong to the same degenerate spherical multiplet.
If we allow a coupling of all states |T'), |T”) belonging to the same cubic representation, certain
results can change significantly, e.g., those for the exchange splitting. In this case, if we want to
reproduce the experimental data, we have to go beyond the spherical approximation also in our
construction of the atomic Hamiltonian. Since it is not clear, how the ten Coulomb parameters
in cubic symmetry can be found from first principles, they would have to be determined
by means of an unsatisfactory fitting procedure. Therefore, we find it more reasonable to
work with a consistent spherical approximation both for the Hamiltonian and the variational-
parameter matrix.

Apart from the variational-parameter matrix Ar s we have to specify the single-particle
wave function |¥p). As shown in section 5.3, it is given as the ground state of an effective single-
particle Hamiltonian, see equation (5.97). This Hamiltonian contains Lagrange parameters
No,0', Which have to be varied in order to minimise the ground-state energy. For symmetry
reasons, not all of the 10> = 100 parameters Ne,o’ can be finite. In the presence of spin-orbit
coupling, the number n;, of finite parameters depends on the magnetic moment direction; we
find nje = 22 for fi||[111] and nje = 18 for f||[001].

Numerically, a minimisation with respect to all nj, parameters 7, .+ is quite costly because
each variation involves many momentum-space integrations. At present, we therefore work
with a simplified effective Hamiltonian that contains effective parameters only for all physically
relevant one-particle terms. An algorithm that allows to minimise the energy with respect to
all nje parameters is described in appendix H.2.

In cubic symmetry, there exist only four independent matrix elements of the local (d-
electron) density matrix. The trace of the matrix is fixed by the total d-electron number. The
three remaining matrix elements are governed by parameters ni »» Which are given by the
orbital-dependent exchange fields A¢,,, A,,, and the effective crystal-field splitting a’éf%. The
non-cubic symmetry resulting from the addition of the spin-orbit coupling adds many more
formally independent ni o terms. Both for fi[|[001] (tetragonal symmetry) and for fi||[111]
(trigonal symmetry) there are two more exchange-fields and two more crystal-field splittings.

All these eight terms are included in our simplified effective Hamiltonian ﬁgﬁ.



10.1. MAGNETIC AND ELECTRONIC PROPERTIES OF NICKEL 139

Figure 10.1: Grey-scale plot of the negative second derivative of the ARPES intensity for
nickel with respect to energy, —d?I/dE?, on a logarithmic scale (insets: linear scale) for the
I'KX and I'X directions of the BZ. The dispersionless structure at Er is due to a residual
Fermi edge resulting from indirect transitions. Some bands (Ag, X1, Yo, X3, 31 towards I)
are not seen due to unfavourable matrix elements, depending on geometry and chosen final
state. Theoretical curves are the results of the Gutzwiller theory, see also table 10.2.

10.1.3 Quasi-Particle Band Structure

We consider separately the results of our theory for a model with and without spin-orbit
coupling. For gross features, such as the quasi-particle band structure, the spin-orbit coupling
is only a small perturbation and can, in principle, be neglected.

We find the best agreement [138, 257] with the experimental occupied 3d band width
W3q = 3.3eV for a value A = 9eV, see table 10.2 and figure 10.1. Then, the condensation
energy, i.e., the energy gain for the ferromagnetic phase as compared to the paramagnetic one,
is Feong ~ 40meV = 0.8kpT¢ (Tc = 630K is the Curie temperature). This value of A is larger
than in other multi-band studies on transition metals, see, e.g., references [258, 259]. In [258],
only 3d bands were incorporated. If we eliminate in our calculations the rather large 4sp-3d
hybridisations we also find that values of A = 2eV ...3eV give ferromagnetic solutions with
Econa = 40meV and W3y &~ 3eV. The results of [259], where the 4sp bands have also been
included, are at variance with our findings.

In the Gutzwiller calculation, the energy of the state X5 is pinned slightly below the
Fermi energy, in agreement with experiment. This is an essential improvement over LSDA
calculations, which predict a second hole pocket at the X point. Even a drastic change in
the Racah parameter A to values 8eV < A < 12eV does not change much the basic features
of the Gutzwiller quasi-particle band structure. The pinning of X5, is caused by the small
variational parameter A(ey), which in turn leads to a large fraction of ¢4 holes in the minority
spin bands, produced by a relatively large A(tag). Due to the large nearest-neighbour hopping
between ¢y, orbitals, it is energetically favourable to generate as many ¢34 holes in the minority
spin bands as possible.

As mentioned before, there is a significant discrepancy between the experimental and the
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ym. : xperiment utzwiller able 10.2: Binding ener-
S Ch. E i G ill LSDA Table 10.2: Bindi
gies in eV with respect to
(1) S 8.90+0.30 8.86 8.96[—0.11] the Fermi energy Ep. {...)
(Tosr) T 1.30+0.06 1.44[0.46]  1.99[0.43] indicates the spin average,
(T'12) E  0.4840.08 0.65[0.195]  0.86[0.41] error bars in the experi-
(X1) sE  3.30£0.20 3.31[0.36]  4.37[0.20] ments without spin resolu-
(X3) T  2.63+0.10 2.86[0.54]  3.82[0.37] fion are given as +. Theo-
Xot E  0.214+0.03 0.165 0.35 . .
retical data show the spin
Xo| E  0.04+0.03 0.01 —0.09
average and the exchange
Xst T  0.15+0.03 0.10 0.23 e .
splittings in square brack-
A, (X2) E  0.17+0.05 0.155 0.44

9 ets. The second column de-
Ay, (X5) T  0.33+£0.04 0.38 0.56 . .

29 note the dominant orbital
(K3) spTe 2.48+0.06 2.59[0.50]  3.37[0.32] charactor of the states. The
(Ky) pE  0.47+0.03 0.51[0.185]  0.70[0.41] spin-polarised data (As.f)

7f

(L1) sT  3.66%£0.10 3.51[0.515]  4.56[0.23] were taken at fractions f of
(L3) tE 1.43+0.07 1.51[0.34]  2.02[0.40] the T'L distance. with the
L3t Te  0.184+0.03 0.215[0.30]  0.38]0. 50] . ’ .

emphasis on the analysis of
(Lor) P 1.00£0.20 0.97[0.0] 0.24[—0.12] the exchange splittings. For
(W) s 0.65+0.10 0.69[0.30]  0.94]0. 39] all calculations, a spin mo-
Wy T  0.15+0.10 0.11[0.52]  0.23[0.56] o

T ment of u = 0.55up was
(Az.1/3) ptE  0.57[0.16+0.02] 0.67[0.32]  0.90[0.42] used. The Gutzwiller calcu-
(Az.1/2) ptE  0.50[0.214+0.02] 0.55[0.37]  0.76[0.44] lations were carried out for
(Asi2/3) pTE 0.35[0.25+£0.02] 0.33[0.41]  0.49[0.48] A =96V, ny = 8.78.

LSDA value for the energy of the 4p-type Lo state. Its theoretical value Epgspa(Lo) =
—0.24 eV, is much higher than in experiment, F(Ly) = —1.0€V, see table 10.2, column LSDA.
The position of the Lo/ state in the Gutzwiller theory differs from LSDA only if we allow for a
charge flow from 4p to 3d orbitals. For this, we have to include the interaction between the 3d
and the 4sp orbitals. At least on a mean-field level, which should be sufficient, the inclusion of
such additional interaction terms poses no serious problem. However, it brings up additional
correlation parameters, which eventually would have to be chosen such that the theoretical and
the experimental position of the Lo state agree. Physically such a fitting procedure therefore
leads to the same result as if we shift the bare Lo-energy by hand. This is what we did in our
Gutzwiller calculations.

A lowering of the bare 4p level €, by 0.75eV considerably improves the agreement with
experiment, especially for all states near the Fermi energy and thus also for the values of the
exchange splittings. The ARPES data reveal A, (X2) = 1704+50meV for the pure d(e,) state
Xo, and A, (X5) = 330£40meV [236] for the pure d(t2,) state X5, which agrees well with the
Gutzwiller data. Lowering the 4p level leads to a charge flow of about 0.1 electrons from 3d to
4p. The extra 0.1 d-hole charge fully contributes to the magnetic moment, and the exchange
splittings are reduced accordingly. This would also be true for any LSDA calculation when
the 4p/3d charge ratio was improved. Note that the Gutzwiller exchange splittings increase
as a function of the binding energy by about 50%, as can be seen, e.g., from the values of the
pure to, states X5, 95, and X3. In contrast, they decrease in the LSDA because of the bigger
orbital basis used there.

Our method allows us to analyse how the individual multiplets contribute to the 3d charge
and to the magnetic moment. Only the 3d8, 3d9 and 3d10 configurations are important, which
is sufficient to permit the itinerancy of the 3d electrons (¢, ~ 0.7). Approximately 60% of the
moment arises from the four inequivalent d9 multiplets, which, in the hole picture, are single-
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Figure 10.2: Quasi-particle band structure along the A-line around the X,-point (left figure)
and the X, -point (right figure) of the Brillouin zone for magnetic-moment directions i || [001]
and f || [001]. The inset shows an enlarged view of the band structure around the Fermi
energy, which displays the additional hole ellipsoid for ji || [001] more clearly. Note that the
Xg|-band is below the Fermi energy for both magnetic-moment directions.

particle states. The eight S, = +1 components of the d8 triplets contribute approximately
40% — the occupation of the low-lying triplet states is increased as compared to the competing
singlet states, in accordance with Hund’s first rule. The enhanced triplet occupancies are
already present in the paramagnetic case, and lead to local spin-expectation values (5’;2>,
which are significantly larger than in the independent-particle limit. We interpret these as

preformed local moments.

10.1.4 Magnetic anisotropy and Gersdorf effect

The numerical minimisation is much more time consuming for a system with spin-orbit cou-
pling than without. First, spin-orbit coupling requires the momentum-space integration to
be extended from 1/48th to the full Brillouin zone. Furthermore, the small values of the
‘Magnetic Anisotropy Energy’ (MAE) necessitate a much finer mesh for the momentum-space
integration. Second, the energy needs to be minimised with respect to nine external varia-

tional parameters in ﬂ'gﬁ. Altogether, the minimisation of the total energy is approximately
1A04 times more time consuming for a system with spin-orbit coupling than in the absence of

We carried out the minimisation of the variational energy with respect to the ‘inner’ pa-
rameters Ap v and the ‘outer’ parameters for both magnetic moment directions fi||[111] and
i]|[001]. The optimum value of the effective spin-orbit coupling is (g ~ 68 meV in both cases,
about 15% smaller than the bare value ( = 80meV. There seems to be no simple rule that
determines the relative size of ¢ and (.. For example, for iron we found an effective spin-orbit
coupling considerably larger than the corresponding bare value.

In figure 10.2, we show the quasi-particle band structure that arises from our calculation
around the X-points X, = (001) and X, = (100). When the magnetic moment is along the
easy axis, the band structure around both X-points coincides and the minority state Xo| is
below the Fermi energy. Note that in the presence of spin-orbit coupling the spin label in Xy|
is not well defined but merely refers to the main spin-component of this state. For a magnetic
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Figure 10.3: Fermi-surface cuts with various planes in the Brillouin zone. Lines: Gutzwiller
theory including spin-orbit coupling; Squares and triangles: experimental data reported in
Ref. [260]; Dots: experimental data of Tsui [234].

moment along the [001]-direction, however, the two states Xy have different energies. The
Xo| state at X, remains below the Fermi level, whereas the corresponding state at X, creates
a new hole pocket around this X-point. This is the scenario proposed by Gersdorf [243].

In our calculations for nickel, the MAE is Epiag &~ 3.5 ueV /atom, quite close to the exper-
imental value Eeyp ~ 3.0 peV/atom. Note that the MAE has to be calculated quite carefully
within the Gutzwiller approach. In particular, one has to keep in mind that any approxi-
mation on the parameters Ar v that reduces the variational flexibility may lead to a grossly
overestimated MAE. This is a serious problem, in particular, in the case of iron [100]. For
nickel, however, a mixing of states |T'), |I”) has little effect on the variational energy, and even
a diagonal variational parameter matrix Ar ~ dr s would lead to reasonable results, i.e.,
Eniag =~ 10 ueV per atom. The absolute value of the MAE mildly depends on the parameters
for the spin-orbit coupling ¢ and the Racah-C, e.g., an increase of ¢ by 50% doubles the MAE.
However, the sign of the MAE is a robust result of our calculation.

In figure 10.3, we show Fermi-surface cuts that we find within our Gutzwiller theory.
The experimental values are taken from dHvA experiments by Tsui [234] and by Stark as
reported in references [260]. The agreement is quite satisfactory along high-symmetry lines,
whereas there are significant discrepancies away from them. We do believe that the wiggles,
which appear in the experimental data, are, in fact, spurious and we propose to redo these
measurements. Instead of constructing the Fermi surface from those raw data, as it was
done in Ref. [260], we suggest a direct comparison of the experimental dHvA-signal with our
corresponding theoretical data.

10.1.5 Kinks in the Quasi-Particle Dispersion

The accuracy of our theoretical results allows to determine subtle deviations of the measured
quasi-particle band energies from the expected Fermi-liquid behaviour [261]. As shown in
figure 10.3, a band crosses the Fermi energy on the high-symmetry line that connects the
K and the I' point in the Brillouin zone. The energies of this band, as calculated in the
Gutzwiller theory and measured in ARPES experiments, are displayed in figure 10.4(left).
There is a clear deviation between theory and experiment with pronounced kinks in the energy
regions w ~ 30 meV and w ~ 250 meV, see figure 10.4(right), where the difference between the
theoretical and the experimental energies is displayed as circles. Note that a very similar kink
behaviour has been observed for the quasi-particle bands of iron [262].
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Figure 10.4: Left: ARPES band data (thick line) and Gutzwiller dispersion (thin line) on the
high-symmetry line connecting the K and the I' point. Right: Difference between the energies
in the left figure (circles); real parts of ¥, (w) and Xy,ae and the sum of both (from left to
right in the energy region w < 200 meV) calculated with the Ansatz (10.9).

From a theoretical point of view, the kinks in the quasi-particle dispersion must be due
to a self-energy term f](w) in addition to the one covered by our Fermi-liquid description, see
equation (7.11). Note that, for our phenomenological considerations in this section, we neglect
the momentum-vector dependence and the matrix structure of the self-energy in multi-band
systems. The results in figure 10.4(right) indicate that the real part of %(w) is only a small
perturbation to the leading Fermi-liquid term ~ YRw since, otherwise, it would change the
quasi-particle dispersion more drastically. Therefore, the difference between the theoretical
and the experimental energies, as displayed in figure 10.4(right), gives the real part of the
‘renormalised’ self-energy X (w) = 2z¥(w). Here, z = (1 — ¥)~! =~ 0.7 is the quasi-particle
renormalisation. Since ¥(w) and X(w) differ only by a constant factor, we can address the
‘renormalised’ self-energy ¥(w) instead of X(w) in the following considerations.

The ARPES experiment also allows the imaginary part of the self-energy to be determined
from the width of the momentum distribution curves (MDC). Through this procedure one
finds values of Im¥(w), which are displayed as circles in figure 10.5. Here, an asymmetric
Lorentz function has been used for the fitting of the MDC peaks.

The feature in the self-energy around 30 meV is well known in metals and generally believed
to be due to electron-phonon coupling [263]. A possible explanation of the second structure
around 250 meV could be the coupling of electrons to magnons. The energy scale of magnons
in nickel is known from inelastic neutron scattering, which yields values of up to 250 meV [215].
Such an interpretation is in line with quite a number of theoretical works, e.g., on cuprates, in
which the emergence of kinks has also been attributed to the coupling of quasi-particles and
bosonic (antiferromagnetic) spin excitations, see, e.g., references [264-266].

One can investigate the scenario of a coupling between quasi-particles and bosonic degrees
of freedom more quantitatively by means of the phenomenological Ansatz

Imzph/mag(w) = )‘ph/mag/o pph/mag(w/)@(@ph/mag - w/)dwl (109)
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for the phonon (X,,(w)) and the magnon (Xyag(w)) contribution to the self-energy. Here,
Pph ~ w? and Pmag ~ \/w are the densities of states for bosons and magnons. The cut-offs
Wph/mag and the coupling parameters App, /mag are fitted in order to reproduce the imaginary
part of the self-energy extracted from the experiment. Note that the real part can be calculated
from (10.9) by means of a Kramers-Kronig transformation. In both figures 10.4(right) and 10.5,
the results of this fit procedure are displayed as lines. Obviously, both the real and the
imaginary part of the self-energy are very well reproduced by the simple Ansatz (10.9). The fit
parameters that were used in figures 10.4(right) and 10.5m are Wmag = 340meV, @y, = 35meV,
Aph = 0.3, and Ay, = 0.15. Note that, in the imaginary part, one also has to include the normal
term Y'w? from Fermi-liquid theory where 3! serves as an additional fit parameter.

Although our phenomenological Ansatz supports the idea that the kinks observed in nickel
result from a coupling of quasi-particles to bosonic degrees of freedom, such an approach falls
short of a genuine microscopic theory. At the moment, however, there is not even a reliable
theory that correctly describes the magnon excitations in nickel. Therefore, it is unlikely that
a microscopic theory will be developed in the foreseeable future, which yields a indisputable
explanation of the kinks observed in nickel. As an alternative scenario, it was shown in
reference [267] that kinks can also appear in many-particle systems solely due to the frequency
dependence of the local self-energy within the Dynamical-Mean-Field-Theory. It is difficult to
assess, however, whether or not the findings in [267] are relevant for the physical properties of
nickel.

In summary, we have resolved the long-standing problem to explain theoretically the elec-
tronic and magnetic properties of elementary fcc nickel. Our results for the quasi-particle
bands are in very good agreement with ARPES experiments and we find the experimental
Fermi-surface topology. The accuracy of our results allows the detection of additional terms in
the self-energy, which lead to kinks in the quasi-particle dispersion. Furthermore, we explain
the subtle effects that the spin-orbit coupling has in nickel. Our theory yields the correct
magnetic anisotropy energy and we confirm the Gersdorf scenario: The Fermi-surface topol-
ogy changes around the X-point (001) when the magnetic moment direction is rotated from
f||[111] to [i]|[[001] by an external magnetic field.
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10.2 Fermi Surface of Na,CoO,

The intercalated layer compound Na,CoOs has been studied intensively in recent years since,
as a function of sodium doping x, it exhibits a few remarkable properties, see below. LDA
calculations indicate that the bands of this system around the Fermi level predominantly belong
to the Cobalt t9, orbitals. The e, bands are found approx. 1.5eV above the Fermi energy and
may therefore be neglected in Hubbard-model studies. Due to the layered structure, the three
tog orbitals split into an ag and the doubly degenerate ey orbitals. The Na doping x leads to
a band filling of d°** for the six partially filled tog spin-orbital states.

For z ~ 0.60 — 0.75, one finds an unusually large thermopower [268] in Na,CoOs. Around
the doping = =~ 0.3, a transition to a superconducting state is observed below a temperature
Ts ~ 4.5K [269, 270]. The systems exhibits an unusual metal-insulator transition for x =
0.5, which is suspected to be caused by a charge-density wave [271, 272]. The magnetic
susceptibility differs qualitatively for dopings z > 0.5 and « < 0.5: for x < 0.5 one finds a
paramagnetic metal [271] while for z > 0.5 the susceptibility shows a Curie-Weiss behaviour
[273, 274].

The results of ARPES experiments on Na,CoOy cannot be properly explained by means
of LDA-calculations. As usual in transition-metal compounds, there is a significant renormal-
isation, zexp ~ 0.6, of the d-bands compared to the LDA band structure. In addition, the
LDA fails to explain the observed Fermi-surface topology for a Na doping of z ~ 0.3. In
LDA calculations, the Fermi surface consists of a large hole pocket around the I'-point and six
small pockets near the K-point [275]. The pockets near the K-point, however, have not been
observed experimentally [276, 277].

The significant band-width renormalisation indicates that the local Coulomb interaction of
electrons in the Cobalt to; orbitals has to be treated by more reliable many-particle theories
than LDA in order to understand the electronic properties of Na,CoOs. We give a brief
review of previous many-particle studies on Na,CoQOs in section 10.2.1. The results for the
Fermi-surface topology in those earlier works, however, have not been conclusive. As we will
show in section 10.2.3, where we present our own findings, the Fermi-surface topology quite
sensitively depends on the choice of the model parameters that are used in a correlated electron
approach. This may partly explain the problems to obtain a consistent theoretical picture of
the quasi-particle energies and the Fermi-surface topology in Na,CoOs.

10.2.1 Tight-Binding Hamiltonian

Tight-binding fits to the LDA band structure of Na,CoOy have been proposed by several
groups for their respective many-particle investigations [278-286]. Although the resulting
tight-binding band structures are overall quite similar they deviate with respect to some
seemingly irrelevant properties. As will be shown below, those subtle differences can lead
to qualitatively different results if many-particle correlation effects are properly taken into
account.

In figure 10.6, we show two different tight-binding band structures along high-symmetry
lines, which have been investigated in references [278, 279, 283-285]. We denote the corre-
sponding single-particle Hamiltonians as ﬁo;l [285] and }AIO;Z [279]. The Fermi energy Er =0
in figure 10.6 corresponds to a Na doping of x =~ 0.3, i.e., the total band filling is 5.3.

The main differences between the two band structures in figure 10.6 are found on the line
connecting the M and the K point at energies w =~ —1.2eV. Near the Fermi energy both band
structures look very similar. Note that the band that crosses the Fermi energy twice between
the K and the I'-point is responsible for the controversial hole pockets, which are not observed
in experiments.
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Figure 10.6: Band structures along
high-symmetry lines for the tight-
binding Hamiltonians Ho; [285]
(solid line) and Hyz [279] (dashed
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It turns out that the splitting A = g4, — Eel between ag and ey orbitals is a decisive
quantity, which very much determines the physics of the system in many-particle theories. Its
value is still a controversial issue. In the Hamiltonians I:IO;I and ﬁo;z, itis A = —132meV and
A = —10meV, respectively. A positive value of A = 350 meV has been found in quantum-
chemical calculations [281, 286]. This value, however, seems to be in disagreement with all
LDA results. In reference [287], it is shown that A, to a certain extend, depends on the Na
doping of x. In the interesting region x =~ 0.3, a value of A = —100meV is reported in that
work, which is close to the one used in the tight-binding Hamiltonian fIg;I.

10.2.2 Previous Results of Many-Particle Theory Approaches

The local Hamiltonian I—iff’b in the three-band Hubbard model, which describes the t5, orbitals,
can be derived from equation (C.3) by keeping just the t9 terms,

/

. o U o J A
o = Uznt,Tnt,l t5 Z s s = o Z Tt s Ty s (10.10)
. LA s, H(A)tss
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In the following, we assume that the spherical symmetry holds for the Coulomb parameters
U, U’, and J, i.e., we have

U = A+4B+3C, (10.11a)
U = A-2B+C, (10.11b)
J = 3B+C. (10.11c)

In this case, the parameters obey the same relation, U — U’ = 2J, as the e, orbitals and only
two of the three parameters are independent.

For the tight-binding Hamiltonian ﬁo;z, a Gutzwiller theory calculation has been carried
out for J =0, U = oo [279]. The resulting band structures and the Fermi surfaces are shown
for three different band fillings in figure 10.7. The most interesting feature in that figure is
the vanishing of the hole pockets near the K-point for the doping z = 0.3, in agreement with
the experimental data. Assuming an infinite Hubbard-U parameter, however, is certainly not
realistic for Na,;CoOs. In fact, the renormalisation of the bands in figure 10.7 is significantly
larger, z ~ 0.3, than the one found in ARPES experiments, zexp ~ 0.6.
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(dashed lines). Right: Corresponding
Fermi surfaces. All figures are taken
from reference [279)].

For the Hamiltonian fAIO;I, DMFT calculations lead to very different results. Both, in
a ‘Quantum-Monte-Carlo’ (QMC) [278] and an ‘exact diagonalisation’ (ED) treatment [283]
of the DMFT equations, the disputed hole pockets were found to be even slightly enlarged
compared to the underlying LDA calculation. In contrast, for the Hamiltonian ﬁo;z, a QMC-
DMFT study [284] confirms the findings in reference [279] qualitatively: the hole pockets
vanish for values of U > 6eV in that DMFT approach. The authors of reference [284] further
found that increasing the A-parameter from A = —10eV in ﬁo;z to positive values of approx.
40-90 eV significantly decreases the critical interaction strength of U for which the hole pockets
disappear. These findings have been qualitatively reproduced in an ED-DMFT study [285].

The previous DMFT results indicate that the properties of the three-band models that
are used for the investigation of Na,CoOs depend sensitively on the input parameters. Such
DMEFT calculations for a three-band model are numerically quite demanding. In contrast,
studies with the Gutzwiller theory are simple and allow to study such systems for a large
number of correlation parameters and with a high precision. Therefore, we present our own
Gutzwiller results for the Fermi surface topology of both Hamiltonians ffo;z and I:IO;I in the
following chapter. A more detailed investigation of quasi-particle dispersions, orbital densities,
and spin-orbit coupling effects will be published elsewhere [288].

Note that results of a self-consistent Gutzwiller+LDA calculation for Na,CoQOs have been
presented in reference [289]. In that work, however, the authors did not study a fixed and well
defined multi-band Hubbard Hamiltonian and it is therefore difficult to compare our, or the
DMFT findings, to their results.

10.2.3 Gutzwiller-Theory Results

The eigenstates |I') of the ty; Hamiltonian (10.10) all belong to different representations of
the cubic symmetry group [92]. Therefore, it is justified to work with a diagonal variational-
parameter matrix Ap v ~ op v in the Gutzwiller correlation operator (4.25b).
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Figure 10.8: Left: Phases with and without hole pockets for J = 0 as a function of U and x
and tight-binding Hamiltonians Ho,; (solid line) and Hy.z (dashed line). Right: Phasediagram
for ﬁo;z, x = 0.3 as a function of U and J.

The only free parameter 7, in the single-particle Hamiltonian (5.96) describes the effective
splitting A of ag and e,y orbitals. This parameter has a leading influence on the quasi-particle
band structure and the Fermi-surface topology and has to be determined by a minimisation
of the variational ground-state energy.

For the tight-binding Hamiltonian E[O;Ia our calculations confirm the findings in [278, 283]:
the LDA hole pockets near the K-points do not disappear for finite values of the correlation
parameters U and J and a Na doping of x = 0.3. This can be seen, e.g., in figure 10.8(left),
which shows the phases with and without hole pockets for J = 0 as a function of U and x. The
hole pockets vanish for the Hamiltonian .FAIO;I (solid line) only for a doping of x > 0.44. The
second curve (dashed line) shows the same phase diagram for the tight-binding Hamiltonian
flo;z. Here, the pockets vanish in a much larger region of doping values x and Coulomb-
interactions U. There is a transition, in particular, for a doping of  ~ 0.3. For this doping,
x =~ 0.3, figure 10.8(right) shows the phase diagram as a function of U and J. As can be seen
from this figure, a finite value of J shifts the transition to significantly larger values of U.

Unfortunately, phase diagrams, as those shown in figures 10.8, are presently not available
from DMFT calculations. We can only compare the critical interaction strengths Ug for the
Hamiltonian I:IO;Z and = = 0.3. In our approach, this value is Ug =~ 2.6 eV, while it is reported
as Uc =~ 6 eV in reference [284]. The reason for this discrepancy is presently unclear.

One should keep in mind that both approaches, the DMFT and the Gutzwiller theory, are
derived in the limit of infinite spatial dimensions. It is therefore questionable whether they
are able to capture correctly the physics of an effectively two-dimensional system. This is in
doubt, in particular, when the physical properties of the models that are used to describe that
two-dimensional system depends sensitively on the input parameters.



Chapter 11

Conclusions

In this work, we have given a thorough introduction to the Gutzwiller variational theory and
all methods that are closely related to it. We summarise our main results in the first part
of this final chapter, and close this work with a brief outlook, which discusses some of the
problems that we intend to address in the near future.

11.1 Summary

Gutzwiller wave functions provide an approximate description of many-particle ground states
for realistic multi-band Hubbard models (chapter 4). An exact analytic evaluation of these
wave functions succeeds in the limit of infinite spatial dimensions (chapter 5). We use the
resulting variational energy functional to calculate approximately the ground-state proper-
ties of correlated electron systems in finite dimensions (‘Gutzwiller theory’). On top of the
Gutzwiller description of the ground state, we describe the elementary single-particle exci-
tations as Landau-Gutzwiller quasi-particles within a Fermi-liquid theory (chapter 7). Such
calculations yield quasi-particle dispersions, that can be compared to photoemission (ARPES)
experiments. The time-dependent Gutzwiller theory (chapter 8) allows us to calculate two-
particle Green’s functions, e.g., the magnetic susceptibility, which is measured in magnetic
neutron scattering experiments.

Due to a proper treatment of the local Coulomb interaction in the Gutzwiller theory, this
approach is evidently superior to effective single-particle approaches. This has been demon-
strated in various parts of this work, e.g., in our studies on two-band models (chapter 9).
For the investigation of realistic correlated electron models, which describe, e.g., transition
metals and their compounds, most of the established methods of many-particle theory cannot
be successfully implemented. Therefore, the Gutzwiller theory is a significant improvement
of our theoretical ‘tool box’ for such realistic models. This holds true for the calculation of
ground-state properties, quasi-particle excitations, and two-particle response functions.

At present, it is impossible to assess the reliability of the Gutzwiller-theory results for three-
dimensional systems in any rigorous way. Therefore, only a comparison to experiments will give
us more insight into the merits and shortcomings of the Gutzwiller variational approach. Our
results for the electronic and magnetic properties of nickel (chapter 10) are quite encouraging
in this regard. We have been able to resolve all basic problems of the DFT calculations on
nickel, in particular those that arise from the spin-orbit coupling.

Despite the considerable length of this work, some interesting aspects and developments
in the context of the Gutzwiller variational theory could not be fully treated. For example,
we have left out entirely a description of the numerical methods, which were used to evaluate
Gutzwiller wave functions on finite lattices (‘variational quantum Monte-Carlo’). We tried our
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best, however, to give proper references to all relevant work not covered by this presentation.

11.2 Outlook

The numerical algorithm for the minimisation of the Gutzwiller energy functional, which we
have used to investigate nickel, can be applied to quite a number of systems with partially filled
3d-shells. In order to gain more insight into the reliability of our approach, we find it most
important to start with a thorough investigation of other 3d-transition metals. These systems
are presently not in the focus of solid-state theory. However, they are much better studied
experimentally than various transition-metal compounds that have received more attention in
recent years.

A future project will be the investigation of lanthanides and actinides. Their partially filled
f-shells require some further development of the minimisation algorithm in order to cope with
the large number of local multiplets. However, we do not think that such improvements will
be a major obstacle for the investigation of f-electron systems within the Gutzwiller theory.

Studies of the time-dependent Gutzwiller theory for multi-band models are already under
way. As a first step, we presently are developing an algorithm that allows us to calculate
the magnetic susceptibility of the ferromagnetic two-band model that has been introduced in
section 9.1. In the long term, we aim to calculate two-particle response functions for realistic
multi-band models that describe transition metals and their compounds.

The Gutzwiller theory, as we have presented it in this work, is based on the investigation of
multi-band Hubbard models. These models are derived from an ab-initio calculation and they
remain fixed during the minimisation of the Gutzwiller energy functional. Such an approach
may fail if the correlated Gutzwiller ground state differs significantly from the corresponding
ab-initio ground state. For example, in iron, the exchange splitting is approximately 1.5eV
and, therefore, the ferromagnetic and the paramagnetic ground states are very different. Hence,
working with a static Hubbard model that is derived from a paramagnetic ab-initio calculation
may be insufficient in such cases. As a way out of this dilemma, one can try to use a self-
consistent Gutzwiller-DFT scheme as was introduced in references [290, 291]. Future studies
will show how numerically demanding such self-consistent calculations are and whether or not
they lead to significant changes in results.

It is well known that the Gutzwiller theory for the two-dimensional ¢-J model yields a su-
perconducting ground state [27]. If applied to the two-dimensional Hubbard model, however,
the Gutzwiller theory shows no superconductivity, even in the large-U limit. To resolve this
seeming contradiction, one has to include non-local terms in the Gutzwiller correlation oper-
ator. The evaluation of expectation values requires a perturbative expansion of expectation
values with respect to those additional terms. We are planning to perform such calculations
in order to investigate the superconducting instabilities in a two-dimensional Hubbard model.



Appendix A

Wick’s Theorem

In several sections of this work, we use a simplified version of Wick’s theorem, which, in
its general form, is an essential part of diagrammatic perturbation theory for many-particle
systems; see, e.g., reference [183]. Here, we only need the time-independent version of this
theorem, which states that, for a one-particle product state

@o) = [ AL10) , (A.1)
~(occ.)

the expectation value of a many-particle operator is given by the determinant
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where the unitary matrix u, , connects the two one-particle basis sets |o) and |y) and the
corresponding creation operators

iﬂy = Zuw,él, (A.5a)
o= > ur bl (A.5D)
Y

For the proof of equation (A.2), we apply the transformation (A.5) to the left hand side
of (A.2),

- . . - oy .
(A2) = E Wyioy -+ Uy Uyt ot -+ Uyt <h71 ohl o, h«yi>\1/0 . (A.6)
Ylseeos T
RRRIe

The expectation value in (A.6) is finite only if the sets Y = {1,...,m} and Y = {~], ..., 7.}
coincide and all 7; € Y belong to the occupied states in (A.1). Then, for each set Y there
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are n! contributions from the sum over Y’, given by the n! permutations P({1...n}) of the
index set {1...n}. The expectation value in (A.1) is sign(P) = +1 depending whether the
permutation P({1...n}) is odd or even. Hence, we find

(A2) = Z Z sign(P)u:wlu,wa(D . ufynanu%gp(n) (A.7a)
Y1,.-.yYn (0cc.) P({1...n})
= Z sign(P)CglvaPm ...CgNJP(m . (A.7b)
P{1..n})

which is just the Leibniz representation of the determinant (A.1).
A similar, but somewhat more general expectation value is

m(I],I’ = < (|I><I/‘) >‘I/D ) (A8)

with the configuration transition operator

i =T1eé T e TT o) (A.9)

oel o'el’ ol'ed

and J = (1...N)\(JUI'). The evaluation of m%l, goes along the same lines as for (A.2). One
finds
QI,I’ _QI,J

m(])’p = ’ QJJ/ QJ7J (AlO)

with the matrices Q7 = Q as already defined in (A.3) if we take (o1,...,0n) = I and
(01,-..,0%) = I'. The matrices Q7 ; and Qs are defined accordingly. Finally, the matrix
Q77 in (A.10) is given as

0 0 0
1= —Cooy o —C
_ —CY 1-CY ... —C
QJ,J = 02,01 02,02 O'Q,G"J‘ , (A,l]_)
_ 0 _ 0 _ (0
CU\JMH CO'\J\»O? e CU‘J|7O-‘J‘

where o; € J.
In systems with superconducting order parameters, one faces a situation where, instead of
equation (A.5), a Bogoliubov transformation [183, 193],

&= Z(u;aiﬂ;—i-vmgflﬂ» , (A.12a)
Y
= Z(uwég +vw@g), (A.12b)

g

relates the operators }A‘LL and ¢b. Note that in order to maintain the fermionic character of the
()

operators IAH we have to demand that
1 = U0U-U0'U, (A.13a)
0 = OV -V, (A.13b)

where U and V are the matrices with the elements Uy, and v, 5, respectively.
For a single-particle product state

wo) = ] #i10) . (A.14)

~(oce.)
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Figure A.1: Illustration of the dia-
grammatic rules for the evaluation
of an expectation value (A.17); for
details, see text.

equations (A.12) lead again to a factorisation of expectation values similar to the one in (A.7).
As the main difference, it arises that we have to take into account the normal contractions

Cg,a’ = <él—é0/>% = Z |U%0|2 + Z V0 2, (A.15)
~(occ.) ~(unocc.)
as well as the anomalous ones,
Npor = (ebel Vg, Z Ul Uy o+ Z Uy Ut (A.16a)
(occ.) (unocc.)
Roor = {prlo)we = Z Vyotlyor + Z Votlyo (A.16D)
~(occ.) ~(unocc.)

Unfortunately, in this case one cannot write the expectation values of many-particle oper-
ators as simple determinants. However, if we evaluate the general expectation value

(G, - - - i) (A.17)

with Wick’s theorem all contributions can be described and determined diagrammatically. The
2n operators d,, in (A.17) may be creation as well as annhiliation operators. The diagrams,
which describe all contributions to (A.17) can be determined by the following rules:

i) Draw 2n points for the operators a,,, see figure A.1.

ii) Find all Ng = (2n — 1)!! topologically different ways (‘diagrams’) to connect each point
o; to another one ¢; (with j > i) via a line with an arrow from left to right. The value
D™ of each diagram (with m = 1,..., Ny) is given by the product over all lines where
a line represents an expectation value (dq,dq;)w,. For example, the contribution of the
diagram in figure A.1 (top part) is

<da1 d04>\Ifo <&02 &05 >‘1’0 (dos d08>\lfo <d06 d07>\110 : (A- 18)

iii) Connect each site with an incoming line (e.g., ;) to its nearest available neighbour to
the left with an outgoing line (e.g., o; with j < i). Here, ‘availability’ means that the site
o is not already connected to another site o/ that is closer to o; than ;. For example,
in figure A.1 (bottom part) the site o3 is not available for site o3 since it is already
connected to oy4.
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iv) Count the number n¢(m) of connected sub-diagrams in D™. Then, the sign of a diagram
is given as (—1)"(—1)"("™), For example, in figure A.1 there are three connected sub-

diagrams containing the sites (o1, 03,04, 03), (02,05), and (o¢, 07), respectively. There-
fore, the sign of this diagram is (—1)4(—1)3 = —1.

v) Carry out the sum

Ng
(A17) = (1) D™ (=1)"tm) (A.19)



Appendix B

Two-Site Hubbard Model

B.1 Exact Solution
In this appendix, we determine the eigenstates and energies of the two-site Hubbard model
2
i =t 3 (e oo + Ebt0s) U D fugig = Ho+ Hy (B.1)
s =1

For all particle numbers N # 2, the solution is quite simple since all eigenstates are simple
Slater determinants. The eight states with single or triple particle occupation are given by

,s,4) = \}i (4 + 028> 10) (B.2a)
13,5, 4) = \}5 (cl + 62> 14) (B.2b)

where |0) and |4) =[], ;¢ Z s |0) are the states with N = 0 and N = 4 particles, respectively.
The energies of these states are

Ey = 0, (B.3)
Eis+ = =t, (B.4)
Ezs+r = UTFt, (B.5)
Eir = 2U. (B.6)

Now we consider the slightly more involved N = 2 eigenstates. Since H,s commutes with
the total-spin operator S2, its eigenvectors have a defined spin S. This determines already the
three degenerate triplet states

2.6,1) = élé o), (B.7a)
I /a4 . A

12,t,0) = ﬁ(c;c;ﬁchc;ﬂ) 0) (B.7b)

12,t,—1) = Cllc2l‘o> (B.7c)

with the energy Foi = 0. The Hamiltonian and 52 both commute with the ‘parity operator’
T par Which, by definition, exchanges the site indices ¢ = 1,2. Therefore, the remaining three
eigenstates of Hts can be chosen as eigenstates of Tpar Wlth eigenvalues tpar = £1. The singlet
state with tpa, = —1 is

1 (4. .
|2,s,—1>:E<CI7TCJ{l cgﬁcu) 0) . (B.8)
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It has the energy

Eps 1= (2,81 Hy|2,5,1) =U . (B.9)
For the two remaining states,
Lo st b
2,8,1), = E(017T027l—cl7l027T> 0) (B.10a)
L g . R
2,8,1), = E(chc;ﬁc;ﬁc;i) 0) | (B.10b)

with tpar = 1 we have to diagonalise the Hamiltonian in their subspace. This leads to the
Hamilton matrix

H = (2,5, 1|Hg|2,5,1); = (zot %;) : (B.11)
with the eigenvalues
By, = % (U + \/M) (B.12a)
and eigenvectors
|Wi) =cos(¢+)]2,s,1); +sin(¢p+)(2,s,1), . (B.12b)

Here, the angles ¢4 are defined as

U ++VU? + 16t2
4t '

tan ¢4 = (B.12¢)

For U > 0, the ground state is |¥_), which, in the strong coupling limit U > ¢, has the form

w_) = 2,8, 1), (B.13a)

and the energy

2
(U — VU2 + 16t2> Uzt 47 (B.13b)

U

N

E2,s,1 =

B.2 Density-Matrix Functional Theory

As an example, we study the two-site Hubbard model within the framework of the exact
density-matrix functional theory. As shown in section 3.2.5, the ground-state energy of a lattice
model is a functional of the ground-state density matrix. When we employ all symmetries of
the ground state, the density matrix has only two independent entries, namely

n= <éZ,séb,s>@, (B.14)

and
T= <é§7862’8>\p7 = <é£786175>\p7 = cos (¢_) sin (¢—) . (B.15)

With a fixed particle density, n = 1/2, the only element of the density matrix that varies as
a function of ¢t/U is the hopping expectation value T. Hence, there is a universal functional
Ei(T) = W(T') for the interaction energy, which, for fixed U, only depends on T". In order to
set up this functional, we introduce a fictitious hopping parameter

ur

HUT) = ——
0.1 V1— 472

(B.16)
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Figure B.1: The exact and the Gutzwiller
approximation energy functional Fig(T)
for the two-site Hubbard model. The pa-
rameters are U/t = 1 (solid line), U/t =
2 (dotted line), U/t = 4 (dashed line),
U/t = 4 (dotted-dashed line). The exact
energy is always below the energy of the ) : ‘ : ‘ : ‘ : ‘
Gutzwiller approximation. ' 'T/TO '

which, if we set t = (U, T) in (B.12c), solves equation (B.15). By replacing ¢ we can write the
expectation value of the double-occupancy operator

d(T) = (fri))y = %sinQ (6.) (B.17)

d(T) = % (1 —/1— (T/T0)2> : (B.18)

Here, Tp = £1/2 is the expectation value (B.15) for U = 0. As expected from our findings in
section 3.2.5, the Coulomb-interaction is a universal functional of the density matrix

as

E(T) = Ud(T), (B.19)

i.e., it does not depend on the ‘physical’ hopping-parameter ¢ in the Hamiltonian (B.1). The
total energy functional has the form

E(T) = —4T + 2Ud(T) . (B.20)

It yields, through its minimum, the exact ground-state energy (B.13b). In figure B.1, the
energy functional E(T) is displayed for various values of ¢/U. For comparison, the figure
also contains the corresponding energy functional in the Gutzwiller approximation; see ap-
pendix G.2.






Appendix C

Atomic Hamiltonian for d-Orbitals
in a Cubic Environment

We give the explicit form of the atomic Hamiltonian for a system of five d-orbitals in a cubic
environment. All details of the derivation can be found in reference [92].

The d-orbitals in an atom are five degenerate states with angular momentum [ = 2. In
polar coordinates 7, ¢, #, they have the form

(Pm(rv 0, 0) = R(r>}/§,m(¢a 0) (Cl)

with some radial function R(r) and the ‘spherical harmonics’ Yi,,(¢,0) [2]. The five-fold
degeneracy is a consequence of the rotational invariance of the atomic system. In a cubic
environment, the eigenstates of the system belong to a representation of the cubic point-
symmetry group. It turns out [92] that the five-fold degenerate d-orbitals split into three
degenerate to, orbitals

i

805(7“, (Z)v 9) = \/§Rt2g (T) [Y2,1(¢7 9) + }/27—1((257 9)] ~ Yz, (Cza)
on(r, 6,6) = —jﬁng (r) [Ya(6,0) — Yo,_1(6,0)] ~ 2% (C.2b)
c(r$,0) = ———Riy (1) [Ya2(6,0) — Ya,2(6,0)] ~ zy (C.2¢)

V2

and two degenerate e, orbitals

ou(r,9,0)) = Re,(r)Yo0(,0) ~ (322 — 7‘2) , (C.2d)

pu(r, ¢, 0)) = %Reg [Y22(6,6) + Ya,-2(9,0)] ~ (a7 —¢°) . (C.2e)

Here, we introduced the Cartesian coordinates x, ¥, z, which represent the three Cy symmetry
axes [292] of the system. The angular dependence of the five real wave functions (C.2) is
illustrated in the polar coordinate plot in figure C.1.

In order to set up the atomic Hamiltonian in second quantisation, we have to calculate
the Coulomb matrix elements (2.3d) where the indices o; = (b, s) combine the five orbital
states b and the two spin states s. A lengthy analysis, see reference [92], yields the following
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zZIxly y z
- +
ylz/x X = = X
+ -_—
+
Oc/dy 10, o, o
Figure C.1: A polar coordinate plot of the to; and e, orbitals.
Hamiltonian
ﬂ'}i = Z Z U b, b nb snbs + — Z b b/ O S/J(b, b,))ﬁb,sﬁb’,s’ (C?))

—|— Jbb’ el el Gy c, +h.c.) + el c,_c Cy o
5,1%,1 v, b 1 b,sb,565,5%,

+ Z t €, 6 55,5’A(t; €, el))’ﬁ’tvsci Slce ,8!
t e(#)e

ss

+ Z A t;e, 6 [( tT :ffl el e/ T+hc> +thscescts Cer s]
t,e(#
n Z S(t, 14" e) (@Lséi, ol € es+hc) :
KA e

Here, the sums over b, (t,t',¢"), and (e, ¢’) include either all orbitals, the ta, orbitals, or the eg
orbitals, respectively. Furthermore, we use the convention T =|, | =7. A symmetry analysis of
the integrals (2.3d) reveals that, only ten of the coefficients U (b, V'), J(b,b), T'(t; e,€’), T(t;e,€e’)
and S(t,t';t”, e) in (C.3), are independent. There are five ‘diagonal’ Coulomb integrals,

U(u,v),U(C,€), U&,n),U(¢, u), U(C,v) (C.4a)
with )
v = [ @ [ ErlamP Sl (C.4b)
and four ‘exchange’ integrals
J(u,0), J(€,m), (¢, w), J(C,v) (C.4c)
with )
T0.8) = [ @ [ @)oo et e (). (C.44)

The last independent parameter is

62
st = [ @ [ @) Sl (C.te)

|r
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All other (finite) parameters in (C.3) are determined by the ten independent parameters
through

U(u,u) = U(v,v) =U(u,v)+2J(u,v) , (C.5ba)
U u) = Umu) = (U(u)+3U(C¢v))/4, (C.5Db)
U v) = Un,v)=@U(wu) +U(v))/4, (C.5¢)
J(&u) = J(n,u) = (J((u)+3J(Cv))/4, (C.5d)
J(Ev) = Jmnv)=BJ(Cu) +J(Cv))/4, (C.5e)
T(p;u,v) = V3(U(Cu)—U((0))/4=-T(&u,v), (C.5f)
A(pu,0) = V3(J(Cu) = J((0)) /4= —A&u,v), (C.5g)
SEm;¢u) = Sn,&¢u), (C.5h)
S(C&mu) = =25(n,& ), (C.51)
S(Em¢v) = —V3S(n,&¢ ), (C.5))
S(n,&¢v) = V3S(n,&¢u) . (C.5k)

If we assume, as a further approximation, that the radial wave functions coincide, i.e.,
Ry, (1) = Re, (1) = R(r) (C.6)

we only have three independent parameters. One may choose them as the three Racah pa-
rameters

A = FO—%F‘*, (C.7a)
B = i(F2—§F4) (C.7b)
49 9" 77 '

_ D
C = 63F’ (C.7¢)

which are defined through the ‘Slater-Condon parameters’

k

Fk:/oodTTQ/oodrrR(r )Rz(r)r< (C.8)
; 177 ; 273 1 2 ,i o1 .
Here, r~ and r~ are the smaller and bigger of the two radii r; and r9, respectively. The ten
independent cubic parameters (C.4) can, in this case, be derived from the Racah-parameters
as follows

U(u,v) = A—4B+C, (C.9a)
J(u,v) = 4B+C, (C.9b)
U, ¢) = A+4B+3C, (C.9¢)
Uu¢,nm = A-2B+C, (C.94)
J&n) = 3B+C, (C.9e)
UCu) = A—4B+C, (C.9f)
Ul,v) = A+4B+C, (C.9¢)
J(¢,u) = 4B+C, (C.9h)
J(¢v) = C, (C.91)
(n.&¢u) = —V3B. (C.9j)






Appendix D

Equivalence of Gutzwiller Wave
Functions

As a supplement to section 4.2, we prove that, for a single-band Hubbard model, the two
spaces of variational wave functions defined by

W) = HP,» W) = HAZ‘;” W) (D.1)

i i,

and X

W) =12 [w6) = [ 9" |%0) (D.2)

i i

are equivalent. We start from the operator indentities
g = 1—fq —n +d;, (D.3a)
mi;s = ﬁi,s - Ciz ) (D3b)

in order to write the local correlation operator P; in (D.1) as

. Aighisd d; Ait i1 il i, |
b= (2500 L, (28 Al : D.4
<&'Mm> 0 <Ai;@ A (D4
By choosing g; = (Ai;pAi;a)/(Ai;1Ai;)) the wave function (D.1) can be written as
We) =[] £/ 1®0) (D.5)

with

Aist et Aiz) o
w =D () () o .

A comparison of (D.5) with (D.2) reveals that, in order to prove the equivalence of (D.1)
and (D.2), we just have to show that (D.6) is a single-particle product state.
Let

N
[Wo) = T AL 10) (D.7)
v=1
be a single-particle product state with creation operators

=3yl (D.8)
7
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where u. ; is some unitary matrix. We want to show that

N N
o) = [ [ ni TT 210y = T 1 10) (D.9)
% =1 y=1
with R
=300 (D.10)

and
Uyi = Nily,g (D.11)

is also a single-particle product state for arbitrary parameters 7;. Note that the opera-
tors (D.10) are no proper fermionic creation operators since the matrix 1. ; is not necessarily
unitary. However, we can use, for example, the Gram-Schmidt procedure to generate coeffi-
cients o, 4 such that

v
g:‘; = Z a’y;y’f,];/ (D12)
y'=1

is a proper set of fermionic creation operators. With these new operators, we can write the
state (D.9) as

N . N
[0 =c"]]é ), (D.13)
v=1 y=1
where
N
C=]]an (D.14)
v=1

is an irrelevant renormalisation constant. With equation (D.13), we have succeeded to show
that (D.9) and (D.6) are single-particle product states and, therefore, the two spaces of vari-
ational wave functions (D.1) and (D.2) coincide.



Appendix E

Symmetry Considerations

E.1 Elements of the Variational-Parameter Matrix

The Gutzwiller correlation operator (4.25b) contains the matrix of variational parameters
Ar = Airp for each lattice site ¢. Here, we address the question what symmetries these
parameters have to obey in order not to violate the symmetry of the system.

Any point-symmetry operation £ on a lattice site ¢, described by an operator 5'1-75, should
leave the Gutzwiller wave function invariant,

Sie|Ve) = |¥a) | (E.1)

apart from an irrelevant phase factor, which is skipped in equation (E.1). We assume that, by
construction, the single-particle state |¥) in (4.25a) has the correct symmetry, i.e., we have

Sie [Wo) = |Wo) (E.2)
for all £. Both equations (E.1) and (E.2) together lead to the condition
[Sic, Pa] =0 [Sie, Bl =0. (E.3)

Usually one chooses the local states |I') as the eigenstates of some auxiliary local Hamilto-
nian that has the correct site symmetry. In this way, the basis states |I') automatically belong
to a certain irreducible representation R of the symmetry group, i.e., they are in a certain
subspace H and transform like

Si,é ‘F> = Z Dﬁ,r'(f) ‘F/> . (E-4)

TVeHR

Here, the elements of the matrices DF(£) obey the orthogonality theorem [292]

Z (Dﬁl,l"z (5))* DFR;,F4 (6) ~ 5R,R’5F1,F35F2,F4 (E5)
13

The explicit form of the correlation operator (4.25b) and equation (E.4) together yield the
condition

[\ D) =0, (E.6)

which the variational-parameter matrix App has to meet in order to ensure the correct sym-
metry of the Gutzwiller wave function. The elements of the matrix D(&) in (E.6) are either
zero or given as Drp(€) = DE, (&) for states |I'), |I') that belong to the same irreducible

subspace H .
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E.2 Diagonal Local Matrices

We skip the constant lattice site index in this section. There are three purely local matrices
that enter the Gutzwiller energy functional : (i) the uncorrelated local density matrix C’g’ o
(equation (5.35)), (ii) the renormalisation matrix ¢ (equation (5.80a)) and (iii) the constraint
matrix C, , defined by the on the r.h.s. of equation (5.47b).

First, we show that C? is diagonal if all orbitals |o) belong to an irreducible representation
R of the point-symmetry group and each representation appears only once. This condition
excludes, e.g., lattice sites with two s-orbitals. With equation (E.2) and the unitarity S”gr 5”5 =1

of the symmetry operators Sgr , we find

Coor = (Wolehe, W) (E.7a)
= (Wo|Seel SF See, S W) . (E.7b)

The transformation
Seeb S = ZD (E.8)

of the fermionic operators yields

o= (DE 1 (©)) DE (€)Y, (£.9)

! /
01,09

By carrying out the sum over £ in (E.9) the orthogonality theorem (E.5) leads to the expected
result
C oyt ~ S0t - (E.10)

For a basis |o) with a diagonal local density matrix, we find

g5~ (WolPTehPe,, W), (E.11a)
Coor = (Uo|PTPEle ,|Wg) (E.11b)

for the renormalisation matrix and the constraint matrix. Since P commutes with all operators
S, we can use exactly the same arguments as for CO o, to show that qo. and C, , are diagonal
for all orbitals |o), |o) that belong to different 1rredu01ble representations. The same applies
to the correlated local density matrix (5.70).

E.3 Global Spin Symmetry

The variational spin-wave dispersion (8.72) is gapless only if the Gutzwiller wave function |¥¢)
is an eigenstate of the global spin operator S? and its z-component SZ, see equations (8.74)-
(8.77). This symmetry is not fulfilled for an arbitrary choice of the variational parameters
Arrv in (4.25b). In this appendix, we introduce two ways to implement the correct spin
symmetry. Without loss of generality, we consider a diagonal variational-parameter matrix
Arrv = Or v Ar, with unspecified multiplet states |I').

The first way to guarantee the global spin symmetry starts from the observation that the
single-particle product state |¥g) in (4.25a) can readily be chosen as an eigenstate both of S=
and S2. Recall that any wave function of the form

wo) = [Tl e TT e  10) (E.12)
v v
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is an eigenstate of S2 and S* with eigenvalues S, and S.(S,+1), respectively. Here, the states
|7} belong to an arbitrary basis of spatial single-particle wave functions.

With a single-particle wave function of the form (E.12), |¥g) is an eigenstate of $% with
the same eigenvalue S, if the states |I') are chosen as eigenstates of the local spin operator S‘l »
in z-direction. Then, we ensure the correct spin-symmetry if |Uq) is an eigenstate of

St5™ =82+ 8% — (8%)%. (E.13)

This is equivalent to
(57857 ) g, =25: (E.14)
since we may assume that the spin in |¥Ug) has a maximal component in z-direction. The

left-hand-side of equation (E.14),
At A B P
(575 >\I'G - Z <‘IJG’Ci,mci,b,icj,b/,lcj,b/,T“I’G> (E.15)
/[:7j7b7b/

can be evaluated in the limit of infinite spatial dimensions, see reference [151]. This equation
constitutes one additional condition for the variational parameters Ar that need to be met to
ensure the correct spin symmetry. However, this condition is not very useful because it contains
non-local expectation values, which makes its implementation into a numerical minimisation
scheme quite difficult. Therefore, we propose a second, more feasible strategy on how the
correct spin symmetry can be established.

We will show that

STS™a) = (S(S +1) — S.(S: — 1)) [¥e) = 28, |¥e) (E.16)
is fulfilled if the following conditions are met:

i) Each state |I'), belongs to a well defined spin-multiplet, |I'), € Mi, D, where the set
iip = {Irg) | (B17)

contains states |F%)- with a total spin Sp and a z-component —Sp < S, < Sp.

7

ii) The variational parameters A\r = Ap are the same for all states that belong to the same
spin-multiplet.

To prove equation (E.16), we first note that the projector on the multiplet Mi, D,

Sp
Pip= Y. ITE){TH], (E.18)
S.=—Sp

commutes with all spin operators, i.e., we have
. A/ —
Pip. S 1=0 (E.19)
for all ¢, j. From this equation, we conclude that
[SH/=, Pg] =0, (E.20)

since we can write the local correlation operator (4.25b) as

Bi=) MoPip . (E.21)
D
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This leads us directly to the proof of equation (E.16)

SHSTWg) = PgSTS™|Wo) = (S.(S. +1) — S.(S. — 1)) Pg |¥o) (E.22a)
= 29,|¥q) . (E.22b)

Note that condition ii) reduces the number of variational-parameters significantly because
all parameters Ar for states |I') that belong to the same spin multiplet are now determined
by just one parameter \p. However, this restriction still allows different occupations of the
several z-components because occupation expectation values

mp = /\Fsm% (E.23)

also depend on the single-particle state |¥(). An implementation of the additional constraints
into the minimisation algorithm, which we describe in appendix H, is straightforward.



Appendix F

Systems with Superconductivity

In this appendix, we summarise the main results for Gutzwiller wave functions with a super-
conducting order parameter in the limit of infinite spatial dimensions. In order to describe
superconductivity, we work with single-particle wave functions |¥g) in the Gutzwiller Ansatz
that have finite pairing amplitudes

0;0,0' __ /At - o ~ *
A% = <cjpc§ﬂ,>% = ((¢; 185 0 )w0)" - (F.1)

Technically, the main problem for the diagrammatic evaluation in infinite dimensions arises
from the local (‘anomalous’) pairing amplitudes A?f’gl while the non-local amplitudes, in
principle, can be evaluated like hopping operators in section 5.2. In order to deal with normal
and anomalous terms of the local density matrix on an equal footing, we introduce the tensor

C~’ZQ with the elements

0;0,0/ __ jace ncd
Ci;o?jao’t = <cia,0'C;,')fo’>‘I’() ) (FQ)
which generalises the local density matrix, equation (5.35). Here, the superscripts o, o/ = +/—
were introduced in order to distinguish creation and annihilation operators,

it=ét e =e. (F.3)
Mathematically, these superscripts are interpreted as numbers, e.g., for « = — we have
P=e, ev=¢l. (F.4)

As we will see below, the anomalous local amplitudes force us to work with a local corre-
lation operator

P=> A T)(T], (F.5)

r,I

in which Ap v is finite not only for states with equal particle number, ANy = |I'| — [IY| = 0,
but also for those states with an even (and finite) difference ANp 7. For example, the proper
local correlation operator for the single-band Hubbard model with a finite local amplitude

Ao =CPt (F.6)

)

turns out to be
P = Narivg+ 3 Agring + Agring + (ABaM + h.c.) . (F.7)
S

Note that we frequently drop lattice site indices in formulae for local quantities.
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F.1 Diagrammatics and Local Constraints

In order to evaluate a general expectation value of the form (5.18), we may use again Wick’s
theorem, which also applies to systems with finite pairing amplitudes, see appendix A. This
leads us to the diagrammatic evaluation, which we introduced in section 5.1.2, with the only
difference that lattice sites are now also connected by lines that are ingoing or outgoing on
both sides. Such lines represent the anomalous contractions, equation (F.1), in addition to
the normal contractions, equation (5.20). All other diagrammatic rules remain unchanged, in
particular the scaling of diagrams with the spatial dimension D, see section 5.1.1

For the evaluation of the expectation values (5.38) in infinite dimension, we expand P}, P,
in terms of Hartree-Fock operators

(PR = N (€] - [6]6L)™) (F.8)
(n4i22)

in the same way as in equation (5.40a). Note that the definition (F.8) generalises equa-
tion (5.40b) because, here, the particle numbers |I;| need not to be the same and, accordingly,
we have to work with the condition |I1]| + |I2] > 2 instead of |I;] > 1 in (5.40b). All other
definitions in connection with the Hartree-Fock operators, i.e., equations (5.41), remain un-
changed.

For example, in the case of the single-band correlation operator (F.7), one has to expand

P2 = A2+ ])\B|2)md+2)\2 s + (A5 + [Ag|*)g + (Ng +)\d)()\BéT + h.c.) (F.9a)
_ ()\d ZAQ + A2+ 2/Ag] ) élee, (F.9h)
+Z(A§ — A = séle, + (g + M) (Apelel +he) + A3

in terms of the Hartree-Fock operators

elele e )™ = Selefeles), +elel(e ), +e¢(elel), (F.10a)
S
_<é¥éT>%<éjéi>% ’
eces 1™ = (exed),, . (F.10b)

to set up [P2]HF

By construction, the terms ~ zy, 1, in the expansion (F.8) generate diagrams with exactly
|I1| (]I2]) lines leaving (entering) a site. For the expansion in infinite dimensions, we demand
that all inner vertices have at least four incoming or outcoming lines, i.e., the coefficients xy, r,
have to fulfil

Tmpp = 1, (F.11a)

.%'m;[hjz =0 s (F.llb)

for all I; with |I;|+]|I2] = 2. By definition of the Gutzwiller correlation operator (F.5), |I;|—|I2]

is an even number and the case |I;| 4 |I2| = 1 with a single line entering a vertex is therefore
excluded. Relations (F.11) are equivalent to the local conditions

o (F.12a)

"P)y, (F.12b)
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which, using equation (F.2), can be written explicitly as

1 = Z X[171277191,]2 ’ (F13a)
11,12
Coo™ = > (nleges|Ts)h g Y, i, - (F.13Db)
I,I5,13

Here, the coefficients A, 1, are defined in equations (5.39) and the expectation values m?h I
can be evaluated with Wicks’s theorem. Note that we find equivalent sets of constraints if we
move the operators PTP relative to é2 or éfj’: in (F.12).

For example, in case of the single-band model with the correlation operator (F.7) and the
corresponding square (F.9a), the constraints are given by

A2+ [ Ag[HmY + va‘) + (Aj + [ABP)mg + (Mg + M) (ABAg + c.c.) , (F.14a)

= (A2 + |Ag|*)m3 + )\2m + (A\g + M)ABAg (F.14b)

Ao = (A @+|)\B| )Ao + (N + Aa)Ngm (F.14c)
where we introduced

my = (1—n)(1—nl)+|A?, (F.15a)

md = (1 —n2) —|A)?, (F.15b)

mg = nTni + |Aol?, (F.15¢)

and Ag has been defined in equation (F.6).

F.2 Expectation Values

The evaluation of the local Hamiltonian Hie. in equations (5.62)-(5.66) remains basically un-
changed for systems with superconducting pairing. One just has to keep in mind that expec-
tation values such as m?h 1, in equation (5.66) or m?loi/a, 7, N equation (5.81) are not given by
equation (A.10), but they have to be determined by means of the diagrammatic rules described
at the end of appendix A. For example,the expectation value for a local double-occupancy
operator in the one-band model is given by

d = (dywg = A3+ [Ap*)m} (F.16)

with mY introduced in (F.15¢).

All other local expectation values are also given by their respective counterparts in sec-
tion 5.2. In particular, the evaluation of the correlated local density matrix leads to equa-
tion (5.71) for the normal as well as for the anomalous parts of this matrix, i.e., we have

Co = (28 we = > MynAnn(1alegey|Isymy, 4, . (F.17)

Il’ »I

The main difference between wave functions with and without superconductivity arises for
the expectation values <6T )w of hopping operators since there are now four different
possibilities for a single line connecting the sites ¢ and j. We find

1,01 éj,a2
T “ . o' ol * AT o
07, 01 .70'2>\I’G - Z {ch% <q0’§> <CZ 0'1 ]0’2>\I/() + 1 <q02> <cz a'l j0'2> (F18)

01,04
I\ ¥
o1 (05 5 oAt
<q‘72) <cz 0 ],02>\I!0 + 4oy (q‘72> <cz N Cj oh >\110:| ’
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as a generalisation of equation (5.78). The ‘normal’ elements qg/ of the renormalisation matrix
can be derived as in equations (5.79)-(5.81). For the anomalous elements ¢ , we start from
equation (5.79) and sum over all possibilities to take an annihilation operator éw, out of
|I1) (14| in order to create a line with another creation or annihilation operator on site j.
There are three different contributions depending on whether the index ¢’ is an element of
LNy, L\(I1N 1), or J=(1,...,N)\({1 U Iy). Altogether, this leads to

Z )\?2711 >‘13,I4 <]2’él\13>ﬁ}71,14 ) (Flg)
I,y
where we introduced
Hf ;o = (= forr) (gl Uo'ymy oy, (F.20)

~ 0;0
+<I4\U/|Ca’|I4> (falvllm(}l,h\o" + ( fU’ Il)mll [4\(,) .

For example, in the case of the one-band model with the correlation operator (F.7), we
find

PretP = Agaselele, + Aghséleel £ Ng(Asese el + Asélege,) | (F.21)

S§Y8Ss

where the + and — sign apply to s =7 and s =], respectively. An evaluation of (F.21) leads
to a renormalisation matrix whose finite elements are

qg = )‘d)\gn(s’) + /\Q))‘s(l - ng) + )‘*B()‘s + )\E)AS ) (F'22a)
7 = £ [(ads — AgAs)Ag + AN (As(1 —nd) — An?)] . (F.22b)

s

Note that the different signs in (F.22b) for spins s =T, | are usually irrelevant since they are
cancelled out in expectation values, e.g., for the hopping operator we find

<é;r7séj,s>\PG = |qs| < ;,r
S
S

g (q

w0 + 1817 (8 560 D (F.23)
) (e 0w + 05 (65)" (el el Dwo

as long as all expectation values with respect to |¥o) have the correct spin symmetry.

F.3 Minimisation of the Ground-State Energy Functional

Summarising the results of section F.2 we set up the Gutzwiller energy functional and derive
the effective single-particle Hamiltonian that describes quasi-particle excitations. We start
with a derivation for general multi-band Hubbard models in section F.3.1. In section F.3.2,
the results are specified for a single-band model.

F.3.1 Multi-Band Hubbard Models

The variational ground-state energy for systems with superconducting order is given by equa-
tion (5.87) with the modified single-particle energy functional

Eo({A}, {7}, 1W0) = Z 15050 (o e, 250, [ W) (F.24)

i,j;0,0" a,a!=
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Here, we introduced the effective hopping amplitudes

= S () et — @) ) (F.25a)
77!

t, 07 = —(tif]t*;""")*, (F.25D)

= A () () - () 67) . e
77!

t;‘;—;o‘,gl = (t+7]+,aa> ) (F.25d)

We assume, as we did in section 5.3, that the constraints (F.13) are satisfied explicitly,
i.e., by a proper choice of the variational parameters X\, with [T'| + |IV| < 2. In this case,
the energy is a functional of the remaining independent parameters /\; T the local density

matrices CO, and the wave function |¥y). We introduce Lagrange multipliers ;. m;, and ESP
for the density matrix equation (F.2) and the normalisation of |¥). Furthermore we fix the
avarage total particle number

N=1Ln=> Ct ({N}{C}) (F.26)

by means of the Lagrange multiplier Fr. Note that, unlike in section 5.3, the total parti-
cle numbers in |¥y) and |¥g) do not coincide since the correlation operator (F.5) does not
commute with the operator (5.75) for the local particle number.

With the Lagrange-parameter terms, we write the variational ground-state energy EJ* as

Ey = Minimum E. ({5\;}7 {CY, {i}, 1), Er, ESP) ,  (F.27a)
{Aii}v{czo}7{ﬁi}7|\1’0)7EF7ESP

Ee(-.) = Eg ({N1ACP} [Wo)) — BT (W[ o) — 1)
* Z Z [nwa ( looaaa (Woléfy ¢y |‘I’0>) +C.C.} (F.27Db)

’LO’O’ aa

v (V- e, (00.10) )

1,0

The minimisation with respect to |¥g) can be carried out explicitly and leads to the effective
single-particle Schrédinger equation

H|wo) = B ({N} G {}) 1%0) (F.28)

at o= Z Z[(W” —257]77100) MAN,Jic} (F.28b)

zo,]a a,a’

= Koty 3 [ - (st it )| et +he]

1,0;3,0" a,af

where

Ko =— Z [(77:;; + 77;;;) + c.c.} : (F.29)

1,0
The optimum wave function [¥o) is assumed to be the ground state of the Hamiltonian (F.28c).
In this way, |¥o) becomes a function of {\i}, {C9}, {#;}, and the remaining task is to find the
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minimum
Ey® = Minimum  E.({\}, {CP}, {#:}, Er) , (F.30a)
(NGO (7} B
E.(.) = ESP ({X;},{é?},{m ) ZEHOC X, G0 (F.30D)
+ Z [Z (77100' i;0,07 s+ C) - 5UU'EF <C7,+z;a ({5\;%{6?}) _n>] :

For a translationally invariant system, the single-particle Hamiltonian in the Bloch basis
with wave vectors k has the form

=Ko+ Y Y ex - (F.31)

k;o,0" a,af

where the coefficients
0 (o) = 1 —ik(R;—Ry) tO‘O‘ 0,07 15 a,af o —a/,—a]* —a,—a']*
5070/( ) - z Ze i,j - 5 Wi Moot — Mot o + Ny & ~ Moo
1 / ’ o * o *
= *ZQW 270 (k) — 3 (nffﬁ — o+ [ng,f,“’ a} —~ [no,i‘? 0‘] ) (F.32)

are the elements of the matrices éi’a/. In (F.32), we introduced the bare energy-band matrix

th KRy (F.3)
and the coefficients
QLT = () el — (@) a (F.34a)
Q77+;U>Ul — _ (Q“Fy*;‘za/)* (F 34b)
77! 77! .
QL = @) (@) - @ () . (F.34c)
— 30, ! — +7+7 ) \*
QTT’ 7= = (QTT’ UU) : (F34d)

Let us regard the operators ¢ , as elements of vectors €j,. Then, the effective Hamiltonian

Hgﬂ can be written in terms of matrix products,

it \T /oah— A
=K0+Z( N > (f’i_ k. > < e > . (F.35)
- ¢y € €x ¢,

The matrix in (F.35) may be diagonalised by means of a Bogoliubov transformation

~A— ~—— ~—,+ 7 —
P Y= e &z F.36
(&)= (R )(m) (20

A / ~
where we introduced new fermionic operators hj and matrices ﬂz’a with elements hj, . and

/ /
ugy" (k), respectively. For reasons of consistency, the matrices ai’a obey the symmetries

i = () s At = (@) (F.37)
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The fermionic commutation rules of the new operators iz% are ensured when the matrix
n (F.36) is unitary. In (F.35)-(F.37) we have used the standard notations for the trans-

posmon M7, the complex conjugate M*, and the Hermitian conjugate M of a matrix M.
After the diagonalisation, HOlcf becomes

N 1 N o o ~
o T T
Hg" = Ko+ 5 Ek (Ekﬂhk,'yhkﬁ - Ekﬁhkﬁhk,’7>

= Ko+ Eo+ Y Epqhl, by, (F.38)
k

where the real quantities Ej,, = 0, E,, (k) are the elements of the diagonal matrix

Z( ) ) SR (F.39)

a,a’

Eo = —% S Tr (Ek) . (F.40)
k

For the derivation of equations (F.38)—(F.39), we have used the following symmetries of the

and

matrices §Z’a/,
! oo\ T o a\*
g2 = <5k’ ) _ <5k’ ) (a#a), (F.41a)
g0 = (@)= (gz o ) (a#d). (F.41b)
They follow from (F.32) and
) = (£, (8)" = (). (P2

which results from the hermiticity of ﬁo and the fact that our electron-transfer amplitudes are
real. Note that the ~matrif:es. ﬁz’a , ek , the operators hk 0 and the energies Ep, ,, still depend
on the parameters \!, 7, C°. The Fermi gas ground state of (F.38) is given by

‘\Ilo n,C’O H h ~[vacuum) . (F.43)

Here, the prime indicates that only those single-particle states with
B, (Xi, 7, C*O) <Ep=0 (F.44)
are filled and
ESP (x, ~,C°) Ko (7) + Eo (A 7, C’O) v Z B, ()\1 7, CO) (F.45)

is the energy of the BCS-type ground state. In principle, the variational ground-state energy
can now be calculated by a minimisation of the energy functional

B\, G0 7, Bp) = ESP (x Co,ﬁ) 4 B (x CO) +LZZ< o g —|—C.c.>

o,0 a,a’

+LEyp (n - Z (A, 00 ) (F.46)

with respect to all parameters in A, CY, n, Bp.
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F.3.2 Example: One-Band Hubbard Model

We introduced the correlation operator for a one-band model with a local order parameter Ag
in equation (F.7). It leads to the constraints (F.14), which can be used to express the three
parameters Ay, A\s, Ap in terms of the fourth parameter \g,

M= 1+a(mg—no),
g = Aj—z(l-2ng), (F.47)
A o= 1= X+am].

Here, we introduced the abbreviation

B / 4A%2C

A = A§+(1—2ng)mg,
B = —4ANJA§m{ +2A(1 - \3)(1 - 2no) , (F.49)
C = (1-2)((1—2n0)%(1 —AJ) —4A377) .

with

We work with a real pairing amplitude Ay and assume that all quantities are spin-independent,
ie., it is A} = Ag, no = n?, and m? = m?.
The expectation value of the kinetic energy is given by

D otijlel e e =ti (q2<é;r,séj,s>‘lfo + (?2(@,{;,9%) (F.50)
.7,
where we used
> tiglel et wo =D (6085 0w, =0 (F.51)
?:7.j7s i?j?s

for real hopping parameters ¢; ;. The renormalisation factors for normal and anomalous hop-
ping, ¢ = ¢¢ and q = |¢|, were introduced in equations (F.22).
The variational energy for the one-band Hubbard model then reads

Eg = (H)a = Q(¥o|Ho| W) + Ud = QEy + Ud (F.52)
with the band-with renormalisation
Q=¢ -7, (F.53)

and the double occupancy d given in equation (F.16). It has to be minimised with respect to
Aqg and |¥g) whereby the equations

Ao = (é;.rﬁéz’l%%’ (F.54a)
no = (&l ) (F.54b)

and the normalisation of |¥() need to be obeyed. For this purpose, we introduce Lagrange
parameters 7, 15 and EST. Furthermore, we keep the average number of particles

N

T = n(Ag, no, Ag) = (2X3m{ + 2d) , (F.55)
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fixed by means of a Lagrange parameter EFr. The minimisation problem then becomes

Evar — Minimum [Evar _ ESP \If \IJ 1
" Ad>TnsMs, Br, | Wo) ((Wo|Wo) )
1 (B0 = (Wolel ] [ Wo) + e.c.) (F.56)

1,0
(no — (Yolé! ¢ 51 W0)) + EpL( — n(Aa, no, Ao))
+n ng 0/€; »Cio 1Yo FL(n —n(Ag, no, Ag
1,0
The minimisation with respect to |¥g) can be carried out explicitly and leads to an effective
Schrédinger equation in momentum space,

H|Wo) = E°F|Wy), (F.57a)
A = N el oo+ (460, +he) (F.57b)
k,o k
with
ek = —Tn+ Qe (F.58a)
1 o
0 —ik(i—
€ = E the (i=3) . (F58b)
1’7.]
The single-particle Schrédinger equation (F.57a) is readily solved,
Freff — Z Ey (iLL oﬁk,o + BL 1Bk71> + const. , (F.59)
k
by means of a Bogoliubov transformation
ék:,T = ’U,kil,k’o + ’UkiLT_k’l R (F.60a)
e =~y +uehl (F.60D)
Here, the real coefficients ug, vx and the energies E} are determined by the equations
Ey, = ex(uj, — v) + 2n5ukvx , (F.61a)
and
2epuvr — Ns(up —vi) =0 , uh+vp=1, (F.61b)
which are solved by
Eo = sign(er)y/c} +n2 = sign(c)y/(Qel — ma)? + 12, (F.62a)
1 €k
Up = —=4/14+—, F.62b

. 1 €k
= — /1 - = F.62
o = sign(ewn) sy [1- (F.62)

The single-particle state |¥g) has to be chosen as the ground state of (F.59)

|Wo) = H th70hLvl|Vac>. (F.63)
k() <0)

In reference [138], it is shown that the eigenvalues (F.62a) in the effective Hamiltonian (F.59)
can be interpreted as quasi-particle energies that might be measured in ARPES experiments.
Therefore, the parameter ns describes the superconducting gap and @ is a measure for the
band-width renormalisation.






Appendix G

Connection with
Constrained-Search Methods

The Gutzwiller theory, as derived in chapter 5, is based on the evaluation of multi-band
Hubbard models. For the investigation of real materials, one has to connect this approach
to an ab-initio method, e.g., the Density-Functional Theory. How this can be achieved is
explained in section G.1. In section G.2, we discuss the connection between the Gutzwiller
theory and the density-matrix functional theory, which was introduced in section 3.2.5.

G.1 Gutzwiller Theory and Density-Functional Theory

There are two ways to connect the Gutzwiller method to the density-functional theory. In our
own numerical applications, see chapter 9, we have used the density-functional theory in order
to set up a suitable multi-band Hubbard model to which we applied the Gutzwiller theory. How
the relevant Hubbard model parameters can be extracted from ab-initio calculations will be
briefly described in this section. Alternatively, one can try to implement the Gutzwiller energy
functional into a modified density functional and solve the resulting equations self-consistently.
We refer the reader to references [290, 291] where such methods have been proposed.

The Kohn-Sham equations (3.60) for a given material yield a band structure EKi, which
is hoped to cover correctly all contributions in the ab-initio Hamiltonian (2.3) except the
local (atomic) Coulomb-interaction. In order to set up a Hubbard model, we needs to find a
tight-binding Hamiltonian that reproduces the Kohn-Sham bands around the Fermi energy.
To this end, we choose a large enough set of local orbitals with a hopping matrix tZ’fl and
local orbital potentials €; », which are unspecified apart from constraints set by the symmetries
of the lattice, see, e.g., reference [214] for cubic systems. The tight-binding fit yields a band
structure Ey, S } {€i,0}], which is still a function of 7 "and €i0. The hopping parameters
and the on-site energles can then be determined by mlmmlsmg the cost function

Y[{t } {eiot] = Z( Ek,w[{t } {e, U}]) (G.1)

k,y

with respect to t " and €i,0- In practical applications, it is usually sufficient and more effective
to include only a ﬁmte number of vectors k on high symmetry points in the sum (G.1). An
alternative scheme to this tight-binding fit procedure is the downfolding method, see, e.g.,
[293] and references therein. If carried our with a sufficiently large orbital basis, both methods
should lead to very similar tight-binding Hamiltonians.
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Apart from technical details, it is clear how a tight-binding Hamiltonian can be extracted
from the Kohn-Sham equations. The situation is very different for the local Coulomb inter-
action in (2.15). Obviously, the Coulomb parameters in the Hubbard model are not given
by their bare values in (2.3d). Instead, they are effective parameters, which, to a certain
extent, already contain screening effects, covered by the underlying density-functional calcula-
tion. Since the meaning of the Kohn-Sham equations for the physical many-particle system is
basically unclear, it is also impossible to formulate a controlled way to extract local Coulomb
parameters from such ab-initio calculations.

A frequently employed technique is the ‘constrained LDA’ method, which can give an
estimate of a direct Hubbard U and an exchange parameter J. Due to the fundamental
ambiguity of such procedures, however, we do not believe that the values extracted from such
calculations should be taken too seriously. Therefore, for our own calculations, we found it
inevitable to determine the Coulomb parameters by a mixture of symmetry arguments and a
fitting to experimental data. In the case of transition metals, e.g., we work with a spherical
approximation that leads to the three Racah parameters A, B, and C, see appendix C. The
parameter A is then chosen in order to reproduce the experimental band width, while the
parameters B and C follow from spectroscopy experiments of the corresponding transition-
metal ions.

G.2 Gutzwiller Theory and Density-Matrix Functional Theory

In the second part of this appendix, we show that the Gutzwiller variational theory provides a
feasible way to evaluate density-matrix functionals for multi-band Hubbard models. As argued
in section 3.2.5, for a given Hubbard Hamiltonian

Hy = Z ZtZ’J-UI + Z Z Erm;r (G.2)
i T

i, o,0’

there exists a universal functional Fj..(p) of the density matrix p with the elements pf’jal
such that the ground-state energy and the ground-state density matrix are obtained from the

minimisation of / /
Elp] =Y Y t77 p77 + Eioc(p) - (G.3)

i,j o,0!

The functional Fj,.(p) cannot be calculated exactly in most cases and, therefore, the the-
orem in itself is of limited use. The Gutzwiller theory, however, provides a feasible way to
calculate Ejoc(p). In the Gutzwiller theory, the local interaction is a function of the independent
variational parameters )\ir - and of the local uncorrelated density matrix, see equations 5.65
and (5.48). The same holds true for the correlated density matrix, which is given in equa-
tions (5.78) and (5.71) for ¢ # j and i = j, respectively. Therefore, the functional Fj,.(p)
is given by a minimisation of Fj,. with respect to )\iF r and |Wo) where, as a constraint, the
correlated density matrix p is kept constant. In the future, we shall investigate the issue,
whether or not the calculation of a functional Ej..(p) can lead to an improved minimisation
algorithm.

As a simple example, we consider the two-site Hubbard model, for which we can compare
the local energy functional to the exact result as derived in appendix (B.2). We only consider
the paramagnetic solution despite the fact that, as shown in section 5.4.2, it becomes unstable
for U > Ug. Like in the exact solution, we have to write the interaction energy as a function
of the hopping expectation value T, equation (B.15). At half filling this expectation value in
the Gutzwiller theory is given by

T = q(d)Ty (G.4)
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with ¢(d) defined in (5.112) and T = +1/2 where T has the opposite sign of ¢. This equation

yields the double occupancy
1
d(T) = 1(1 —/1-=T/Tp) (G.5)

and, hence, the energy functional reads
Eg(T) = —4T +2Ud(T) . (G.6)

Note that the functional d(7") differs from the exact result (B.18) by the exponent of T'/Tj.
This difference in the exponent leads to qualitatively different results only in the large-U limit,
i.e., for T/Ty — 0. It has been argued in references [85-88] that the functional (B.18) is also a
good approximation for one-dimensional Hubbard models with an arbitrary number of lattice
sites. The authors even suggested that it could be a good starting point for the investigation
of two or three-dimensional Hubbard models, see [88].

The energy functional Eq(7T') and the exact result (B.20) are displayed for several values of
t in figure B.1. Not surprisingly, the functional agrees relatively well with the exact result for
large t. For t < U/8, the Gutzwiller functional has its minimum at 7" = 0, which represents
the spurious paramagnetic Brinkman-Rice state without double occupancies where all particles
are localised (¢ = 0).






Appendix H

Numerical Minimisation of the
Gutzwiller Energy Functional

The strategy for the minimisation of the Gutzwiller energy functional, which we introduced
in section 5.3, was only useful for the determination of quasi-particle energies in section 7.3.
For the actual numerical minimisation of the multi-band energy functional, one has to employ
different strategies, which we discuss in this appendix.

The Gutzwiller energy functional, for a translationally invariant system, has the form

Eq (Ua éO’ |\II0> ) =L Z qgllqggEal,ag,a’I,aé + L Z UZ,Z’UZUZ’ ) (Hl)

/
01,02,01,0% z,z'

where we used the abbreviation vy for the n, variational parameters

AT T
vy = — (H.2)
0,,,0

mpmp,
which are considered as the elements of a vector v. In our calculations on transition metals,
we found the inner minimisation, as described in the following section, to be faster by orders
of magnitude if we use the variational parameters (H.2) instead of Ar /. So far, we have not
found a satisfactory explanation for this numerical observation.

In equation (H.1), we introduced the tensor

1 K
Eahaz,a’l,aé = I Z €k;o1,02 <CL703 ijgé >‘1’0 (H.3)
k

where €55, is defined in equation (5.98b). The renormalisation matrix

@ (0) =Y S7(2,Z"ozvy (H.4)
z, 7"

is a function of the variational parameters vz and of the local non-interacting density matrix
CY; see equations (5.80) and (5.65), from which the explicit form of the coefficients S¢ (Z, Z')
and Uz z can be derived. To keep notations simple in this appendix, we assume that all
quantities are real. A generalisation of the algorithms for energy functionals that contain
complex numbers is straightforward.
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H.1 ‘Inner’ Minimisation

We consider the energy functional

ealv) = Y Goidos + > Uz zvzvz (H.5)

01,02,0%,0% z,7'

in which the single-particle state |¥o) and, consequently, the local density matrix CY and the
tensor (H.3) are fixed. In (H.5) we introduced

@ ()= 87(2. 2 vzvz (H.6)
z,.7'
with the coefficients
511 = Z Eo'l,og,crl,a’QSaz (Z Z/) (H7)
02,0'2

The variational parameters vz have to obey the constraints (5.48), which, for a fixed local
density matrix, have the form

=" fi(Z.2'Yvzvz =0, (H.8)
7,7

An explicit expression of the coefficients f;(Z, Z') can be derived from equations (5.48). The n.
constraints (H.8) define a (n, — n¢)-dimensional manifold M. in the n,-dimensional space V
of variational parameters vz. In general, it is impossible to impose the constraints (H.8)
analytically. Therefore, one needs to find an efficient numerical strategy to cope with them,
see below.

The constraints (H.8), the local energy in (H.5), and the renormalisation matrices ¢ and
qg/ are all quadratic with respect to the variational parameters vz. Therefore, for a given
vector v € V, the gradients of all these quantities with respect to the parameters vz can be
calculated quite easily. We denote the gradients of the constraints and of the energy as F'(v)
and E(v), respectively. Their elements are given by

Fy(0) = 5 gi(v) (11.9)
and
0
Ez(v) = %ee( v) . (H.10)

We aim at a minimisation of the energy (H.5) in the manifold M, defined by the con-
straints (H.8). To this end, we can always start our minimisation in the uncorrelated limit,
i.e., at the point vg (with A = op ) for which vy € M. is automatically fulfilled. Numer-
ical strategies that try to move exactly along M, are quite cumbersome. Therefore, starting
from a certain point vg € M., we allow the minimisation algorithm to violate the constraints
by making ‘short’ steps to points v; ¢ M.. To keep the violation of the constraints minimal,
these steps have to take place in the subspace M| (vp) that is tangential to M. at the point vy.
The direction of a step in M, (vo) is determined by the tangential component of the gradient
E(vy) since it leads to a decrease of the energy.

In summary, and more precisely, the above ideas lead to the following algorithm for the
‘inner’ minimisation, i.e., the minimisation of (H.5) with respect to the parameters vz:
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i) Find a point vy in the variational parameter space V that obeys the constraints (H.8)

(ie, vy € Mo).

ii) Calculate the gradients F*(v) and E(vp).

iii) Determine the component E)(vo) of E(vg) in M (vg) by the following procedure: The

gradient E(vg) is written as
E(vo) = Ej(vo) + E (vo) , (H.11)
where the tangential component Ej(vo) is defined by
Ej|(vo) - F'(vg) =0 Vi. (H.12)

The perpendicular component can be expressed a linear combination

i=1

of the vectors F*(vg). In order to determine the coefficients a;, we multiply equation
(H.11) with a vector F/(vg) and use the expansion (H.13). This leads to

E(vg) - F/(vy) ZFZ vo) - F7(vo)oy = E:I/Vjz vo)Qy (H.14)

where we used equation (H.12) and introduced the (symmetric) matrix W (v) with the
elements ‘ ‘

Wi ji(v) = F'(v) - F’(v) . (H.15)
Now we are in the position to determine the coefficients «; by an inversion of W(’vo),
which yields

a; =Y [W(w)l;} (E(vo) - F/(vy)) - (H.16)

J
The inverse of the matrix W (vg) is well defined as long as the vectors F'(wvg) are lin-
early independent. A linear dependency of these vectors can only arise if certain con-

straints (H.8) are redundant. In that case, the redundant constraints have to be elimi-
nated right from the start. With the coefficients (H.16), we find

Ej(vy) = Z a; F'(vg) (H.17)

for the tangential component of E(vy).

iv) Make a ‘proper’ step in the direction of —FEj(vo) to a new vector

V1 = Vg — ﬁEH(’Uo) . (H18)

For the choice of the parameter §, various strategies are conceivable. Since the point 01
is not in M, the energy gain is not necessarily a useful criterion and to determine it is
also rather time consuming. Instead, we calculate

Ag(w) = [g:i(®1)]> > 0 (H.19)
i
as a measure for the violation of the constraints and choose the parameter 3 such that
Ag does not exceed a certain critical value Ag.. This critical value can be automatically
adjusted by the algorithm to ensure that, after returning to the hypersurface M., there
is a sufficient energy gain.



186 APPENDIX H. NUMERICAL MINIMISATION

v) In order to return to M. from the point v; ¢ M., the following algorithm turned out
to be useful: We seek a vector vy that solves the constraint equations g;(v1) = 0 and is
as close as possible to #7. To this end, we could calculate the gradients F(41) and try
to solve the set of equations

w01+ X uFi) =0 (1.20)

J

by a proper choice of the coefficients ;. Such an exact solution of equations (H.20),
however, is quite time consuming. Therefore, we consider the linear set of equations

gi(v1) + Z Wi j(v1)v; =0, (H.21)

which results from an expansion of (H.20) to leading order in v;. Equations (H.21) can
be readily solved by an inversion of the matrix W ;(v1),

v ==Y W@ gi(w) (H.22)

i

which yields a new vector

v — ’5/1 =1 + Z'Yij('El) . (H.23)
J

This vector, in general, is not yet a solution of g;(v]); however, it is usually closer to
M. than v; because Ag(v]) < Ag(v1). By an iteration of equations (H.21)-(H.23) we
eventually approach a vector v; € M.

vi) If eg(v1) < eq(vo) we restart the procedure at point ii) with vy replaced by v;. In
case that eq(v1) > eq(vp), the critical value Ag. has to be lowered and the algorithm
continues with point iv). A useful measure for the convergence of the whole iteration is
the norm of E;. This number goes to zero near a minimum v, of the energy functional
eg(v) for vectors v € M.

H.2 ‘Outer’ Minimisation

With the optimum variational parameters v, from the inner minimisation described in H.1,
we find a new effective single-particle Hamiltonian Hgﬁ, equation (5.97). If we want to fix the
local density matrix C’g .+ at the value that was used during the previous inner minimisation,

we have to adjust the Lagrange parameters 7, . in lﬁlgﬁ accordingly. With the new ground
state |Wg) of HST we can start another run of the inner minimisation. Eventually, after a
certain number of iterations one finds a constant solution, which yields the lowest energy for
a fixed density matrix C’gﬂ,. To find the total minimum of the energy, one has to repeat this
procedure for various values of Cg .- In this way, one determines the optimum local density
matrix and the corresponding variational ground-state energy.

The minimisation strategy, which we just discussed, is obviously rather inefficient, since it
takes a lot of time to determine the parameters 7, , for a given local density matrix Cg ol
A somewhat better approach results when we keep constant the set of Lagrange parametérs
No,o instead of Cg ,» during the self-consistency cycle of the inner minimisation. However, this
strategy also is oniy feasible for a small number of parameters 7, /. In the case that there are
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many of such ‘external’ degrees of freedom in our variational problem, we have to employ a
different algorithm, which will be discussed in the following.
In the variational ground state, the Lagrange parameters 7, ./ are given by

0

No,o' = _WO,EG ({5‘1}7 {éo}a ‘\IIO> ) ) (H24)

which follows from the ground-state condition

0
for the functional (5.94). It seems natural that equation (H.24) yields a reasonable guess for
the parameters 7, even if the minimum of the energy functional has not yet been reached.
This assumption leads us to the following algorithm for the outer minimisation:

i) Set qg/ = 04,0 and choose a reasonable set of Lagrange parameters 772 o €8 772 o =
—&,.+ With the bare on-site energies €,/ in the local Hamiltonian (4.1).

ii) Find the ground state |Wo) of the effective Hamiltonian HST and determine C° and

’o
01,02,01,09"

iii) Carry out an internal minimisation as described in section H.1.

iv) A direct calculation of new parameters 7, , with equation (H.24) is prevented by the
fact that, in the energy functional Eg(...), the constraints are already fulfilled explicitly.
Therefore, we determine a new set of parameters ni . as follows:

With the single-particle wave function |Vy) fixed, the energy is a functional E°(w) of
the (ny 4+ ng) parameters 027 - and v, which are now considered as the elements w, of a
joint vector w. Here, nq is the number of finite elements in Cg .+ and the components w,
of w with 1 <y < nq correspond to Cg o~ The vector w that was found within the inner
minimisation in iii) is denoted as wy. With respect to the enlarged parameter space of
vectors w, we define the gradients E(w) and F*(w) of the energy and the constraints,
respectively. In the same way as described in the previous section for the inner minimi-
sation, we can determine the component Ej(wg) of the energy gradient E(wp) that is
tangential to the hypersurface defined by the constraints, see equations (H.11)-(H.17).
The first nq components of E (wo) give us the derivatives of the energy with respect to
C? , where the constraints are taken into account. Therefore, we choose

0,0

Moot = —[E) (wo)ly (H.26)

)

with 1 < y < nq as a new set of Lagrange parameters, which are used for a next step
of the iteration that starts at point ii). A local minimum of the energy is reached if we
find 77; o 772 ./ in our iterative procedure.

The iterative procedure i)-iv) turns out to be very fast for systems that we have investigated
so far and leads to sensible minima within approximately ten iterative cycles. It is therefore
a very useful tool for the investigation of systems for which the large number of Lagrange
parameters 7, ., prevents a scan of the entire variational space. Convergence problems with
the iterative procedure might occur if there is more than one local minimum of the energy. In
that case, the algorithm may have to be supported by a manual scan of the variational space
in order to avoid oscillations between local minima.
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