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(ABSTRACT)

Various methods and approximation schemes are used to study many-electron
interacting systems. Two important many-particle models, the Anderson model and the
Hubbard model, and their electromagnetic properties have been investigated in many

parameter regimes, and applied to physical systems.

An Anderson single-impurity model Hamiltonian based calculation of the magnetic
susceptibility is performed for YbN in the presence of crystal fields using an alteration of
the Non-Crossing Approximation proposed by Zwicknagl et.al., incorporating parameters
obtained from ab initio band structure calculations. It yields good agreement with
experimental data. For the Anderson lattice model, a variational scheme which uses
specific many-electron wavefunctions as basis is applied to both one- and two-dimensional
systems represented by symmetric Anderson lattice Hamiltonians. Without much
computational effort, the ground state energy is well approximated, especially in strong-
coupling limit. Some electronic properties are examined using the variational ground state

wavefunction.

The one-dimensional Hubbard model has been solved exactly for small-size clusters

by diagonalizing the Hamiltonian in the basis of many-electron Bloch states. The results



for the energy spectrum and eigenfunctions of the ground state and low-lying excited states
are presented. Also, mean field calculations of the two-dimensional single-band Hubbard
model and Cu-O lattice model (three-band Hubbard model) are carried out for various
physical quantities including the energy, occupation probability, staggered magnetization,
momentum distribution Fermi surface and density of states, by using a projection operator

formalism.

To develop a systematic approach to solving many-electron problems, the many-
particle partition function for the free electron gas system is explored using a cumulant
expansion scheme. Starting from the ground state, the partition function can be
approximated to any order in terms of excitation energy. Its application to interacting

systems such as the Anderson model and the Hubbard model is briefly discussed.



Acknowledgements

I am very fortunate to have Dr. Sam Bowen as my advisor, and especially grateful for
his guidance, inspiration and support throughout my graduate study. I learned from not
only his wide knowledge of physics, but also his philosophy, attitude and way of thinking
which I will benefit in my life. And the discussions during those long trips and at the Taco

Bell are always enjoyable.

My sincere gratitude to Dr. Dale Koelling for his wise advice, friendly encouragement
and invaluable contributions during my three years of working at Argonne. I owe much of
my busy and happy learning and research experience in that period to him. His help and

scholarly influence on my professional career extends far beyond this PhD dissertation.

This dissertation would not have been possible without the financial support given by
the Materials Science Division and the Division of Educational Programs at Argonne

National Laboratory, and by Department of Physics at Virginia Tech.

I wish to express my appreciation to Dr. Jay Mancini at Fordham University for his
friendship and stimulating discussions. He not only made great contributions to many of
the research projects, but also served on my graduate committee, patiently went through the

first draft of my dissertation. I wish I had learned more from him on the basketball court.

iv



I would like to thank Dr. Art Fedro at Argonne for his help and direction in the mean-
field calculations of the Hubbard model and Cu-O lattice model, Dr. Rene Monnier at ETH,
Switzerland, for his encouragement, contribution and supplying references and
experimental data during the calculation of the magnetic susceptibility of YbN, Dr. T. C.
Leung at lowa State University for helping with computer program used to solve Green

functions from self-consistent coupling equations.

I would like to thank Dr. T. K. Lee, Dr. David Roper and Dr. Royce Zia for serving
on my graduate committee, Dr. Clayton Williams for taking the responsibility of being co-

chairman.

I wish to thank Mrs. Chris Thomas for her help and keeping me in touch with the

campus while I am at Argonne National Laboratory.

Finally, I wish to express great appreciation to my parents, to my brothers, and to JZ,

for their support and encouragement which made this dissertation possible.



Table of Contents

1 Introduction

2 Magnetic Susceptibility of YbN
2.1 Ytterbium monopnictides and the Andersonmodel ................
2.2 TheZZF formalismfor YbN ... ...... ... . ... ... ... ... ..
2.3 The magnetic susceptibilityof YbN .............. ... ... ... ...,
2.3.1 The validity of the ZZF approximation for low-degeneracy systems .
2.3.2 Application of the ZZF approximationto YbN ..............

2.4 SUMMATY . ... ... i e e e e

3 Variational Calculations of the Anderson Lattice
3.1 The Anderson lattice Hamiltonian . ... ........................
3.2 Varationalformalism ............... .0ttt
3.2.1 The variational basisvectors . .............. ...,
3.2.2 The Hamiltonian matrixelements . ......................
3.3 Ground state of the one-dimensional Anderson lattice ...............

3.4 Ground state of the two-dimensional Andersonlattice . ..............

3.5 Summary ... e e e

4 One Dimensional Hubbard Model: Exact Diagonalization

4.1 TheHubbardmodel .......... .. @ittt

vi

11
12
15
18

20
21
22
23
26
32
39
45

47



4.2 The many-electron Bloch states of Hubbardrings . ................ 50

4.3 The exact solutions of small Hubbardrings . ..................... 53
4.3.1 Foursites withthreeelectrons .. ....................... 54
4.3.2 Half-filled four-sitesystem ............... ... ... 56
4.3.3 Four electrons in six- and eight-siterings . ................. 59
4.3.4 Four electrons in five- and seven-siterings . ................ 59
4.3.5 Half-filled six-sitesystem . ..............0vueeeenenenn 63

4.4 SUMMATY . ... ... ..ttt e e e e 63

Two Dimensional Hubbard Model:
Projection Operator Mean-Field Calculation 65

5.1 The projection operator based mean field formalism ................ 68
5.1.1 The multi-band Hubbard Hamiltonian and the projection operator . . 68

5.1.2 The equations of motion for the Green's functions . ........... 70
5.2 Calculations of the 2D single-band Hubbard model . ............... 77
5.3 Calculationsof the CuOg latticemodel ......................... 86
5.3.1 The 3-orbital Hubbard model of the CuOq lattice ............. 87
5.3.2 Static properties and comparison with MCresults . ........... 89
5.3.3 Density of states of the CuOp latticemodel . ................ .97
5.4 Summary . ... e e e et e 105
Many-Electron Partition Function 107
6.1 Thecumulantexpansionformula ............................ 108
6.2 Canonical partitionfunction ............. ... .. iiiiiiin.n. 116
6.3 Thegrand partitionfunction ................cc0viuiiirnneenn. 123
6.4 SUMMATY . ... ..... ..ttt ittt ittt 125

vii



7 Conclusion

Bibliography

Appendix A Energy Sums in Partition Functions

Vita

viii

128

132

140

144



List of Figures

2.1

2.2

23

2.4

2.5

3.1a

3.1b

3.2

33

3.4

3.5

Energy dependent coupling functionsfor YbN . . .. ......... ... .. ..

Low temperature (T=1.5K) behavior of the imaginary part of the dynamical
susceptibility divided by frequency ............. ... .. . ...

The static susceptibility x(T) versus temperature Tfor Ng=6 .. ........
Low temperature (T = 1.161K) behavior of 6{w)/® versus ® for YbN. . . .
Magnetic susceptibility x(T)for YbN . ... ... ... ... . ity
Diagrammatic representation of the first seven of thirteen basis states . . . . .
Diagrammatic representation of the last six of thirteen basis states . . ... ..
Ground state energy per site of the 16-site lattice ..................
Ground state energy per site of 8, 32 and 64-site lattices .............

The square of the f-orbital single site magnetization vs. U for one-

dimensional 16-site lattice . ... ... ...t i ittt ittt

ix



3.6

3.7

3.8

4.1

4.2

4.3

4.4

4.5

5.1

5.2

5.3

5.4

5.5

5.6

5.7

Ground state energy as a function of U for4x4 lattice . .............. 42
Ground state energy as a function of U for 8x8 lattice . .............. 43
Ground state energy as a function of U for 16x16lattice ............. 44
Eigenstate energy spectrum of the four-site, three-electron Hubbard ring. . . 57
Eigenstate energy spectrum of the four-site, four-electron Hubbard ring . . . 58

Eigenstate energy spectra of the six-site and eight-site Hubbard rings

withfourelectrons . .. ... ..ottt ittt ittt et et et eenn 60

Eigenstate energy spectra of the five-site and seven-site Hubbard rings

withfourelectrons ... ........ ... ... . i 61
Eigenstate energy spectrum of the half-filled six-site Hubbardring . ... .. 62
Energy per site versus band filling <n>forU=4andB=6........... 79

Local magnetic moment <m,2> vs. band filling <n>forU=4andB=6.. 80

Effective hopping energy vs. U for half-filledcase ................ 82
Effective hopping energy tegg/t vs. <n>forU=4andB=10........... 83
Momentum distribution function <nx> vs. k along (1,1) direction . ... ... 84
Fermi surface for <n>=0.87,U=4andB=6 ................... 85

Charge transfer regime: the hole occupation numbers on the Cu site <ncy>

and O site <ng> vs. band filling <n>=<ncy>+2<np> .. ........... 91



5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

Mott-Hubbard regime: the hole occupation numbers on the Cu site <ncy>

and O site <ng> vs. band filling <n>=<ncy>+2<np> ... .......... 92

Effect of tpp on the hole occupation at the Cu and O sites versus band filling

inthechargetransferlimit .............. ... .. it 93

Hole-occupation number on the Cu sites <ng> as a function of the charge

L0111 1 2 11 ¢~ 94

The squared local moment on the Cu site <m;2>=<(ns-n))2> ........ 95

The staggered magnetic moment <m;> = I<n; - n;>| on the Cu site vs. band

The Cu, O and total density of states for the paramagnetic half-filled

RN (5 ¢+ 99
The density of states for the anti-ferromagnetic half-filled system ....... 100

Density of states obtained from SBMF, POMF and the Hubbard I

approximation forhalf-filling ................... ... . ... .. .. 101

The staggered magnetic moment <m;> on the Cu site vs. <n> using

The total density of states obtained from the POMF and the Hubbard I

calculations for<n>= 1.5 .. ... ittt e e 104

xi



Chapter 1

Introduction

Various theories have been developed to study the electronic structures in condensed
matter physics. Band structure calculations yield very accurate results for non-localized
and weakly interacting electrons in solids. They are widely used to explain the
electromagnetic properties of many materials. However, because those calculations are
based on single-particle motions, there is great difficulty dealing with systems within which
the electrons are strongly correlated or strongly localized. For instance, in the band
structure calculations for transition metal oxide materials, the Fermi level coincides with the
flat energy band of the localized f-electron states, indicating that these materials are
conductors, which is qualitatively wrong. Also, some experimentally observed effects
such as the Kondo resonance and the phase transition in surface magnetizations are due to
the strong many-body interaction between valence electrons and conduction electrons, or
between the localized electrons themselves, and these effects can not be easily derived from

theories and calculations based on solving single-particle equations of motion.

An alternative to describing systems with single-particle wavefunctions is to solve the

many-body Hamiltonian directly. Apparently this is a very complex and difficult task, but



the effects of correlations between particles can be revealed relatively easily comparing with
single-particle based calculations. The starting point of many-body calculations is to
describe the interacting systems by a many-particle model Hamiltonian, such as the
Heisenburg model, the Anderson impurity model and the Hubbard model Hamiltonians.
Various theories and approximations schemes have been developed for solving these
Hamiltonians, including variational approximations, large degeneracy expansion schemes,
numerical solutions such as exact diagonalizations of small clusters and quantum Monte

Carlo calculations, and many mean-field theories.

In this thesis, a few methods mentioned above have been applied to the Anderson
single impurity model, Anderson lattice model, single-band Hubbard model and three-band
Hubbard (the CuOj lattice) model in order to study various ground state and
thermodynamic properties for different many-body interacting systems. The dissertation is
organized as follows: Chapter 2 describes the calculations of low temperature magnetic
susceptibility of YbN using an approximation to the 1/Ng (Ng being f-orbital degeneracy)
expansion solution to the Anderson impurity Hamiltonian. A variational solution to the
one- and two-dimensional Anderson lattice model using many-particle Bloch states as basis
is presented in Chapter 3. In Chapter 4, the effort to find exact solutions for small clusters
of the one-dimensional Hubbard model is made for various sizes and symmetries. In
relation to the studies of high temperature superconductivity, a Mori-projection-operator
based mean-field calculation is carried out in Chapter 5 for the two-dimensional single-band
Hubbard model and CuQ;, lattice model; the results for many thermodynamic properties and
the quasi-particle density of states are presented. The last research project is an attempt to
find the many-body partition function using a cumulant expansion scheme, which is

described in detail in Chapter 6. Chapter 7 includes final conclusions and comments.



Chapter 2

Magnetic Susceptibility of YbN

Much effort has been expended on understanding the properties of hybridizing rare
earth systems such as the ytterbium monopnictides. These materials have some interesting
low temperature features such as a broad bump observed in specifit heat measurements and
a near-constant magnetic susceptibility indicating a non-magnetic Fermi liquid state
[Stutius, 1969; Ott, 1982]. These properties are believed to be interacting many-electron
effects which cannot be explained from one-particle band structure calculations because of
the highly localized f-orbital in ytterbium. In this chapter, the low temperature magnetic
susceptibility of YbN is calculated by applying the Zwicknagl, Zevin and Fulde (ZZF)
approximation [Zwicknagl, 1990] for the spectral densities of the occupied and empty f-
states, derived from a degenerate Anderson impurity model which incorporates crystal
fields. The model, in which each crystal field level couples to the band states with its own
hybridization function, has been successfully applied using the non-crossing approximation
(NCA) to explain the specific heat structure at low temperatures [Monnier, 1990]. The
ZZF approximation removes the spurious zero-temperature behavior of the parent Non-
Crossing Approximation for the susceptibility by representing the low-energy empty-f

density spectrum by a delta-function. Surprisingly, even at low crystal field degeneracy



(N=2) of YbN the Shiba relation (a Fermi-liquid relation for the magnetic susceptibility at
zero temperature) is very nearly satisfied, in spite of the fact that ZZF approximation is
based on the 1/N expansion. The appropriate experimental impurity susceptibility for
comparison is extracted from the measurement by removing an empirical exchange
interaction. The resultant Kondo temperature (To = 8.49K) is consistent with previous

specific heat estimates (10-11K), and the agreement with experiment is good.

2.1 Ytterbium monopnictides and the Anderson model

Experimentally, the magnetic susceptibility of Yb monopnictide materials changes
from a Curie-like behavior (1/T) at high temperature to a constant value, indicative of a
non-magnetic Fermi liquid state, below a characteristic (Kondo) temperature [Oyamada,
1988; Degiorgi, 1990]. The compact size of the Yb f-orbitals severely limits the range of
their interactions and they are frequently approximated as an assembly of uncoupled
impurities. Such rare earth impurities in metals are commonly described by the infinite-U
degenerate Anderson Model [Anderson, 1961] which was explained in detail in [Monnier,

1986] and [Monnier, 1990]:

U U=oo U=oo
H = Hpang +Hy +Hp, (2.1a)

where the conduction band energy

Hpand = 2 €k Nk
k (2.1b)



the f-electron energy

H}J=“ = Zeini
i

(2.1¢)
with crystal field level index i, and
HO=" = Y V() (cf i+ fler)
k.i (2.1d)

is the hybridization between localized f-electrons f; and conduction electrons ck, with
hybridization integral V(k). In the infinite U limit, no double occupancy is allowed in f-

states.

For the severely restricted case that the f-orbital coupling to the band states is constant
in energy and independent of orbital, the Bethe Ansatz formalism yields the exact ground
state and thermodynamic properties [Tsvelick, 1982; Tsvelick, 1983; Andrei, 1983;
Hewson, 1985; Rasul, 1989] of the model. A numerical approach not suffering from
these restrictions is the so-called non-crossing approximation (NCA) [Bickers, 1985;
Bickers, 1987; Zhang, 1984; Coleman, 1984; Monnier, 1990], in which the magnetic
degeneracy N is used as a self-consistent expansion parameter. A diagrammatic 1/N
expansion is used to solve two coupled integral equations for the self-energy of empty and
occupied f-states, from which the spectral densities of these two f-states can be derived.
Using this technique it is observed that the empty-f spectral density p, has a very sharp
peak at an energy slightly below the f-orbital energy [Bickers, 1987] and a broad feature
around the Fermi energy. The low energy peak corresponds to the ground state of the
interacting many particle system, and therefore plays an important role in the low

temperature properties of the system. The broad features near the Fermi energy represent



long-lived excited states of the system and should be less important at low temperatures.
The specific heat of Ytterbium-pnictides in the presence of crystal fields (CF) with a
doublet ground state has been calculated using NCA with reasonable success [Monnier,

1990].

Attempts to reproduce the magnetic susceptibility behavior using the NCA for YbN,
YbP and YbAs [Monnier, 1990] have failed because the NCA does not satisfy certain
Fermi-liquid relations (e.g., the Shiba relation) in the zero-temperature limit [Bickers,
1987]. This non-Fermi-liquid behavior causes a singularity in the localized f-moment
spectral density at zero-temperature, which leads to a divergent magnetic susceptibility at

low temperatures.

Recently, Zwicknagl, Zevin and Fulde [Zwicknagl, 1990] (ZZF) have proposed a
scheme in which the low-energy peak in the empty-f spectral function pg is approximated
as a 0-function and other high energy features of pg are ignored. This approximation
beneficially does not exhibit the low-temperature spurious features of the NCA.
Additionally, the magnitude of the numerical calculation for practical physical properties is
significantly reduced. ZZF applied this scheme to a CF split model in which the coupling
between band states and impurity states was constant in energy. For this system with an f-
ground state degeneracy of 6, their magnetic susceptibility at low temperature compared
well to those obtained from the NCA. In this chapter, we assess the ZZF approximation
scheme for the susceptibility of YbN by calculating the low-temperature magnetic
susceptibility in the presence of CF splittings where the lowest f-level degeneracy is only 2,

and compare the results with recent experimental data [Zhou, 1991a].



2.2 The ZZF formalism for YbN

In the presence of CF, the 4f13 F;, multiplet of Yb is split into three levels
[Monnier, 1990]: I'¢ (ground state with energy €5, degeneracy Ng =2), I'y (Ng = 4) and
I'; (N7 =2). In the ZZF approximation, the spectral function py(®) of the empty 4f state

is:

Po(®) = (1-ng) &(w-ex) (2.2)
where

0)0 = 86 - TO (2.3)

ngis the f-valence at zero-temperature and T,y the Kondo temperature. With Eq.(2.2), the
spectral function p;() of the occupied 4f state can be obtained from an integral equation of
the NCA [Zwicknagl, 1990; Zevin, 1988]:

(I-ng) v, (0- o) flwy- ®)

p;(0) = 1 . >
(@-€)" + [(1-np) y,(0- o) fwy- o) 2.4)
where f(®) is the Fermi function:
f( = pml
e +1 (2.5)

and v;(w) = ©tVj%(w) is the coupling width between band states and each CF level T as a

function of energy determined using a tight binding fit to an ab initio band structure
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Energy dependent coupling functions for YbN. Y;(e) are plotted for
the lowest two crystal field levels I'g and I'g of a 4f hole on the ytterbium ion,
determined from a tight binding fit to an ab initio band structure calculation
(Monnier, 1990). The zero of energy is at the Fermi level.



calculation [Monnier, 1990]. For YbN, ys(®) and Yg(®) as functions of frequency are

shown in Fig.2.1.

The relation between T and the f-valence nf can be obtained for zero temperature

using:

+o0
ng = % 2 Nif do C—Bm Pi(w)
B =0 2.6)
where Z; is the partition function of the 4f electron:
Z = (1-np)ePo 4y NiJ doe™ py()
Lo Q@7

in which Eq.(2.2) has been used. With a spectral function given by Eq.(2.4), and setting

the energy zero at the Fermi energy, the relation between n; and T follows the simple

expression:

ne = C

f 1+C (2.8)
where
0
Y; ()
C = %2 Ni 1—2 d(D
' (@ + wo—€;)

T 2.9)
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This same result can be derived from a variational approach [Gunnarsson, 1983; Langreth,

1966]. Taking the hybridization width v, as a constant in energy, Eq.(2.8) can be further
simplified:

ng = (l - nf)z Ni —Yl—'
i T+ €;- g¢) (2.10)

which is exactly the same as eq.(11a) in [Zwicknagl, 1990]. However, with the energy-
dependent ¥;(®) shown in Fig. (2.1), Eq.(2.8) is used throughout our calculations and

discussions.

With CF levels I'g and I'g, the imaginary part of the dynamic susceptibility is
[Bickers, 1987; Zwicknagl, 1990]

_e-Bo e
o@D = (lTer—)Z N; Hff dee™ P py(e) pice+w)

i

-e Bo oo
+ (1 3ch ) N¢ g }lig f dee’&[pﬁ(e) pPs(e+w) + Pg(€) p6(€+0))]

—oo

(2.11)

where Y, is the effective high temperature moment for the level I';, The appropriate

theoretical magnetic moments for YbN are [Monnier, 1990]
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_ ./ = /1040 = af432
K = 3 MB ’ ll8 = 147 HB ’ U7 - 49 uB (2.12a)

where py is the Bohr magneton. The van Vleck contribution is included in the second term

of the summation in eq. (11), in which

Ne¢s = ~#NgNg = ‘\/§
(2.12b)
2 70 3 2

H = 87209 M
68 772 9 Neg B
and g, is the Lande factor (8/7).

The temperature dependence of the static susceptibility is given by the principle value

of an integral:

= (2.13)

2.3 The magnetic susceptibility of YbN

In the calculation, the integrals in Eq. (2.11) were performed numerically using an
FFT convolution algorithm. Consistent with the specific heat calculation of [Monnier,
1990], the difference between the Fermi energy €g and the lowest CF level energy €g is

taken as (&- €g) =-0.5eV. The value of the CF splitting (&; - &), taken from a very recent
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inelastic neutron scattering study [Donni], is 33meV. The I'; level is considered
sufficiently high that it is omitted from the calculation. While investigating the validity of
the ZZF approximation for various f-orbital degeneracies, n; is fixed at 0.94, and the
Kondo temperature scale T is determined from Eq.(2.8). When comparing with
experiment, Ty is treated as a free parameter to get the best fit between the theory and

experiment, and n; is appropriately determined from Eq.(2.8).
2.3.1 The validity of the ZZF approximation for low-degeneracy systems

To examine the validity of the ZZF approximation for the low-degeneracy (Ng = 2)
YbN system, the behavior of the dynamic susceptibility 6{w) for various lowest f-level
degeneracy (Ng = 2,3,4,5 and 6) is investigated (while the effects of any excited f-state are
ignored). The result shows that the spectral function of the lowest f-levels pg(®) has a well
defined single peak at energy & as expected. Fig. 2.2 is a plot of 6{w)/m at T<<T, for Ng
=3,4,5 and 6. The case Ng = 2, corresponding to YbN, is shown in Fig. 2.4. Despite
the very different behavior for different N, it is seen that for no degeneracy does the
dynamic susceptibility o(w)/o diverge at ® = 0 in the low temperature limit. This is a
distinct advantage over the NCA in which o{w)/® diverges as 10l-2(N+1), The Fermi-

liquid relation (Shiba relation) [Shiba, 1975]:

ow | 3x(T=0
O=0 - -
oo Ne K 2.14)

is satisfied within two percent for all values of Ng.
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1.0 T j T j T 1
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Fig. 2.2 Low temperature (T=1.5K) behavior of the imaginary part of the
dynamical susceptibility divided by frequency. of(w)/® for f-
degeneracies Nf = 3,4,5 and 6 are shown. The zero temperature f-occupancy ng
is set to 0.94 for all cases, and the corresponding Kondo temperature scales are
To = 40.8K, 55.1K, 69.5K and 84.1K as determined from Eq.(2.8) in the text.
The Shiba relation is satisfied within a few percent for all four cases.
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Fig. 23 The static susceptibility x(T) versus temperature T for Ngf = 6. All
parameters are the same as in Fig.2.2. Note that %(T) becomes a constant at
low temperatures, and that a bump appears similar to the NCA results.
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Fig. 2.3 shows %(T) as a function of temperature for Ng = 6. For all values of Ng
being studied, the ZZF approximation gives a constant static susceptibility (Pauli law) at
temperatures lower than T, indicating a non-magnetic Fermi-liquid state. Further, it

displays a finite limit as the temperature approaches zero.
2.3.2 Application of the ZZF approximation to YbN

To compare this contribution to the susceptibility with experimental data [Degiorgi,
1990], we subtracted the molecular field contribution from the experimental result using

[Degiorgi, 1990; Popielewicz, 1976; Wojciechowski, 1988]:

1
L. X (2.15)

where Y, is the measured susceptibility, X is the experimentally derived contribution from
the strongly interacting electrons in f-orbitals, and A is a molecular field constant in the
exchange field Hg = AM. A is derived by extrapolating the high temperature 1/, to T=0.
From the experimental data of [Degiorgi, 1990], we obtain A = -10.9 mole/cm3, with

effective moment [ ¢ = 4.85 pg and Curie temperature T =-96.7K.

o w)/o vs. ® for T<<Tyand ¥(T) vs. T are shown for YbN in Fig.2.4 and Fig.2.5.
Due to the presence of CF splittings, it is seen in Fig.2.4 that in addition to the low
frequency feature of 6{w)/w, there are two peaks near 1(g; - &), arising from the van Vleck
contributions to the susceptibility. T, = 8.49K is chosen to obtain the optimal fit with the
Xsextracted from the experimental data using Eq.(2.15). This value of T is smaller than

the value (10-11K) obtained from the specific heat calculation with NCA. For comparison



16

20 — ]

15 -

10 .

o/® (cm3/mole/eV)

0 JLL I IJL

-0.050 -0.025 0.000 0.025 0.050
w (eV)

Fig. 24 Low temperature (T = 1.161K) behavior of o{w)/® versus ® for
YDbN. It shows a peak at ® = 0 and two small features around *(g;- €).
Kondo temperature T = 8.49K adjusted for best fit with experimental result
and n; = 0.980 determined from Eq.(2.8).
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Fig. 2.5 Magnetic susceptibility x(T) for YbN. Parameters are the same as those
used in Fig.2.4. Both theoretical (T) (solid line) and derived experimental )¢
(circles) results are shown. Good agreement is obtained over the temperature
range where the experiment was performed. However, theory does not
reproduce the low temperature bump appearing in the experimental result.
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X¢is also shown in Fig.2.5. It is seen that reasonably good agreement is obtained in the
temperature range where experiment was performed. The bump observed at low
temperature can not be reproduced in the calculation. If an alternative CF splitting (€ - €)
= 55meV is used as in [Monnier, 1990], the van Vleck contribution to the susceptibility
evaluated with Eq.(2.13) and the second term in Eq.(2.11) is much smaller, and the
derived experimental impurity susceptibility is too large for the theory.

The agreement of theory with experiment at low temperature shows that the ZZF
approach has removed most of the difficulties encountered in the NCA calculation
[Monnier, 1990]. It is a little surprising that the Shiba relation is satisfied for this system
with degeneracy as low as 2 since the approximation was derived from the NCA, which is
only valid for large degeneracies. Even though the zero-temperature analytic solutions of
the NCA offer some insights of why the Fermi-liquid relations are violated [Muller-
Hartmann, 1984; Kuramoto, 1985], it is still not clear why the Shiba relation is satisfied

within the ZZF approximation regardless of f-degeneracy [Kuramoto, 1985].

2.4 Summary

We have presented a calculation for the magnetic susceptibility of YbN in the
presence of crystal fields. Using the ZZF approximation for the spectral function of the
empty-f state, the NCA low-temperature divergence of ow)/m at ® = 0 is removed and the
calculational effort greatly reduced. It is found that within this approximation the Fermi
liquid relation for the dynamic susceptibility (Shiba relation) is satisfied within a few

percent even for a system with f-degeneracy as low as 2, and a constant magnetic
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susceptibility at temperatures below Kondo temperature is obtained. The ZZF
approximation sidesteps the deficiencies of the NCA and seems to yield good agreement
with experiment even for small degeneracies. Using coupling functions V() determined
from a tight binding fit to a band structure calculation, the theoretical magnetic susceptibility
of YbN clearly exhibits a non-magnetic Fermi-liquid state in good agreement with

experiment. The full explanation of its success has not yet been found.



Chapter 3

Variational Calculations of the Anderson
Lattice

It has been a success to study the electromagnetic properties of some materials with
highly localized orbitals such as YbN by solving the Anderson model, as described in the
last chapter. However, the Anderson model Hamiltonian (eq.(2.1)) does not include the
intersite interactions between the localized electrons, thus it is not able to describe the low
temperature magnetic ordering observed in certain transition metal compounds. For
example, Malik et.al. (1991) saw evidence that CePdSb orders ferromagnetically and
GdPdSb orders antiferromagnetically around 15-17K. This is a consequence of the
interaction between the localized 4f electrons and the itinerant conduction electrons. Also,
it was found [Kuramoto, 1989] that the momentum dependence in the magnetic response of
certain heavy fermion systems is mainly due to the Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction, a type of interaction between two localized electrons through the
conduction band. Therefore, it is necessary to investigate a magnetic moment lattice model
which is based on the Anderson single impurity Hamiltonian described by Eq.(2.1), that
leads to the Anderson lattice model. In this chapter, the Anderson lattice Hamiltonion is

discussed, and variational calculations of its ground state energies and wavefunctions for

20
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both one- and two-dimensional systems are presented.

3.1 The Anderson lattice Hamiltonian

There has been much interest in the ground state properties of a lattice of localized
moments as a description of mixed-valence systems [Stewart, 1984; Varma, 1985a; Varma,
1985b]. The interesting physics of such systems arises from the interaction of the localized
f-orbitals (with energy close to the Fermi energy) with the conduction d-bands and by the f-
orbital intrasite Coulomb energy. At high temperature they tend to have isolated moments.
A model appropriate to describe such systems is the Periodic Anderson Model (PAM). The
Hamiltonian for the non-degenerate one dimensional periodic Anderson model has the form

Zeuckscks + LEff, + UZ £ fin £, £y

Isi
—% Y (el ff cis, + h.c.)
kls (3.1
where ct (c) and fT (f) are the creation (annihilation) operators for the conduction d-orbital
and localized f-orbital electrons, respectively. Here U is the on-site Coulomb energy of the
localized f-electrons. V represents the hybridization of the two bands, taken to be k

independent, and

& s = -2tcos(k) (3.2)

where t is the intersite hopping energy and -n <k <.

Theoretical work on this model has included perturbation expansions in the Coulomb
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energy U [Yamada, 1983], various Green’s function approaches [Czyzcholl, 1982;
Czyzcholl, 1985; Kurata, 1980; Brandow, 1979], functional integration methods [Read,
1984a; Read, 1984b; Coleman, 1985], real-space renormalization [Julian, 1977a; Julian,
1977b; Julian, 1982a; Julian, 1982b] and direct diagonalization of finite clusters [Julian,
1982c; Misra, 1987; Chen, 1988]. An extended non-crossing approximation approach
(XNCA), based on the NCA for the Anderson single impurity model which is directly
related to last chapter's content, has been pursued by Kuramoto (1989) and Kim et.al.

(1991).

A wide variety of variational schemes have also been applied to this model [Brandow,
1986]. These include a number of Gutzwiller-type approaches [Fazekas, 1987; Rice,
1987; Oguchi, 1987] whereby an initial trial function is chosen to project out the two-
particle states on the localized f-orbitals. Such an approach represents a mean-field theory
and thus no information regarding spin correlations of neighboring localized orbitals may
be extracted. Another important work, relevant to the present study, is that of
Blankenbecler et.al. [Blankenbecler, 1987] who utilized a stochastic Monte Carlo technique
to study the ground state properties of the one dimensional PAM. Comparisons with this

work, taken to represent the true ground state, shall be made throughout this chapter.

3.2 Variational formalism

This work, based on the Lanczos variational scheme [Mancini, 1985, 1984, 1983,

1990] is a continuation of an earlier preliminary study [Bowen, 1988] on the Anderson

model in which the localized f-orbitals were found to be anti-ferromagnetically correlated in
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the ground state via an RKKY-type of interaction. Here a variational ground state energy
as well as magnetic correlation functions and hybridization matrix elements are evaluated
[Zhou, 1991¢]. The method utilizes a finite matrix truncations scheme whereby a limited
subspace of the full Hamiltonian is generated [Mancini, 1990]. The power of the method
lies in the fact that for modest computation times one may study very large systems with
extensions to higher dimensions being straightforward. A drawback of the technique is
that excitations near the Fermi energy are approximated as average band energies, thus
obscuring any information on low lying energies leading to the Fermi liquid behavior of
intermediate valence systems. In section 3.3 the ground state properties of the one
dimensional PAM for an 8-site, 16-site, 32-site and 64-site lattice are studied.
Comparisons are made with a stochastic Monte Carlo calculation performed on a 16-site
chain. The variational results are in excellent agreement with those of the Monte Carlo
calculations in the Kondo lattice regime (Coulomb energy U large). However, in the mixed
valence parameter range our results are rather disappointing. This we argue is a
consequence of choosing a finite basis whereby important vectors containing the
hybridization matrix elements as well as those which represent excitations close to the
Fermi energy have been left out. We shall reserve further discussion on this matter until a

later section.

3.2.1 The variational basis vectors

Now we introduce a diagrammatic representation of these vectors which facilitates the
choosing of a linearly independent set of vectors as well as rendering the orthogonalization
(via a Gram-Schmidt orthogonalization process) of this set more manageable. We denote

the filled Fermi sea of conduction electrons with the symbol {_/ and the set of singly



1
occupied localized orbitals by a horizontal line ——¢——_Here 1 denotes a particular site.

The initial trial wave function is represented by
16> = |@> = | —> (3.3)

with the normalization 19,12 = 1.

A truncated basis consisting of various particle-hole excitations may be constructed
by repeated operations of Eq.(1) on 1Q2>. The set of states generated may be represented
diagrammatically, with rules for their construction not given here. Repeated operations of
the Hamiltonian [Duncan, 1985] yields a set of nineteen vectors. After checking for linear
independence and performing a Gram-Schmidt orthogonalization, the basis was reduced to
a set of thirteen independent vectors. Each of these vectors represent a different physical
excitation of the ground state. We shall be interested in obtaining the lowest eigenvalue of
the 13x13 Hamiltonian matrix within this basis. This matrix is both small and sparse,
allowing the calculations to be performed on a desk-top computer using standard matrix
routines. It is hoped that such a small amount of computational effort will yield

qualitatively useful information on the ground state.

To illustrate the method, we note that explicit operation of the Hamiltonian on the

initial vector I¢,> yields the following two new vectors. Each vector represents linear

combinations of all distinct single particle-hole excitations,

1¢,> = 7%— 2 Ze“""f&,cks, >

k<kp 1
(3.4)
10> = T;T— 2 Zc—ikkncz’lfhllfb

k>ke 1
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The vector l¢,> represents the physical event whereby a conduction electron with
momentum k<kp and spin S; = - S, hybridizes to a localized f-orbital labeled by 1 with
an already existing spin S;. Vector l¢;> represents the hopping of a localized electron from
site 1 with spin S, to the conduction band with momentum k>kg. We note that, just as in
Oguchi’s work [Oguchi, 1987], while the number of f-electrons is not fixed, total electron
number is conserved. He uses this condition to determine his variational parameters. The

remaining vectors are given below.

We have:
1 -
|¢4> = J_N Ec kRI(ek,l - Elsl) c]ts,flsl |£2>
k>kp 1
1 ik (R -
0> = & eik(R, R;)Sslgrff.slcksl Cﬁs,fls. 1>
k>kp 1#1'
o> = % Y, YeikRiflc, ey, fis, 1>
k>kp 1
K<kp
16> = % 2 z ei(K Ry -kRy) ff.;,_ck;r Cltslflsl >
k>kp 121
K<kp
1 -ik(R;
10> = & y > ek RerR)g ol ¢l £, 1>
k>kp 121’
1 -i(KR;
10> = ﬁkgp Y ¢ iRe kR Clv,,.fl's,-czs,fls, >
e 121
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100> = 4% D, eikRi(Ey; - €3, ) flzcu, 1>
k<kp 1
1¢,,> = 'I}T z ei¥ RevkRy) fir'il.ck'il. ffilcks, [£>
k<kg 121
k‘<kp

1 ik (R, t t
10> = § 2 X e ®rRs ol o, flics, 10
k<kp 1#1’
1 i(K - t
10> = &3 D eiKBRiflcp ol £ >
k>kp 1
k'<kg

in which kg is the momentum at the Fermi surface, and & the Kronecker-delta. The
collection of the diagrammatic representations of these 13 many-electron state basis vectors

is shown in Fig.3.1.

3.2.2 The Hamiltonian matrix elements

The ground state energy for the truncated basis of thirteen vectors is obtained by

finding the lowest eigenvalue of the Hamiltonian matrix Hj; = <¢;/Hl¢;>. With
unnormalized basis vectors ;> through l¢;3> defined in section II, the non-zero elements

of the upper-half of the Hamiltonian matrix are:

H; = Ep
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Fig. 3.1a Diagrammatic representation of the first seven of thirteen basis
states.
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(10) (11)

(12)

Fig. 3.1b Diagrammatic representation of the last six of thirteen basis
states. Up to second order in particle-hole excitations with spin flips have
been included. The bubbles appearing in (4) and (10) constitute corrections in
self-energies. Diagrams (6) and (13) are vectors which include explicitly the
RKKY-type interaction.
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2 2
0y = €2 , 0 =

The variables used above are defined as:

A= 533 (26, -E)

N2 k>kp 1

A= 22(2% - Egp)

k<k,, 1

az = Zz(ﬁn-%

k>kp

ol = g2 X ()

k< ke 1

€ = 2 Z s,

N2 k>kp 1

e. = ZZ

N k<kp 1
2 _ N 2 i(kK-®, - Ry)
es = (N-1) ('5'1) - Fkg‘q, g‘l.el( BR, - R, S,m_
k')kpk¢k'
e2 = (N-1)(N.1) - 2 ¥ ¥ eik®i-R) §
) 2 2 k<kpg 1#1' e
F

k‘< kp k # k'
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2
¥y = L Y Y eitk-0®i-R) 3.,
N2 Kkp 1,11
K<kg
2
B = 1 Z Z e i(K-U®R - Ry 5'131'
N2 k>ke 121
K>kg
2
1
A = — 5.
N2 El' 55y

Z €s — 2 Exs

k>kp k<kg

where N is the number of sites, and E;, the ground state energy of the half-filled conduction
band.

3.3 Ground state of the one-dimensional Anderson lattice

In this section we wish to compare our results [Zhou, 1991¢] for the one dimensional
PAM with those of the quantum Monte Carlo calculation of Blankenbecler et.al.
[Blankenbeckler, 1987], and also with the strong coupling (SC) limit. The values of
parameters used are the same as those in [Blankenbeckler, 1987]: t=0.5, and V =0.375.

In the strong coupling regime, U >> J, where the band gap
= Ja+av?) -1 (3.5)

and the ground state energy is given by
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2o 1-1(gy)
EfU) = -1U + 2¥efey - 23 -
. “ gty (3.6)

with f(g,) the zero temperature Fermi function.

Fig. 3.2 is a plot of the variational ground state energy Eq(U) for the sixteen site
lattice. For the large U limit the variational ground state energy converges quite nicely to
the Monte Carlo results of [Blankenbeckler, 1987] and for U > 1.8 are as good or better

than the strong coupling theory.

The success of this basis in the large U limit for this symmetric Anderson model is
due to the fact that particle hole excitations with a filled f-orbital and 'average' conduction
band hole dominate the variational subspace. The energies of these states have the form (-
0.5U+ <e>) where <e> is an average of hole energies over the band. The Coulomb

interactions between f-orbitals are also treated exactly in this basis.

It should be noted that the variational basis chosen here does not do well for small U
where the actual band structure would begin to dominate. This sequence of vectors
represents the band energies by certain averages over the whole band. This characterizes
the bands by a sequence of averages closely related to the cumulant expansion well known
from statistics. To recover the detailed band structure itself would require large numbers of
these vectors. To illustrate this it is useful to examine the simplest complementary
variational basis set: one which treats the hybridized bands exactly and treats the f-f
Coulomb interaction in mean field only. For this sequence of many-particle states we

define hybridized single particle operators ¥, (+) which diagonalize the U=0 Hamiltonian.
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Fig. 3.2 Ground state energy per site of the 16-site lattice.

Comparing with

the Monte Carlo calculation and strong coupling approximation results. The
dot-dashed line represents the small U approximation result (Eq.3.10).

Parameters used are t = 0.5 and V =0.375.
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The one electron operators are defined as

Veb + (his(@) - 1) £,
VV2 + () - &xs)? G3.7)

Ya®)

where

Aedd)

1 1 RNy 2
5 €+ Ep) 2 ~ (exs- Erd? + 4V 58

are the exact energies of the hybridized bands for U=0. The initial variational ground state

for this sequence of states is a filled Fermi sea of Y, (-):

1G> = [[v)10>
ks 3.9

The dot-dashed line in Fig.3.2 that agrees with the Monte Carlo results at U=0 represents

the expectation value of <GIHIG>:

2 A 2 (2
Eo®) = X hek) +9[ZV = ) e’“)]
ks

NIY ud® - Ml))? (3.10)

In Fig.3.3 we plot the ground state energy for 8, 32, 64 site lattices. In the large U
limit where diagonal terms of the Hamiltonian matrix elements dominate and thus where
our truncation does well, the energy per site decreases slightly as the size of the lattice
increases. As the lattice size is allowed to increase, the number of states present in the true
ground state also increases. Thus it is seen that in the mixed-valence regime (small U), for

larger and larger lattices our finite basis becomes a poorer approximation.
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Further investigation of Fig.3.3 shows that there is another effect to be considered.
As U becomes very large the doubly occupied sites which appear in the true ground state
will have a vanishingly small amplitude. If one were to ignore such states then the effective
number of states in the true ground state would be diminished, tending to improve any
finite basis truncation scheme. Thus one needs to investigate the full range of parameter
space for a given Hamiltonian before drawing conclusions on size effects and also on the

limitations involved in finite-basis methods.

The square of the f-orbital single-site magnetization <mf,(1)2> = 1 -2<nf;tnf,> is
shown in Fig.3.4 for a 16-site lattice. Use of the Feynman-Hellman relation enables one to
write this function in terms of a derivative of the ground state energy

<mi@)?> = -Z%EITS 3.11)

We see that once again our results compare favorably in the large U limit with the Monte
Carlo results of [Blankenbeckler, 1987], but fail completely in mixed-valence regime

because of the poor approximation to the ground state wavefunction.

It is interesting to investigate the interplay between the Coulomb energy U and the
effective hybridization V. As pointed out by Blankenbecler et.al. [Blankenbeckler, 1987],
a useful measure of this is given by the ratio of (ft,c ,+ct,f), ) in the interacting ground state
to that in the U=0 ground state. Previous results [Blankenbeckler, 1987] demonstrate that
the effect of U is to decrease the hybridization. Our calculation of this quantity using the
13x13 basis yields very poor results as expected. We would expect better agreement if

more states which couple to the Coulomb energy were added to the basis.
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Fig. 3.3 Ground state energy per site of 8, 32 and 64-site lattices. The parameters are
the same as those used in Fig.3.2. Note in the mixed-valence regime (small U),
the energy of smaller cluster is lower than that of the larger ones in the present
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Fig. 3.4 The square of the f-orbital single site magnetization vs. U for
one-dimensional 16-site lattice. Parameters are the same as those used in

Fi

g.3.2.



39

3.4 Ground state of the two-dimensional Anderson lattice

With the good agreement between the variational ground state ¢nergy and the Monte
Carlo result for the one-dimensional periodic Anderson lattice model, one expects this
variational scheme to give good estimates for the two dimensional Anderson lattice, a
model used extensively for systems with valence electron states [Parks, 1977; Falicov,

1981]. The 2D Hamiltonian has the same form as in one dimension:

Zehck.cks + DB, + U S
1s 1

V -o. —>
F Z L,,ck,, + h.c. )
kls (3.12)
with the modification that all summations are now two dimensional. The conduction band

energy in 2D is

&s = —2t(cos(ky) +cos(ky)) . (3.13)

The variatonal basis chosen is a 13 dimensional subspace, and is identical to the basis
used for studying the one dimensional model as listed in Fig.3.1. The 13-state basis
includes single particle-hole excitations, two particle-hole excitations, and RKKY-type

interactions.

Since a fixed 13x13 many-particle basis is kept regardless of the size of a lattice, the
calculations can be carried out for moderately large lattice sizes with relatively small amount

of computing time. The results for the ground state energies per site as functions of U for



40

4x4, 8x8 and 16x16 lattices are shown in Fig.3.5, in which we have chosen t=0.5 and
V=0.375, consistent with the calculations for one-dimension [Zhou, 1991e; Blankenbecler,
1987]. Itis seen that in the vanishing U limit, the larger the lattice size becomes, the higher
the variational ground state energy is. We attribute this to the fact that at small U, the true
ground state is spanned in a much larger space of states than the subspace of the 13-state-
basis used here. And the larger the lattice, the more the basis states there are that overlap
the ground state wavefunction. For small U the actual band structure near the Fermi energy
should dominate in the system, while the vectors which appear in our calculation represent
the band energies by averages over the whole band. For large U (symmetric Anderson
model) the ground state will be dominated by singly occupied f states as are the 13x13
basis in this calculation. For this reason we expect that the variational calculation should
work well in the large U limit as in the one-dimension case. Similar to the one-dimensional
Anderson calculation [Chen, 1988], our ground state energy results here show little size

effect in the relevant large U parameter range [Zhou, 1991d].

While we do not expect our results to be valid in the mixed-valence regime (small U),
it is useful to apply the simple approximation in this vanishing U limit described by
Eq.(3.7)-(3.10) which gives exact ground state energy for U=0, so that an upper bound is
given for the ground state energy by combining the results of these two calculations. The
results of this simple estimate are shown along with our variational calculations for 4x4,

8x8 and 16x16 lattices in Fig.3.6, Fig.3.7 and Fig.3.8 respectively.

Since results show the similarities between one-dimensional and two-dimensional
systems, it should be interesting to compare the ground state energy per site of a two-

dimensional lattice with that of a one-dimensional ring with the same number of sites. In
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Fig. 3.5 Ground state energy as a function of U for different two-
dimensional lattice sizes. Retults shown are 4x4 (solid line), 8x8 (dash
line) and 16x16 (dot dash line) lattices for t = 0.5 and V = 0.375.
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Energy

Fig. 3.6 Ground state energy as a function of U for 4x4 lattice. The solid
line is the result of our variational calculations based on 13x13 matrices. The
dashed line is the plot of Eq.(3.10) which approximates the small U ground
state. These two lines give an upper bound of the true ground state energy.
The variational results for one dimensional 16-site lattice is also plotted (dot-
dashed line) for comparison. Parameters are the same as in Fig.3.5.
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Energy

Fig. 3.7 Ground state energy as a function of U for 8x8 lattice. The solid
line is the result of our variational calculations based on 13x13 matrices. The
dashed line is the plot of Eq.(3.10) which approximates the small U ground
state. These two lines give an upper bound of the true ground state energy.
The variational results for one dimensional 64-site lattice is also plotted (dot-
dashed line) for comparison. Parameters are the same as in Fig.3.5.



Energy

Fig. 3.8 Ground state energy as a function of U for 16x16 lattice. The solid
line is the result of our variational calculations based on 13x13 matrices. The
dashed line is the plot of Eq.(3.10) which approximates the small U ground
state. These two lines give an upper bound of the true ground state energy.

Parameters are the same as in Fig.3.5.
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Fig.3.6 and Fig.3.7, we also compare a 4x4 square lattice ground state energy with that of
a 16-site ring, and an 8x8 square with a 64-site ring respectively for our variational
calculation in 13 basis states. All of the parameters are the same as those used in Fig.3.5.
Despite the similar shapes of the plots, a two-dimensional lattice always has a lower ground
state energy than a one-dimensional lattice with the same number of sites. Qualitatively,
this is because each atom in a square lattice has 4 nearest-neighbor sites while it has only 2
nearest-neighbors in a ring. Therefore, for a square lattice, each basis state couples with
more other states, generating more non-zero off-diagonal elements in the Hamiltonian

matrix, which accounts for a lower ground state energy.

As illustrated in the study of one dimensional model, we do not expect to get a good
approximation of any ground state property which has a strong dependence on the
wavefunction because a small truncated basis has been used, as well as the fact that those
vectors representing excitations close to the Fermi energy have been left out. Some of
these properties have been studied with exact diagonalization and the Monte Carlo method
by Callaway et.al. [Misra, 1987; Zhang, 1988]. However, using a Lanczos variational
scheme within a finite basis, we have obtained reasonable results for the ground state
energy of square lattices up to 16x16 with a relatively small amount of effort. The

approximation can be further improved by choosing a larger basis of states.

3.5 Summary

By using a Lanczos-type of variational method, we have studied the ground state

properties of the one and two dimensional periodic Anderson model. With a fairly small



amount of computing time, we achieved excellent agreement with the Monte Carlo result on
the ground state energy of a 16-site one dimensional lattice in the large U limit. With a
fixed number of basis states, this method allows us to carry out the calculation for much
larger lattice sizes easily . But for this same reason (limited number of basis states), our
results for properties strongly depending on the wavefunction of the ground state are poor.
Also, we included particular linear combinations of many-electron states representing a
particular phasing (constant phase) of particle-hole excitations both close to the Fermi
energy and far away from it in energy. The importance of the other linear combinations of
excited states in the variational ground state, particularly for small hybridization, is
emphasized by the poor showing of these "fixed phase" excited states that are mixed into
the system. We expect improvement by increasing the size of truncated matrix, thus taking

into account more basis states.



Chapter 4

One Dimensional Hubbard Model:
Exact Diagonalization

The Hubbard model was introduced many years ago [Hubbard,1963], and has been
applied to various systems to study their electrical and magnetic properties. Recently it has
attracted more attention as a model for high temperature superconductors. The two
dimensional (2D) CuO» structure in these materials is believed to be the determining factor
in making these materials superconducting. The 2D Hubbard model is a candidate for
studying the hole movement and the magnetic ordering within the CuO» plane. In any
case, the Hubbard model is generally regarded as a powerful model for studying strongly
correlated and localized electron systems. Within different parameter regions, many other
useful models can be derived from the Hubbard Hamiltonion. These include the
Heisenburg model, which has been widely used to study surface magnetization, and the t-J
model which includes both hole (or electron) movement and the background magnetic
ordering in the presence of large Coulomb repulsion energy. Therefore, it is of great

importance to understand the properties of the Hubbard model.
In this chapter, a method of exact diagonalization of the Hubbard model Hamiltonian
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on many-electron Bloch state basis is presented, along with results for small Hubbard rings
(one-dimensional Hubbard chains with periodic boundary condition). In contrast to the
commonly used single-electron or quasi-particle based approximations, the focal point of
our study is the exact many-particle wavefunction. Therefore, unlike other exact
diagonalization calculations, the purpose of this study is not to find solutions for relatively
large size systems, even though the computer program which has been developed for the
task is capable of doing so with sufficient amount of computing time. Instead our attention
is focused on the understanding of the properties of many-electron states and what the low-
lying eigenstates of the systems consist of, which are essential for other studies of the

Hubbard model such as those presented in the following two chapters.

4.1 The Hubbard model

The Hubbard Hamiltonian has the general form:

H = 82 N + UZ N nj. + Z tjj'C};,Cj'o
o j Ji'so 4.1)

where j is the lattice site index, ¢ =t represents spin up (+) and down(-), c is the electron
annihilation operator, and njg = c,-o’fcj-c is the number operator. The energy parameters are
the orbital energy €, the hopping energy between site j and j' tjj, and the Coulomb
repulsion U between two electrons at the same site with opposite spins. Normally, € is set
to zero, and tjj =t dj j'> in the nearest neighbor approximation with sites j and j' being
nearest neighbors. This approximation is used to simplify the analysis, even though

others, such as the next-nearest-neighbor model which also takes into account hoppings
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between second nearest neighbor sites, have been studied to investigate the effect of not-so-
localized electron motions. Here only the nearest neighbor model is considered, which is

sufficient for most of the interesting problems.

Despite the simple form of the Hubbard Hamiltonian, only the ground state of the
one-dimensional case has been exactly solved [Lieb, 1968], and using Bethe Ansatz [Lee,
1988] it was found to be an insulating state for the half-filled band (<n> = 1). A variety of
approximation techniques have been used to study the Hubbard model, among others a
variational approach [Coppersmith, 1989], a self-consistant moment expansion method
[Nolting, 1989], a functional integral formulations [Cyrot, 1972], and mean-field theories

which will be discussed in detail in Chapter 5.

An important approach to the problem is the study of finite Hubbard model systems,
where Quantum Monte Carlo (QMC) simulation is a powerful numerical method for this
study. Hirsch et.al [Hirsch, 1982; 1983; 1984a; 1984b] have carried out the QMC
simulations for one dimensional chains of up to 40 sites. These results are commonly
regarded as "exact" results because of their accuracy, even though they suffer difficulties in
approaching zero temperature and extrapolating to infinite lattice size (thermodynamic

limit).

Another method widely used to solve the finite cluster problem is the diagonalization
of the Hamiltonian on the basis of all existing states in the model system. Here the model
is solved exactly using a specific basis. Since the computing time increases exponentially
with the size of the system, the exact diagonalization method is limited to small clusters,

and becomes of limited use in more than one dimension. However, the ground state and
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excited state wavefunctions which arise can be written explicitly, allowing one to gain more
physical insight into the behavior of the system. Other studies can benefit from the exact
solution of these small clusters. For example, one can use the ground state wavefunction
of a finite system as a guide for choosing the initial state in a variational calculation. Also,
the exact diagonalization method is valid for all temperatures, therefore it serves as a
compensation and convergence benchmark for QMC simulations. For these reasons, it is
not surprising that the small one-dimensional Hubbard chains have been studied
intensively, and the exact diagonalization of chains up to 12 sites have been performed

[Shiba, 1972; Soos, 1984] with reports of studies of larger sizes underway.

In order to have a better understanding of the properties of low-lying eigenstates, we
have diagonalized the Hubbard Hamiltonian in a many-electron Bloch state basis, and have
investigated the exact wavefunctions for systems with various numbers of electrons and
sites. The details of these calculations and results are presented in the following two

sections.

4.2 The many-electron Bloch states of Hubbard rings

The one-electron Bloch state operator is the Fourier transform of the real-space
electron operator cig' into momentum space:
t _ 1 il
%o = 2 € Cp

1

N 4.2)

where 1 and © are site and spin indices respectively, N the total number of sites. In the

basis of cks', the system is described by the band structure solution of the Slater
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determinant:

det(<OlcgHcl, 10>-0l) = 0 (4.3)

in which H is the Hamiltonian, I is the unit matrix, and 0> is the vacuum state.

A failure of the one-electron band structure is that it does not reflect the complex
properties of strongly interacting many-particle systems such as the Hubbard model. Thus
it is necessary to introduce the relevant many-electron Bloch states:

> = —(e®]ch,, ;)10
N % i o (4.4)
I'¥x> is an eigenstate of the translation operator T, which translates the lattice by one unit
cell and commutes with the Hamiltonian of any system with periodic boundary condition

with eigenvalue eika (where a is the lattice constant).

To have a better understanding of Eq.(4.4), let us illustrate an example of a many-

electron Bloch state of a half-filled four-site Hubbard ring [Callaway, 1987a; Mazumdar]:
(®0TL), = %[(@0”) _eka(l®0T)

+cZika(T,L®O)+e3ika(OT~L®)] 4.5)

in which notations ®, O, T and | represent doubly-occupied site, empty site, and singly-
occupied sites with electron spin ¢ = + and - respectively. The "--" sign in front of the
Wannier state (1 ® O T ) comes from the fact that it takes three interchanges of electron-
pairs to achieve (4 ® O T) from state (® O T { ), and each interchange would contribute

n_n

a sign because electrons are fermions. To demonstrate that the the many-electron
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Bloch state is indeed an eigenstate of the translation operator T, let us examine the case in
Eq. (4.5):
T(®0TL) = Z[T(80T!)-RT(l®0T)
+ 2T (TI®0) + ST(0TI®)]
= 21(0T1®) + ek (@0Tl)

etk (l®0T) + 3 (TI®0)]
= ekda(@0TI ) (4.6)

Also, Eq.(4.6) shows that

T(®0TLl) = (0TIl ®) 4.7

which is exactly the definition of T. Combining Egs. (4.6) and (4.7), it is easily seen that
T*(®O0Tl) = efika(@0TL) = (80T ) (4.8)
k = 2n/Na, n=0,1,2,.., N-1 (4.9)

where N = 4 in the case of Eq.(4.8). This implies that wavefunctions with only a finite
number of k-points can be obtained from the small-cluster calculations. In the

thermodynamic limit ( N — ©9), a continuous spectrum of states emerges.

One advantage of using the periodic boundary condition, and thus translational
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symmetry, is that the number of basis states is greatly reduced. In Eq.(4.5), one many-
electron Bloch state includes N = 4 Wannier states. In the case of the half-filled four-site
ring with Sz = 0, the total number of many-electron Bloch states is 10, comparing with 36
Wannier states. Therefore the Hamiltonian matrix to be calculated is reduced from 36x36

to 10x10. The reduction factor is not exactly 4 because there are states like (T4 T 4 )¢

which includes only two Wannier states since its translational period is 2a instead of Na.

The collection of all 10 basis vectors used in diagonalizing H is listed below:

(TTdL)y (TLTdy (0l T®) (OTL®) (TOol®)

(Tlo®) ({LTOo®) (LOT®) (0O0O®® ) (0®O0® )

4.3 The exact solutions of small Hubbard rings

Other than the translational symmetry, there are other symmetries in the periodic
Hubbard model which may be exploited to reduce the size of the H matrix and to gain more
insight about the system. Two symmetries that have been implemented in our calculation

are conservation of total spin squared S2 and the magnetization Sy
[Sz,Hl =0, [S2H] =0 (4.10)
where

S2 = Z§a°§j = Zs§+2zs§s;+ 2(sg‘s:j+s;s;)
i, j i i<j i<j (4.11a)

and



S = 287, S =8 zis]
1

(4.11b)
in which subindices i and j are site indices. The effect of S;* (Si™) is to flip electron spin at
site i up (down). The commutation relations of Eq.(4.10) allow one to find the
eigenvectors of S2 as linear combinations of the many-electron Bloch states with fixed S,
and then construct the Hamiltonian matrix on the basis of these S2 eigenvectors. Also,
because S2 and S; commute, only states in the subspace of S; = min(S;) (i.e., Sz = 0 for
system with even number of electrons, S; = 1/2 for system with odd number of electrons)
need to be involved in the calculation since two states with the same value total spin S but
different S; are degenerate. This feature greatly reduces the computational effort. All
energy spectrum graphs shown in this chapter are results for S; = min(Sz). A complete set
of programs has been developed to perform this task, and the results for various lattice
sizes and band-fillings are presented below. In all of our calculations, the energy scale is
set by defining orbital energy € = 0 and hopping energy t = 1. By using the electron-hole
symmetry, the energy of the system with a negative t can be derived from [Callaway,
1987a]:

En (-t) = Eat) + N-n)U (4.12a)
where

n' =2N-n (4.12b)
in which N is the number of sites and n (n") is the number of electrons. In the graphs

shown below, the unit of k-vector is ©/a.
4.3.1 Four sites with three electrons

Due to its relatively small number of Bloch states, this system can be solved with little
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computational effort [Callaway, 1987a], thus it is used as a test of our program. Also by
comparing the results with those of the half-filled four site lattice, one can learn about the
effect of hole doping in the Hubbard model. Fig.4.1 shows the energies (per site) of all
eigenstates of the system at possible k-point within the Brillouin zone (-1 < k < 1).

Because of the symmetry around k = 0, the negative k states are omitted in the figure. Itis
seen that for U = 4t (Fig.4.1a), the ground state hy,>is a S = 1/2 state with momentum k =

7/2a, while the first excited state ly,> is located at k = 7t/a within the Brilloin zone with S =

3/2. The corresponding wavefunctions are:

> = a1 (OLTTH +a(OTLT) +a3(TLOT )
+ 24 (00T®) +a5(0OTO® ) + a5(TOO® ) (4.13a)

o> = BI(OLTTH + (OTLTH +(TLOTX] (4.13b)
where
a; = -0.1013 +04707i; ap = —0.3802-0.4707i; a3 = —0.4815;
ag = —0.0413+0.1919i; as = —0.1919-0.2375i; ag = 0.1963,
and
1
b = —
13

As U gets larger and larger, the energy of the low-lying eigenstate at k = nt/2a becomes
higher and higher, surpasses the energy of S = 3/2 state at k = n/a for U > 18.6t. This
same critical value of U was found by Callaway et.al [1987a]. The energy spectrum for U

= 24t is plotted in Fig.4.1b. By examining the wavefunctions of the two low-lying states,

it is found that hy,> in Eq.(4.13b) remains the same, while the weights for Bloch states

with double occupancy in hy> reduce dramatically. The new coefficients of ly;> in
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Eq.(4.13a) are:

a; = —0.2419+0.5073i; ap
a4 = —0.0181 +0.0379i; as = —-0.0379-0.0601i; ag

—0.3201 -0.5073i; a3 = —0.5620;
0.0420 .

The transition of the ground state from S = 1/2 to S = 3/2 is interesting for the reason that
the system is generated by doping a hole into a half-filled lattice. However, for such a
small system, one should be cautious trying to draw any conclusions about the transition

between magnetic ordered states.

4.3.2 Half-filled four-site system

The system of a four-site ring with four electrons is a typical half-filled Hubbard
model with even (number of sites) symmetry. It has been proved by Lieb and Wu [1968]
that the ground state of such a system is an antiferromagnetic (AF) state. The many-
electron energy spectrum of this half-filled four-site ring is shown in Fig. 4.2 for U = 4t
(FIg.4.2a) and U = 10t (Fig.4.2b). In both cases, in contrast to the system with one hole,
the ground state is a S = O state at k = nt/a, which remains the lowest state with increasing
Coulomb energy U. It is interesting to note that the Neel state ( T 4 T | )y is only part of
the S = 0 and k = =/a eigenstate, but not part of the S = 0 and k = O eigenstate. By
examining the wavefunction it is seen that the ground state is dominated by two Bloch
states without double occupancy: ( T4 Tl )and (T T4 1)y As U gets larger and
larger, the energies of the eigenstates dominated by configurations with doubly occupied
sites (thus with a diagonal energy U) get higher and higher, creating an energy gap in the

eigenstate spectrum, as shown in Fig.4.2b.
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Fig. 4.1 [Eigenstate energy spectrum of the four-site, three-electron
Hubbard ring. Symbols 'o' and 'x' represent S = 1/2 and 3/2
correspondingly. Horizontal axis is k in unit of ©/a, and vertical axis is energy
per site in unit of t.

(a) U =4t. The ground state is a S = 1/2 state at k = n/2a.
(b) U = 24t. The ground state is a S = 3/2 state at k = w/a (for U > 18.6t).
Notice the gap induced by the large U.
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Fig. 4.2 [Eigenstate energy spectrum of the four-site, four-electron
Hubbard ring. Symbols '0o', 'x' and 'A' represent S = 0, 1 and 2
correspondingly. Horizontal axis is k in unit of n/a, and vertical axis is energy
per site in unit of t.

(a) U =4t. The ground state is a S = 0 state at k = nt/a.
(b) U =10t. The ground state remains at k = ©t/a with increasing U.
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4.3.3 Four electrons in six- and eight-site rings

With increasing number of sites, fixing the number of electrons is equivalent to
introduce more holes in the system. The effect of doping on the low-lying many-electron
states can be observed in Fig.4.3, in which the energy spectra for four electrons in six-site
(Fig.4.3a) and eight-site (Fig.4.3b) rings are shown with parameter U = 4t. As the lattice
size gets larger and larger, there are more and more allowed center of mass momentum k
points, but the four low-lying states in the half-filled system (Fig.4.2) can be easily
identified here. The ground state is now taken over by the S = 1 state with momentum k =
0. That the energy of the ground state gets lower with increasing lattice size can be easily
understood because the many-elelctron basis becomes larger along with the lattice size,

electrons are motive, therefore there are more couplings between many-particle states.

4.3.4 Four electrons in five- and seven-site rings

In contrast to cases of four electrons in an even-number-site lattice, the odd-number-
site system does not have a many-particle eigenstate at k = 7t/a, therefore the energy
spectrum looks very different. Fig.4.4 shows the low-lying states of the five-site
(Fig4.4a) and seven-site (Fig4.4b) lattices with four electrons for U =: 4t. In both cases the
ground state is a S = 0 state with momentum k = 0, and the gap between the ground state
and excited states is apparent, even though those low-lying excited states are not dominated
by double-occupancy. These features are related to different symmetries in the momentum
space due to the odd number of k-points, thus any conclusion about effects of hole doping
derived from such calculations would not have much physical meaning without the support

of calculations for even-number-site lattices. For this reason, it is not surprising to see
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Fig. 4.4 Eigenstate energy spectra of the five-site (a) and seven-site (b)
Hubbard rings with four electrons. In both cases U = 4t. Symbols '0',
'x' and 'A’' represent S = 0, 1 and 2 correspondingly. Horizontal axis is k in

unit of ©t/a, and vertical axis is energy per site in unit of t.
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per site in unit of t.
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completely different energy spectra for four- and five-site systems with one hole each

(Fig.4.1a and Fig.4.4a).
4.3.5 Half-filled six-site system

The last case shown is the energy spectrum of a half-filled six-site ring for U = 10
(Fig.4.5). There is an obvious Hubbard gap due to the relatively large U. Even though the
system has an even number of lattice sites, it is found the ground state has momentum k =
0 rather than k = n/a as seen in a four-site and eight-site ring (results not shown here).
This illustrates again the importance (thus the limitations) of symmetry in small cluster

calculations. More dicussion on this is presented in the next section.

4.4 Summary

The exact solutions of small one-dimensional Hubbard rings have been found by
diagonalizing the Hamiltonian matrices in the basis of many-particle Bloch states. The
energy spectra for various lattice sizes and band-fillings are presented, and the effect of
hole doping is discussed. It is found that the energy spectrum relies heavily on the
symmetry of the lattice. Even though some physical quantities such as the energy and
local-magnetization may be extrapolated to the thermodynamic limit without being affected
by different symmetries, other important properties including the center of mass momentum
and magnetic ordering can be extrapolated only within a particular symmetry. This proves
to be rather difficult, especially for higher dimensional systems, since the lattice size and

the number of basis states increase rapidly for a given symmetry. However, these



limitations do not diminish the roles of exact calculations of small clusters as a guide for

variational calculations and as benchmarks of Monte Carlo simulations.



Chapter 5

Two Dimensional Hubbard Model:
Projection Operator Mean-Field Calculation

The two dimensional Hubbard model provides one of the simplest models for the
electronic structure in high T superconductors when one assumes the relevant motion is
confined to the Cu-O planes. Since the model was introduced in the early sixties
[Hubbard, 1963], many analytical and numerical methods have been used to solve for its
dynamics. Exact numerical solutions have been found for small clusters by diagonalizing
the Hamiltonian in the basis of many-particle states [Dagotto, 1989; Lin, 1988; Callaway,
1987b]. However, since the size of these matrices increases rapidly with cluster size, it is
difficult to examine long range correlations in this way. Monte Carlo simulations [Moreo,
1990; White, 1989; Hirsch, 1985] allow one to obtain reasonably accurate results for
somewhat larger cluster sizes, but still the problems of size effects and how to address long
range correlations remain. Despite these difficulties and the problem with low
temperatures, Monte Carlo results are roughly "exact" in the appropriate parameter range

and can serve as a benchmark to test various analytical approximations.
There exist several mean field (MF) theories predicting the nature of the
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quasiparticle bands in Hubbard-like models, the earliest using the so called Hubbard-I
approximation which was introduced along with the model itself [Hubbard, 1963]. Others
include a moment expansion technique [Geipel, 1988], the method of irreducible Green's
functions [Goryachev, 1982; Yushankhai, 1991], the four-boson theory of Kotliar and
Ruckenstein [Kotliar, 1986] and more recently the slave-boson (SB) and slave fermion
(SF) theories [Ruckenstein, 1987; Kotliar, 1988; Jayaprakash, 1989; Yoshioka, 1989].
While most of these theories more or less agree on gross average properties such as the
energy and double occupancy, many disagree on other more subtle properties such as the
momentum distribution, effective mass and the shape and volume of the Fermi surface.
Also certain MF theories (e.g. Hubbard-I) have difficulty finding stable antiferromagnetic
(AF) solutions in the relevant parameter range. Since MF theories by their very nature
involve uncontrolled approximations, it is not easy to compare different MF theories

directly or to estimate their validity.

In this chapter the results of a MF calculation on the single-band and three-band two
dimensional Hubbard models based on a projection operator scheme [Fedro, 1982; Fedro,
1987; Ruckenstein, 1988] is presented. In this approach, the two usual Hubbard
projection operators are defined (involving creation/destruction of a fermion at site j with
spin © either in the presence or absence of the fermion at the same site j with spin -G), and
the model is solved with an equation of motion method for these operators using a well-
defined truncation procedure which treats the complicated statistics of these operators
properly. In this way we generate an exact Dyson-like equation for the Green's functions
where the self-energy is found to contain both static and dynamic contributions. The
effects due to the dynamic terms (in this context termed memory functions) will be ignored

within this approach. Thus a MF set of equations for the needed Green's functions are
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defined. These equations are then solved self-consistently for all band fillings and for
possible AF order. It is important to point out that this formulation deals with the physical
fermion directly. There is no need to separate the spin and charge degrees of freedom as is
done in slave theories. Also it has been shown by Ruckenstein and Schmitt-Rink
[Ruckenstein, 1988] that, in the large spin degeneracy (large N) limit, the present approach
and the slave boson theory are identical. This theory, however, does not satisfy
Luttinger's theorem for finite degeneracy although the deviation is shown not to be
significant away from half-filling. It should also be pointed out that this method is
essentially equivalent to the method of irreducible Green's functions [Goryachev, 1982;
Yushankhai, 1991] which has been used recently in studies of the single-band Hubbard
and t-J models.

Recent work by Lilly et.al. [Lilly, 1990] compared the four-boson theory (SBMF)
[Kotliar, 1986] to the Monte Carlo (MC) results [Moreo, 1990] on the single band
Hubbard model and found excellent agreement for various static and dynamic quantities in
both the weak and strong coupling limits. In this chapter a systematic comparison between
Hubbard I, SBMF and the projection operator MF approach to the MC results for the single
band Hubbard model is made. Properties such as the energy, probability of double
occupancy, effective hopping matrix element, momentum distribution function and the
Fermi surface are compared with MC results which we will regard as "exact”. It is found
that the projection operator approach also agrees remarkably well with MC in both limits

and provides a good zero order description from which fluctuations can be included.

A distinct advantage of this projection operator-based scheme is that it is easily

extended to multi-band Hubbard models used in the theories of high T, superconductivity



with a minimal number of mean field equations compared to slave theories, where
additional constraints for the composite "slave particle" must be introduced, making the
number of coupled constraint equations unwieldy, especially when describing the
superconducting state. Various properties of a CuO2 lattice model based on the three-
orbital two dimensional Hubbard model have been calculated using the projection operator
MF scheme [Fedro, 1991], and the results compare well with MC sirnulations. The study
of the density of states of this CuO» lattice model shows some interesting results, which is

described at the end of the chapter.

S.1 The projection operator based mean field formalism
5.1.1 The muiti-band Hubbard Hamiltonian and the projection operator

In general, the multi-band two dimensional Hubbard Hamiltonian has the form

H = 2 €y Njyg + 2 Uvy jy,+ Djy,. + 2 v cjtlo Cjvo
.o jv IR AN

é.1
where j denotes the unit cell position, ¢ = + represents spin up (+) and spin down (-), and
v is the index of the atoms in the unit cell. In this framework one can also incorporate
possible AF order. The hopping matrix elements are real and satisfy tjy;jv' = tjv;jv With
tiv;jy = 0. The site number operators are defined by njyg = chvg Cjvo- €y are the single
electron energies and Uyy the on-site Coulomb repulsions. We now separate the pure fermi

excitation operators Cjyg into two operators f%yq (as done in the original work of Hubbard)

with o =  as follows:
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o o o
fjvo—njv'_oc_jvq ; ijc=2fjv0
o
where we define
a njv_o a=+
Do =
1- njv.o o=-

1

Then the needed retarded Green's functions G_a(fv'o_(t) are formed as follows:
Ve

92,

Gline® = i <[oe® fulle> 5 120

where the f%yq(t) are the ordinary Heisenberg operators

a _ iH 02 -iH . a _ o
o ® = M Ev e L 0 = g

and the grand canonical average <-> is defined in the usual way

<> =TreBH(-)TreBH, pB-1=kgT

(5.2a)

(5.2b)

(5.3)

(5.4a)

(5.4b)

where T is the temperature and kg is Boltzmann's constant. To solve for these Green's

functions we introduce the projection operator P2 = P as follows:

o" a” o’

_] RY ’a"‘ou

(5.53)
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which has the property that, for all j,v,a,0,

jvo

ot _ at ) at =
Pfog = fug » (-Pfys =0 (5.5b)

Since the projections defined in Eqns. (7) involve the averages, <n°‘"j"v--°">, it is

convenient to write the equations of motion for the rescaled Green's functions defined as:

~o' _ o o' 1 oo

Givijwe ® = (<ny ><ny (> )12 G s ) (5.6a)
where, by construction,

. ~oa'

iGijve =0 = jdwdaa (5.6b)

5.1.2 The equations of motion for the Green's functions

In this section the equations of motion for the Green's functions defined in Eq.(5.6)
are derived. In terms of the Liouville operator LX = [H,X]. , the Heisenberg time

dependence of an arbitrary operator A can be written as:

At) = et At = eilt A AQ0) = A (5.7)

Then the retarded Green's functions G(:()'L'v'o(t) in Eq.(5.3) becomes:
Vi

9,

aa’

ij;jlvl0

_ 't
© = -i <[fj3‘0,fjﬂ‘,.o(-t)]+> (5.8)
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where the identity

<[A, L"B],> = <[(-L)"A, B],> n=0,12,. (5.9)

has been used.

From Egs. (5.7) and (5.8), the equation of motion is

G ® o 1
i ’a—’t" = i <[y, Liyg (0>
_ . a o t
= -4 < [fjvo, L{P+ (1 -P)} fj.v.c -]+ > (5.10)

for any operator P. In this case P is the projection operator defined in Eqn. (5.5). Now
the basic idea of the projection scheme is to write the term P (fjy¢)T(-t) in terms of the
original Green's function at the same time t, resulting in static (mean field) contributions.
The remaining term, {(1 - P)}(f“'jvc)f(-t), which is orthogonal to this static term (since P2
= P), is then written in terms of an integral of the original Green's function over all earlier

times T such that T <t, yielding the dynamic (self-energy) terms called memory functions.

From Eqs.(5.8) and (5.5) it is easily seen that

ot . o" t a” oo’
Plog(D = i X [fug/<nu. o> Gopoo®
v (5.11)

Now, for any Heisenberg operator, A(-t), there is the operator identity
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t
1-P)A(t) = e-PL(1_-P)AQ) - i f dt ei¢t-D(A-PIL (1 - P)LPA(-1)
0 (5.12)

Obviously this expression is correct at t = 0. To verify that it is valid for all times t, simply
differentiate both sides of this expression with respect to time and show that they are equal.
Use of Eqns. (5.8), (5.5) and (5.12) yields

a-P iyt

t

= dt {e-i(t-t)(l-P)L (1-PLfo.d/<nli. o >} Giyiiyio(D

ywvha

0 (5.13)

Now use of Egs. (5.11) and (5.13) in (5.10) gives the exact equations of motion for the

Green's functions, which can be written as follows:

L "
J‘v -lv 0 _ aa al' alla'
——'———a t - . 2 { ‘zjv;j"v"o- / < nj..v..'_o >} Gj"v";j‘V'O(t)
J“.V"'a"

+ ¥ {M"“ -0/ <o g >} )

vij"v'o
(5.14)

where the static (mean field) terms are defined by

oo” _ ot
QJ'V;J'"V"G - [f_]VO » L f_] % c] (5.15)

and the memory functions are
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> = A<[f® . Leit-PL ot
M;'lv; i"v'o ® = - <[ij° ,Le it(1-P) (1-P)L f:i"v"c J+>

(5.16)

The functions defined in Eqgs. (5.15) and (5.16) for the various o,a" combinations
can be further simplified. From Eqns. (5.1) and (5.2) one gets

af _ a_ ot
ijvc = s\,fjvo

« ¢ t t t
+ 2 tjv;l'v' [Iljv’_o Cjcvvo + (8(1’+ - 80‘._ )[ levv,_o. ij'_o - CjV,"G Cj‘v"_o.] C_]VO }
j"v‘

(5.17a)
where the energy
e, = & + Uy Sou (5.17b)
From Egs. (5.5) and (5.17) one finds the following identities:
Y A-PLE = (1-Plcly = 0
a (5.18a)
and
<[-Lcjws,(1-P)Z|1>=0 (5.18b)
for any operator Z. Use of Eqns (5.18) in (5.16) gives immediately
o a"
MO = 0, LM ® = 0
a o (5.19)
Therefore,
a" 7" . JAR
ive® = @0 Myjvie () (5.20a)
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where

My, jve ) = MJv iv'e ® (5.20b)

A similar analysis can be done for the "mean field" terms € defined in Eq.
J

RTINS
’,

(5.15). From Egs. (5.9) and (5.17),

<[f

jve’ _| v 0]+

= <[Lfy,, o>

j'v'o

o o o a" oa”
= Sjju SVV" 8(1(1" & <njv,-0’ > + th;j"V" <njV,-0 > <nj..v..’_o > + AjV; j'v'o

(5.21a)
where Aaa: g is defined as:
vy
A;aj'vo = <[ij0, L, fjf’.‘v""l]p - G <n;1v‘_0> <“;;",-o>
= <[ I_.tfJ vG? J‘i :;] > -tV <n; P <n§.‘.:,..‘_0> (5.21b)

in which Ly is defined as the commutator with respect to that part of H defined in Eq.(5.1)
proportional to the tjy;jv's. Use of Egs. (5.17) in (5.21b) gives, by construction,

ZA_]VJVO = 0, 2 v_|‘v0 = 0

(5.22)
Just as in Eq.(5.20),
aa” "
Ay, jvis = &0 Ajy; jvio (5.23a)
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where
Aj;ivie = Dyijve (5.23b)

Using the results of Eqs.(5.20) and (5.23) in (5.14),

9 o o
(= - &) Guive® = 2 twjv <ng o> Gl 0
j"vhoe”
+ X e [Ayjve/ <npg o> ]G0 00
imvhat
t
+ dr {a " Mjy;jvio (t- 1) /< nj?v",- o >} G?.vf;j.v.o(t)
j",V",(X."
0
(5.24)

. . . . . oo’ .
This can be rewritten in terms of the rescaled Green's function G, () defined in
visiv'o

9,

Eq.(5.6):
. d o, ~oo o " o
(i 5[— - &) GjV;j'v'o ® = Z tivijrv (< Ny~ < n;‘v",-o >)12 Gj"v";j'v'o(t)

FRR X

" o a,, i Nanac
+ 2 0 0" Ajyiivio (<R, o> <N >) 12 Gjoyrjvrg®

_l vv"‘_o
j".V",(!."

t

" R o ao” - 'll2 ~a"a'

+ . 2 oo j dt Mjv;jvie (t- 1) ( <njv,-o> <Ny 5> ) Gj..v..;j.v.c(‘c)
J",V",a" 0
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For arbitrary function A, its Laplace and spatial transforms are defined by:

Aj;jv (@) = I dte® Apiv(® , ©® = 0+i0*
0 (5.26a)

and

k (5.26b)

where N is the number of unit cells. The desired exact equations of motion for the
momentum and frequency dependent Green's functions are obtained by using Eq.(5.26) in

Eq.(5.25):

E {m va"saa"' E;:g\;vo(m)} az\:'ﬁ'o(m) = 8vv'scv.ot'
a"v”

(5.27a)
where
E‘:gv o @) = Sy aa e? + v (< nf:_o > < n;' 5> )12
" o o 1
+ 00" [ Aww's + Miw's (@)1 (<n, ><ng >)1? (5.27b)
in which
o
EV =gy + UW 8(1’4. (5.28)

and it has been assumed that the "n" averages are independent of the unit cell. The static

mean field corrections Axyy"g in Eq.(5.27b) are the spatial transforms of

-+ - -
A, jvie = <[ij0 » Lt fj"v"o' 1> - vy <0y, o> <Ny o> (5.29)
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and the dynamic memory functions My, "o{(®) are the Laplace and spatial transforms of

My jvie( = A <[fj;,o ,Lei-PL(1.p)L t}:J"g | (5.30)

In the energy matrix of Eq.(5.27b), if the Axyy"g's and Mgy g(D)'s are set to zero,
one gets the Hubbard I solution. Notice that the Hubbard I solution misses these static and
dynamic terms due to the naive truncation in the original Hubbard paper which essentially
treats the "f" operators as if they were pure fermions. The complicated statistics of the
f%yg's are automatically handled correctly when one truncates the equations of motion by
using the the projection operator given in Eq. (5.5), leading to the solutions given in Eq.

(5.27). Finally, the projection operator mean field solution is that generated by setting all

the memory functions My"o(®) to zero in Eq. (5.27), so that the resulting energies in Eq.

(5.270b) are independent of m:
aa" aa"
E ©) = E . 5.31
kvv"c( ) kw'o ¢ )

3.2 Calculations of the 2D single-band Hubbard model

For the single band Hubbard model, there is only one atom per unit cell, thus the

atom index v in Eq.(5.1) is supressed. Its Hamiltonian has the simple form:

H = £dz N + Uan+nj_ + 2 tjj'cj-';;cj'c
o i jive (5.32)

and in the nearest hopping case, tjj = -t for nearest neighbor (j,j'), zero otherwise. In all
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calculations the unit of energy is defined by setting t = 1. The value of inverse temperature
B is chosen according to the available MC results [Moreo, 1990] which we will compare to
the three mentioned MF calculations. In all of the figures, we use the notations MC,
SBMF, HI and POMF to represent the Monte Carlo results, the four-boson theory of
Kotliar and Ruckenstein, the Hubbard I approximation and our current projection-operator-

based MF theory respectively.

Fig.5.1 shows the energy versus band-filling <n> for U = 4 and B = 6. We see at best
minor differences among the various MF results to the MC simulation, thus the energy
does not provide a good criterion for choosing one MF calculation over another. In
Fig.5.2 we plot the on-site squared local moment <m;2> = <(n1 - n})2> versus <n> for the
same set of parameters as in Fig.5.1. It is seen that the present calculation yields results in
reasonably good agreements with those of MC and SBMF except around half-filling, <n>
= 1, (the reason will be discussed later in this section), while the Hubbard I approximation

is failing badly as <n> approaches 1.

An important quantity, which estimates the effect of U on the bandwidth, is teff/t,

defined as the ratio of hopping probability in the presence of U to that in the absence of U,

i.e.,
<clcrel e
Leff _ ciocjo+cj°clo>u¢o
t T e+el o
<CsCic + €5 Cic >U=0 (5.33)

for (i,j) near neighbors. The results for tefgf/t as a function of U for <n> =1 and B = 10 are

shown in Fig.5.3, in which the Hubbard I curve is obtained from the paramagnetic case,

since no AF solution is found in this range of U. Going beyond Hubbard I, by including
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Fig. 5.1 Energy per site versus band filling <n> for U = 4 and B = 6. The
results shown include those of Monte Carlo (MC) simulations [Moreo, 1990],
the slave-boson MF (SBMF) theory [Lilly, 1990], the Hubbard I approximation
(HI) and our projection-operator-based calculation (POMJ?). Little difference is
seen among these approaches.
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Fig. 52 Local magnetic moment <m;2> vs. band filling <n> for U = 4

and P = 6. The projection operator result agrees well with Monte Carlo

simulation and four-boson MF theory except around half-filling (<n> = 1).
Hubbard I fails badly as <n> approaches 1.
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the static energy shifts A resulting in the projection operator MF formalism (POMF), AF
solutions are obtained for U's as small as 5. Results for tefg/t as a function of <n> for U =
4 and B = 10 are plotted in Fig.5.4, where both the Hubbard I and POMF curves shown
are for the paramagnetic case. The fact that no AF solution is found for U < 5 also
explains the poor fit of POMF to the MC curve around <n> = 1 in Figure 5.2. In both
Fig.5.3 and Fig.5.4 our results agree reasonably well with that of SBMF, but the Hubbard
I result overemphasizes the suppression of the hopping at all U and all fillings. We also
point out here that the suppression in Fig.5.3 at large U is occurring for different reasons in
the SBMF and POMF formalisms. In the SBMF theory, the bands are becoming severely
narrowed since they are proportional to 8 = 1 - <n> for large U, but, in the POMF scheme,
the effective hopping is going to zero because the lower Hubbard sub-band is being filled
while retaining a finite bandwidth.

A more severe criterion for the applicability of MF is shown in Fig.5.5, where the
momentum distribution function <nkg> versus k along the (1,1) direction (kx = ky) is
plotted for the quarter filled band case <n>= 0.5, with U =4 and B = 6. It is apparent that
the Hubbard I curve lies well below the MC curve for states below the chemical potential.
Since this feature holds true in other directions as well, ones finds that, in order to
accommodate a fixed number of electrons, the Fermi volume in Hubbard I must be
significantly larger than the MC volume which is approximately equal to the Luttinger
volume. This is a manifestation of the breakdown of Luttinger's theorem. However,
within the POMF scheme, where the effect of the static energy A term defined in Eq.(5.29)
is included, the calculation tends to recover the Luttinger volume since the resulting <ng>
curve is almost identical to the MC result and slightly higher than the SBMF result. The

expansion of the Fermi surface volume is again illustrated in Fig.5.6 for <n> = 0.87. Itis
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teff/t

Fig. 5.3 Effective hopping energy vs. U for half-filled case. teff/t is defined
in Eq.(5.33). <n>=1 and B = 10. The Hubbard I (HI) curve is obtained from

the paramagnetic solution.
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Fig. 5.4 Effective hopping energy tere/t vs. <n> for U=4 and B = 10. Both
projection operator MF and Hubbard I curves shown are derived from
paramagnetic solutions because of the small U.



<nk0.>

Fig. 5.5 Momentum distribution function <ng> vs. k along (1,1) direction
(kx = Ky). The parameters used here are: <n> = 0.5 (quarter-filling), U=4
and B = 6. The POMF result agrees very well with that of MC while Hubbard I

and SBMF under estimate the density inside Fermi surface.
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Fig. 5.6 Fermi surface for <n> = 0.87, U = 4 and B = 6. Both POMF and
Hubbard I calculations over estimate the volume inside Fermi surface, even
though POMF does not violate the Luttinger theorem as severely as Hubbard 1.



seen that present result POMF overestimates the Fermi volume compared to MC and SBMF
while the Hubbard I volume severely overestimates this volume at this filling. In fact, as
<n> goes to 1, the deviation from the Luttinger Fermi volume for both Hubbard I and

POMF is becoming more significant.

5.3 Calculations of the CuQO3 lattice model

The two dimensional multi-band Hubbard models have been used intensively for
studying the high T superconductors. Recent Monte Carlo (MC) studies [Scalettar; Dopf,
19901, using the three-band Hubbard model to describe this motion, have been done in a
wide parameter range for various values of doping & away from half-filling (8 =0 is
defined as one hole per Cu site). Their results show that if one defines the on-site O energy
as €p and the Cu on-site energy as €4, then there are two basic regimes depending on
whether the on-site energy difference € between the O and Cu sites (€ = €p - €9) is greater or
less than the on-site Cu Coulomb repulsion Ugq. If Ugq >> € the behavior of the system is
controlled by € (charge transfer limit). In this case, at half-filling, they found strong
antiferrromagnetic correlations and evidence of a charge transfer gap (= €). The
antiferromagnetic correlations decrease rapidly as one dopes away from half-filling as it
should. In the other case &€ >> Ugq the behavior is controlled by Ugq. Here the O
occupation is always small and it is essentially an effective single band model with a Mott-

Hubbard gap which depends on Ugg.

In this section the calculation for the multi-band Hubbard model of the CuQO lattice

based on the projection operator scheme [Fedro, 1982; Fedro, 1987; Ruckenstein, 1988] as
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described in detail in section 5.1 is presented. A detailed comparison of our MF results to
the above-mentioned MC simulations which are regarded as "exact" is made. The density
of states results are presented in the end, along with the comparison with the Hubbard I

approximation and the four-boson mean field theory results.
5.3.1 The 3-orbital Hubbard model of the CuQO2 lattice

In general, the Hamiltonian for the 2D CuQ» lattice can be written in hole notation as
follows [Varma, 1987; Emery, 1987]:

H = e«Z Njg + Uddz nj.n;. + & Z Njyane + UppZ Njyas2,+ Nj+A/2,-
j.c j joheG joh

+Usp Y, DjoNiarze - tp 3, [dly (Pisoxzo - Pisayre) + Hell

j»,A,0,0' f X

+ top 2, [ (Pluxpo - Plao) (Pisyiz - Piya) + Hel

" (5.34)
where A = x,y and & = +. Here the Cu d-hole operator for site j and spin o is given by djs
with the corresponding number operator njg = d*js djc. The oxygen p-hole operators
surrounding the j-th Cu site are defined by pj+aa/2,6 With the corresponding number
operators given by nj+ai/2,0 = Ptj+ar/2,6 Pj+aA2,6- €p and €4 are the on-site O and Cu
energies respectively, Upp and Ugq the corresponding on-site Coulomb repulsions, and
Ugp the near neighbor Cu-O repulsion. tgp is the near neighbor Cu-O hopping matrix
element and tpp the O-O near neighbor hopping matrix element. The orbital sign
convention is such that the LDA values for both tgp and tpp > 0. We define the space lattice

to be that of the Cu's, i.e., a 2D square lattice of spacing a. The four surrounding oxygens
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are then at a distance a/2 from the central Cu atom. The LDA numbers for the parameters

are given by [Hybertsen, 1989; McMahan, 1988]

Ugg=10.5eV ; Upp=40eV ; Ugp=12eV
(5.35)
tgp=13eV ; tp=0.65eV gp-€3=3.6eV

It is generally believed that the effect of Ugp is solely to shift the entire energy
spectrum without significantly disturbing the relevant physical properties. Therefore, in
most calculations it is set to zero to simplify the analysis. We also set Ugp = 0 throughout

our calculations so that the multi-band Hamiltonian in Eq.(5.34) can be written in the form:

T
H = 2 EvNjyo + Z Uy Djy,+ Njy,. + Z v.i'v' Cjvg Cive
jv.0 jv jjwwv'o (5.36)

which is exactly the Hamiltonian discussed in Eq.(5.1). Thus the entire projection operator
mean-field formalism can be applied to this CuO2 lattice model without any alteration.

Various physical properties have been calculated by using this mean-field formalism,
and comparison is made between its results and those of quantum Monte Carlo simulations
and other MF theories. In all figures shown in this section, notations MC, POMF and
SBMF are used to represent the data points of the Monte Carlo simulation, the projection
operator mean field calculations and the four-boson mean field theory, just as in Figs.5.1-

5.6. Temperature T is defined through B = 1/T.
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5.3.2 Static properties and comparison with MC results

Since the parameters used in the aviailable MC results are not the LDA parameters,
also Upp, Upg as well as tpp are set to zero. The comparison between the results of POMF
and that of the MC [Scalettar; Dopf, 1990] is made by keeping the parameters in the MC
simulations. In all results shown in this section, the unit of energy is defined by tgp = 1

andwesetUpp=Udp=0.

In Fig.5.7 the Cu and O site occupation numbers versus band filling <n> = <ncy> +
2<n@> are shown for f§ = 8. In the hole picture, <n> = 1 is the half-filled case. The result
is obtained for charge transfer regime: Ugqq = 6 and € = €, - €4 = 2 where the insulating state
is characterized by a charge transfer gap, and there is an excellent agreement between the
POMF and MC results. At half-filling, the hole occupation on the Cu site is much larger
than that on the O site because of the low lying singly-occupied Cu d state. When the hole
doping & = <n> -1 gets larger, it is seen that <ncy> has little increase, most of the doped

holes go to the O site. The opposite happens when there is electron doping (8<0).

The Cu and O hole occupation versus band filling <n> is shown for another
parameter regime, the Mott-Hubbard limit, in Fig.5.8 with Ugg= 6 and € = 8. Here it is
seen that there is little change in the hole occupation on the O sites with doping since the O
p-states have higher energy than the doubly-occupied Cu d-states, so that added holes tend
to fill the Cu sites. Notice again that the MC and POMF data points are essentially

indistinguishable.

To examine the effect of tpp, we repeat the calculation of Fig.5.7 for tpp = 0.5, and



the comparison between the two cases is shown in Fig.5.9. Due to the hopping of p-
electrons, thus to the broadening of the O p-band, there is a greater portion of p-states
mixed into the low-lying Cu d-states, resulting in a larger <n,> and smaller <ncy>
comparing with tpp = 0 in the half-filled case. With hole doping, the increase in <ny> is

not as rapid as when tpp = 0, nonetheless most of the doped holes still go to the O site.

Fig.5.10 is the plot of the Cu hole-occupation number <ng> as a function of the
charge transfer energy € for the half-filled case with Ugq = 6 and B = 10, the transition from
the charge transfer limit (€ = 0) to the Mott-Hubbard limit (€ large) is continuously shown.
As € becomes larger and larger, the O p-states are higher and higher in energy, therefore Cu
sites tend to be occupied. For tpp = 0, where MC results are available, our MF calculation
again yields good agreement. When tpp is finite, the hole occupation on the Cu sites is
suppressed dramatically in the charge-transfer limit as observed in Fig.5.9, ‘while this
suppression is much smaller in the Mott-Hubbard limit because the p-state energy is much
higher than the Cu d-state, thus the broadening of p-band does not affect the whole system

significantly.

In Fig.5.11, the squared local moment <m;2> = <(nt - ny)2> on the Cu site vs. Ugqd
(Fig.5.11a) and vs. € (Fig.5.11b) at half filling with B = 10 is shown. Parameters used are
€ =2Uq4q¢/3 in (a) and Ugq = 6 in (b). Similarly to the single band Hubbard model case,
there is no antiferromagnetic (AF) solution for a certain parameter range within POMF.
For parameters where the AF ground state can be found, POMF results for the Cu squared
local moment agree very well with those of MC simulations. It is seen that both Ugq and tgp
tend to localize the spin on the Cu site. With a non-zero tpp, the hole occupation on the Cu

site becomes smaller, and the Cu <m,2> is suppressed. This is readily shown in the
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Fig. 5.7 Charge transfer regime: the hole occupation numbers on the Cu
site <ncy> and O site <ng> vs. band filling <n> = <ncy> +
2<np>. Both of the Monte Carlo [Scalettar et.al] and the projection operator
mean field results for tgp = 1,Ugqg =6, €= 2, tpp =0, Upp =0, and B = 8 are

shown.
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Fig. 5.8 Mott-Hubbard regime: the hole occupation numbers on the Cu
site <ncy> and O site <ng> vs. band filling <n> = <nCcy> +
2<np>. Both of the Monte Carlo [Scalettar et.al] and the projection operator
mean field results for tgp = 1,Udq =6,€= 8, tpp =0, Upp =0, and B = 8 are

shown.
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Fig. 5.9 Effect of tpp on the hole occupation at the Cu and O sites versus
band filling in the charge transfer limit. All parameters are the same as
those given in Fig.5.7 except for finite tpp.



1 2 T | T ‘| T I 1 T
1.0 [ <n>=l |
. |
08 |- x 5 % <
5 A
_ 5 A i
A o) A
éo 06 |- o) A _
)
\" A
L © i
()]
04 - o MG, t(pp)=0 7
B X POMF, t(pp)=0 i
0.2 & POMF, t(pp)=0.5 |_|
8 _
0.0 L | L [ L | L
0.0 1.0 2.0 3.0 4.0 5.0
€

Fig. 5.10 Hole-occupation number on the Cu sites <ng> as a function of the
charge transfer energy €. Half-filled case with tgp =1, tpp =0, Upp =0,
Ugd = 6 and B = 10. tpp significantly suppresses <ng> in the charge transfer
limit.
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Fig. 5.11 The squared local moment on the Cu site <m;2> = <(n; - n;)2>.
(a) <m,2> vs. Uggq, (b) <mz2> vs. €. tgp=1,1tpp =0, Upp=0,B =10. In (a) €
=2Ugd/3. In (b) Ugq = 6. Symbol A are the data points for tpp = 0.5. The
Monte Carlo result in (a) is by Scalettar et.al., in (b) is by Dopf (1990).
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The staggered magnetic moment <m;> = |<n; - m;>| on the Cu site

vs. band filling <n>. Parameters are the same as those used in Fig.5.7.
Note that in the hole picture, <n> > 1 corresponds to hole doping, <n> <1
corresponds to electron doping.
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figure. This suppression of <m,2> is more severe in the charge transfer limit, similar to

what has been observed in Fig.5.10.

The result of the staggered magnetization <m;> = I<nt - n;>| on the Cu sites versus
band-filling <n> is shown in Fig.5.12 with Ugq =6, € =2 and B = 8. The system has its
maximum magnetization at half-filling. As the system gets away from half-filling by either
hole doping or electron doping, <m;> decreases and vanishes eventually. It is also seen
that turning on tpp not only suppresses the value of <m;> but makes it vanish much more

rapidly with doping.
5.3.3 Density of states of the CuO; lattice model

To gain a better understanding of the physical properties presented above, it is useful
to study the density of states (DOS) of the three-band CuO, lattice model with proper LDA
parameters [Zhou, 1991c]. Unless specified otherwise, the LDA parameters listed in

Eq.(5.35) are used with Ugp = 0.

Fig.5.13 shows the Cu, O and total density of states for the paramagnetic (PM) state
and Fig.5.14 for the AF state in the half-filled case with B = 10. In the PM state, the
calculation clearly shows the three-band structure, with a mostly O p-state band in between
the two bands dominated by singly occupied and doubly occupied Cu d-states. For <n> =
1, the Fermi energy (set to zero in the figures, also indicated by the vertical line) lies in the
middle of the d-band. In the AF state, this low lying band splits, leaving the Fermi level in
the gap. Since the AF state has a lower energy, therefore the undoped system is an

insulator.
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As discussed in section 5.1, the difference between Hubbard I and POMF is a static
energy shift A. For the single band Hubbard model, the POMF result [Zhou, 1991b]
shows a systematic improvement over that of Hubbard I. In Fig.5.15 we make a
comparison between the results for the total DOS for the AF ground state of the undoped
system (<n> = 1) from POMF, Hubbard I and the four-boson theory (SBMF) [Zhang,
1990]. The parameters used here are the same as those used by Zhang et.al., which are
Ugg =6eV, e =1.5eV, tgp = 1.085¢V, tpp = 0.2 eV, and Upp = 0. All Fermi levels (vertical
line) are set to zero in the figure. It is seen that the DOS from POMF and SBMF are similar
(Fig.5.15a), except that in SBMF there is no high energy Hubbard-like band for the doubly
occupied Cu d-states which always exists in the POMF and the Hubbard I approximation
(not shown in the figure). Both the POMF and SBMF results indicate an insulating
system, with the Fermi energy inside the AF band gap. But the DOS results obtained from
the Hubbard I calculation show a rather different structure around the Fermi energy
(Fig.5.15b), yielding an unphysical conducting ground state at half filling. Thus, as in the
single band Hubbard model case, the static energy shift A used in POMF is important for

getting the correct physical properties.

In order to examine the effect of doping on the density of states, the staggered
magnetization <mz;> on the Cu site versus <n> with LDA parameters and B = 10 is
calculated, and the result is shown in Fig.5.16. Starting from <n> = 1, <m;> becomes
smaller with the increase of hole doping, and the ground state of the system changes from
an AF state to a PM state around 30% doping within this calculation. This effect of doping
induced transition from the AF ground state at 8 = 0 to a PM ground state can be better

understood by examining the density of states of the system. The total DOS for § =0, 0.2

and 0.4 is plotted in Fig.5.17 with the same parameters as those used in Fig.5.16. As
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Fig. 5.13 The Cu, O and total density of states for the paramagnetic half-
filled system. The LDA parameters are used along with B = 10. The Fermi

energy is set to be zero and marked by a vertical line.



100

500 —T — | T T T

4.00 |- Cu -
3.00
200 | 7.

1.00 —

0.00 ] L /\ M. L A AJ ]

-6.00 0.00 5.00 10.00 15.00

5.00

400 | O

3.00 [

P(E)

2.00

1.00 |

0.00 L L

|
-5.00 0.00 5.00 10.00 15.00

5.00

4.00 B Total

300 | ]

2.00 |- —

o,oo- A ] | Aﬁ-‘

-5.00 0.00 5.00 10.00 15.00
E(eV)
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Fig. 5.15 Density of states obtained from SBMF [Zhang, 1990], POMF and
the Hubbard I approximation for half-filling. Parameters used are:
Udd = 6eV, € = 1.5eV, tgp = 1.085eV, tpp = 0.2 eV and Upp = 0. The high
energy structures in POMF and Hubbard I results are not shown in the graph.
(a). The DOS from SBMF and POMF are very similar. B = 10 in POMF.
(b). B = 40 is used in the Hubbard I calculation in order to get the AF solution.
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corresponds to hole doping, <n> < 1 corresponds to electron doping.



103

voo | ]

200 | |
0.00 L A I | A JVL
-5.00 0.00 5.00 10.00 15.00
800 L —T l T ] L
6.00 | <n>=12 |
E‘é-l- 400 | ~
2.00 {_ IL ]
:
0.00 L .{J\ \ I L%L | A L
-5.00 0.00 5.00 10.00 15.00
8'm T T j . "’ T
T J
6.00 <n>=14
B
400 | _
2.00 |_ _
N ﬂ/ﬁ . L A/L |
-5.00 0.00 5.00 10.00 15.00
E(e

Fig. 5.17 The total density of states for band fillings <n> = 1.0, 1.2 and
1.4. Parameters are the same as those used in Fig.5.16. The Fermi energy is
set to zero (vertical line). The ground states for <n> = 1.0 and 1.2 are AF
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discussed earlier, the system is an insulator with its Fermi level in the AF band gap when &
= (0. With 20% hole doping, the ground state is still an AF state. Now the Fermi level
moves into the upper singly occupied Cu AF band. Meanwhile the AF band gap is smaller

when J gets larger. Eventually this gap vanishes, thus the system becomes a PM state.

This is seen in the & = 0.4 case.

In Fig.5.15, the distinct difference between the total DOS obtained from the POMF
and the Hubbard I scheme has been shown for an AF ground state. For a PM ground
state, their difference can be seen in Fig.5.18, where <n> = 1.5 and temperature T =
100K. The Fermi level is inside the low-lying d-band for POMF (Fig.5.15a), but for
Hubbard I it lies inside the p-band (Fig.5.15b). Also comparing with the DOS of POMF,
the Hubbard I calculation yields a separate p-state dominated band around SeV. It is
interesting to see that even though the Coulomb repulsion Ugp between electrons on Cu and
O sites is not incorporated in this current calculation, the resulting total DOS in Fig.5.18b is
similar to those in Fig.4b and Fig.8b of Entel et.al. (1990) in which all parameters used are
the same as those in Fig.5.18 except Ugp = 1.2eV. This implies that even with certain
restrictions (as those used by Entel et.al.), the Hubbard I approximation may yield a
qualitatively different position of Fermi level in the DOS result from the POMF and SBMF
calculations, therefore it is necessary to be cautious when interpretating the experimental

data using the Hubbard I result.

5.4 Summary

A mean-field calculation of the two dimensional Hubbard model based on a projection
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operator formalism has been presented. For the single-band case, it is found that, for
various physical properties, its results agree very well with those of the four-boson theory
and the quantum Monte Carlo simulations, showing a systematic improvement over the
Hubbard I approximation. Unlike the Hubbard I approximation where no anti-
ferromagnetic solution can be found at half-filling in the relevant parameter range, the AF
ground state is obtained for U's as small as 5 in this current treatment. By examining the
Fermi surface of the system, we found that Luttinger's theorem is still violated (especially
around half-filling) within the projection operator formalism, even though the violation is

not as severe as in Hubbard 1.

Comparing with the four-boson theory, the number of equations to be solved in this
projection operator-based theory is much smaller, thus the calculation can be easily
extended into multi-band models such as the three-band CuQ;, lattice model. The results of
this MF calculation agree remarkably well with the Monte Carlo simulation results in the
parameter range where MC results are available. In addition, we have examined the effect
of hopping between Oxygen sites, and found that tpp suppresses the hole occupation at the
Cu sites and the AF order when moving away from half-filling, especially in the charge
transfer limit. The study of the density of states shows good agreement between the POMF
and SBMF calculations, while the Hubbard I approximation yields rather different and

unphysical results.



Chapter 6

Many-Electron Partition Function

From calculations presented in previous chapters, it is apparent that finding solutions
for strongly correlated electron systems is a very difficult task. The many-body interaction
effects may not show up in the standard independent single-particle state results. Therefore
it is appealing to develop a systematic derivation of many-electron partition functions for
various models so that their thermodynamic properties can be extracted directly and
accurately [Bowen,1991]. In this chapter, the cumulant expansion calculation of the low
temperature quantum mechanical partition functions of degenerate many-electron systems is

presented, and its application to other interacting systems is discussed in the last section.

The initial motivation behind this calculation was to provide a possible approximation
for partition functions in the Canonical and Grand Canonical Ensermbles that would not
require the usual starting assumption of independent single particle states. As a test for this
methodology, it was first decided to calculate both partition functions for the degenerate
free electron gas for which the grand canonical partition function is well known. There
does not appear to be any other direct calculation of the free electron canonical partition

function for low temperatures in the literature. This absence of canonical ensemble

107
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calculations is quite natural, given the difficulty in counting states and the well known
"proof” in the standard quantum statistical mechanics literature [Huang, 1963; Yamamoto,
1956] on the equivalence of the two partition functions. However, it is found that the
direct, approximate calculations of the canonical partition function and the grand canonical
partition function starting from the same ground state for N electrons yield different results
at low temperatures, where the cumulant expansion method is valid. This surprising result
can be understood by looking into the difference between the two emsembles and the usual

"proof™ of their equivalence, which has been done in this study.

6.1 The cumulant expansion formula

There have been a large number of applications of the concept of the cumulant [Kubo,
1962; Brout, 1959], most of them having been made in classical statistical mechanics
[Yvon, 1969] and in the study of the interacting gas [Mayer, 1940], leading to expansions
that are valid in the high temperature regime. For the application in this chapter to low
temperatures, the cumulant expansion can be regarded as a rearrangement theorem for a
sum which closely resembles the expansion of an exponential, except that the terms are not
products of the argument of the exponential. Let us consider a series of the form

e _ I E tn
n=1 (60 1)

where the terms t, are not simple powers of some variable to the n-th power. In our
application t; is extensive (thermodynamically) and each other term t;, has dominant terms

of order N. The re-arrangement of this series to find ®, which is the variable whose
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powers give the usual series expansion for the exponential, yields the following sum:

=23
nop M (6.2)
where the x;, are given by:
Ki = 4
K = -0
K3 = t3-3t2t1+2t3 (6.3)

Ky = t4-4t3t1+12t2t§-3t§-6t‘;

Ks = ts-5t4¢t - 10t2t3+20t3tf+30t1t§-60t2t§+24t§

Determiniation of the r-th cumulant uses all the t, up to r in the original series. A listing of
the first few cumulants can be found in several handbooks [Abramowitz, 1970; Korn,

1968] and a formula for the general cumulant is given by Mattis [Mattis, 1985]. If the

series of x's are quickly converging, finite sums have the potential of providing good
approximations for the partition functions of interacting systems. In those systems the ty

will roughly correspond to the sum of terms with n excitations present.

The partition function QN for the canonical ensemble for a Hamiltonian H in contact

with an energy reservoir with temperature B-1 is defined as

Qv = Trn(e ) (6.4)

where the trace is taken over states with N particles.

The grand partition function Z is defined for a system that is in contact with a particle
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reservoir at chemical potential p which allows the exchange of particles and energy with the
system. For systems described by the grand canonical ensemble the number of particles
for the system is not definite, but may fluctuate. The average number of particles <N> in
the system is determined by the chemical potential. The grand partition function is defined

as

Z = z QNCBHN
N=1 (6.5)

From the definition of the grand canonical partition function it is straightforward to derive

the following useful formulas for the average energy U = <E> and the average number of

particles <N>:

U = u<N>- (E)ILZ)M
) (6.62)
B<N> = (alLZ)B
o (6.6b)

where the subscripts indicate the variable held constant in the partial derivative.

From the earliest literature [Fermi, 1926], the grand canonical partition function for
the free electron gas has been calculated by using the product theorem of statistical
mechanics, which states that the partition function representing two independent sub-
systems is the product of the partition functions of the systems. For the grand partition
function of an electron gas with one-electron energies of €xs we may write:

7 = H {1+expl-P(exs-p)}
s (6.7)
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Applying Eq. (6.6) to this product yields the standard definition for the energy and average
particle number:

U = ) efles) = (g(e)ef(e)de
e J (6.8)

[
N> = Y fles) = | ge)fe)de
i J (6.8b)

where f(€) is the Fermi function and g(€) is the one electron density of states for both spin

states.

The standard procedure [Huang, 1963] is to take these two equations and carry out an
integration by parts, yielding an integral of g(€) against the derivative of the Fermi function.
At low temperatures this derivative is so sharply peaked at the chemical potential |t that the
density of states can be expanded in a Taylor series about p. The resulting integrals of
powers of the energy with the sharply peaked factor leads to a (usually) asymptotic power

series in temperature.

Using these series and calculating the heat capacity at constant particle number and

constant volume gives
1t2 2
=T = (Tg(p')kB)T

<N> (6.9)

where kg is the Boltzmann constant. Usually this calculation is quite complicated, but

straightforward.
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A simpler more direct calculation can be obtained by first calculating the grand
canonical partition function directly from Eq. (6.7). The first step is to seek the logarithm
of Z, converting the products to sums and integrals over the density of states g(€). By
separating the integrals into two types: particle excitations (€ - p) >0 And hole excitations (€
- W) < 0 one obtains integrals of g(€) multiplied by the logarthm of 1 plus something small.
A useful asymptotic expansion can be obtained from these integrals by first expanding the
logarithms in a series expansion and then also expanding the density of states in a Taylor
series in (€ - }) and carrying out the resulting integrals of (€ - p) powers and exponentials.
The resulting expression for the grand partition function is

[21]
InZ) = -B(EQ-p<Ng>)+2 ¥ E W
r=1

p>! (6.10a)

where glnl() is the n-th derivative of the density of states evaluated at the chemical

potential and 1 is defined as
= _1)+1
w= X Eh
1=1 1 (6.10b)
and
11
EW = f € g(€) de
& (6.10c)
"
N = f g(e) de
& (6.10d)

with €9 the energy at the bottom of the band.
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Using Eq. (6.6) it is easy to derive the following expression for the energy,

g2 (u) + p g2+ )] m,

U = E@)+2 Z[
r=1

2r+2
B~ (6.11a)
and for the average number of particles
= S[2r+1]
_ gl
N> = N@w+2 3 =———
=1 B (6.11b)

For use in our later discussion it is appropriate to note that the heat capacity at constant

chemical potential can be obtained easily from Eq. (6.11a),

< 2r+1

Cu = 2k Y, [T +p g2+ ) m, k)™
r=1 (6.12)
The heat capacity at constant particle number, Eq. (6.9), and corrections may be obtained
easily from these equations by first determining the temperature derivative of the chemical

potential so that <N> is constant in temperature.

It is currently standard practice to use C<N> for interpreting experiments instead of
Cp. This practice is based on the standard argument in statistical mechanics that the
canonical partition function is essentially the same as the grand canonical partition function

for large systems. The results of this study contradict this argument.

Let us now re-examine this argument. The key step in the argument is the unverified

assumption [Huang, 1963] that the dominant term in the grand canonical partition function
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is QN ePHN where for simplicity we write N = <N> for the average particle number.
Because the Helmholtz free energy is extensive, this dominant term can be written in the
form exp(V¢(B,V/N)) where ¢ is intensive with respect to the volume V and/or particle
number N. Two rather weak inequalities are applied at this point to bound Z. The first
inequality simply states that the whole series must be larger than the single dominant term.
The second inequality rather weakly dominates Z. It is argued that for some large number
of particles Ng in the volume V the interactions raise the energy so much that Qnjqr is as
small as desired. In this case one can argue that Z must be smaller than Ng times the
maximum term. It is further argued that No must be proportional to the volume, Ng =aV.

These arguments can be combined to yield
eV < Z < aveV?

Taking the logarithm and dividing by V gives
¢ < In(D/NV < ¢+In@vy/v

As the volume becomes very large, the second term on the right side of the equality goes to

zero and Z is approximated well by exp(V¢). The possibility that is ignored in this general
argument is that there are systems where combinations of terms involving small
fluctuations in particle number may combine to make a contibution to Z that dominates the

QN contribution.

In the case of the electron gas it is found that the collection of terms for small m

expOm) = . QNarexp[BU(N+D)]
r=m (6.13)
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gives rise to an extensive O, which converges to a ©® as m — ©°, which dominates the

Helmholtz Free energy for N particles obtained from the canonical ensemble. Later we will
see that the cumulant formula applied to m=5 recovers the grand canonical result to within

about 2 percent at low temperatures.

The "standard" proof of the equivalence of the canonical and grand canonical
ensembles only determines the sum to order In(V). Howcver,'the cumulant series used
here involves individual terms which are valid in the thermodynamic limit and the series
thus converges in this limit more quickly than the t, series itself. If T\ is the partial sum
of the series of the t, terms and if Z is the sum, then, if ITN - ZI < € for large enough N and
if KN is the partial sum of the cumulant series, we have that IKy - In(Z) | < €/ Z. This
means that approximations determined by the cumulant series are much more strongly
convergent to the partition function than the standard argument which only gives equality to

within corrections of order 1/V.

For the low temperatures of interest here, the temperature dependence of the first
cumulant x; dominates the partition function. Higher order x; give either corrections to the
coefficient of the temperature dependence of x; or contribute higher powers of temperature.
When we examine the canonical ensemble below, we will explicitly evaluate only x; and

K2.

In order to see how the terms representing the addition of an extra electron or an extra
hole can give rise to contributions that are larger than the first contribution to the canonical
ensemble, one has to ask if the sum in the canonical ensemble is smaller. In the canonical

ensemble, because of the restriction that the particle number is fixed, the lowest energy
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excitations must be pairs of particle excitations above the Fermi energy and hole
excitations. It is not possible in the canonical ensemble to have excitations with only a
single particle or with a single hole in the filled Fermi sea, since these would represent a
change in the number of particles. Yet, single particle or hole excitations will always gi&e
low temperature contributions to the partition function that are larger than the particle hole
pairs. In the calculations to follow this will manifest itself in a temperature dependence of
B-1 for the single particle or hole excitations and a temperature dependence of B-2 for the
particle hole pairs [Pines, 1989]. It is the fact that the canonical ensemble only allows low
lying excitations made up of particle-hole pairs and the grand canonical ensemble contains
single particle or hole excitations which have come from the reservoir that makes the

essential difference between the two ensembles.

As will be shown in section 6.3, the contributions due to as many as 5 additional
holes or electrons in the ground state with N particles give a sizeable fraction of the

coefficient of n2/3 which is characteristic of the degenerate free electron gas.

6.2 Canonical partition function

In this section we will outline the evaluation of the canonical partition function using
the cumulant summation formula written out above. The first step is to begin with the
standard formula for the partition function for N free electrons with single particle energies
€ks for momentum k and spin s:

N
Q‘[ = 'N_l'— Z' CXP['BZ ekis;]
: N i=1

k1,....k (6.14)
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where the prime on the sum indicates that terms where any two particles have the same
momentum and spin are excluded from the sum. In order to simplify the writing of the
equations, the spin variables have been left off the summation variables in Eq.(6.14), but
they should be considered to be included in the summation implicitly. Below, the inclusion
of the spin variables will be explicitly included, where needed. At this stage the prime on
the summation symbol is the only manifestation of the Pauli exclusion principle beyond the

fact that the ground state is constructed using it.

Since we are interested in the low temperature properties of the electron gas partition
function, we start with a ground state which is the filled Fermi sea: all states with
momentum below the Fermi momentum |kgl are occupied and all states with larger
momentum are unoccupied. For later simplicity of notation we designate the set of
occupied momenta by the set F. Also, we will use the convention that momentum variables
representing states not in the Fermi sea will be represented by p and momentum variables

representing states inside the Fermi sea will be represented by q.

Let us re-arrange the terms in Eq.(6.14) so they are collected together by the number
of particle-hole excitations out of the Fermi Sea. Each set of terms is labeled by ty/n!,
where n is the number of particle-hole excitations. In such a re-arrangement the first term
corresponds to no particles excited out of the Fermi Sea:

N
o = -1:—. D' expl-BY, el
i=1

* Q0N (6.15a)

There are exactly N! ways the gj can be assigned the N specific values contained in F. For

each of these N! assignments the argument of the exponential is Eq, and the value of tg
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becomes

tp = ePbo | (6.15b)

The single particle-hole pair excitations contribute the term t; which will have a sum

over (N-1) gq's and one p,

N-1
y = % Y expl-BY, eqsl exp(-Beps)
* i=1

q1,--4qN-1,P (6.16a)

Each term in this series can be represented much more simply by noting that it represents a
single hole in the Fermi Sea. For each of these the argument of the first exponential in
Eq.(6.16a) can be written as

N-1
Zeqm = Eo-g

i=1

Remember that there are N! ways to distribute the N electrons in the system such that the

same physical state is represented, therefore:

tt = 3, e PEoexp(-Beps) exp(+Begs)
P.5.q.s’ (6.16b)

For simplification it is useful to introduce a diagrammatic representation for the sums in
Eq.(6.16b). We represent the momentum (and spin) sums over the initially unoccupied
particle states by (e) and the sum over hole momenta (and spins) by (o). Since the particle

and hole sums are independent we will be able to write t; as

ePbo = (e0) = (e)(0) (6.16¢)

where we have factored out the common exponential factor between tp and t;.
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The two particle-hole contributions to the partition function can be derived in the same
fashion as above. This begins by recognizing that each (N-2) particle Fermi Sea is best
represented by the two holes q; and q2, and that if the pair of holes (or particles) are
interchanged, the system remains in the same state. Therefore it is necessary to devide the
summation over all possible q; and q2 by 2! in order to avoid over counting, the same

argument is true for summing over all possible p; and p2, so that

t2 = l! Z' e_BAl e_BAZ e‘ﬂ&
q1.92P1,P2 (6.17a)

where A; = (€p, - €g; ) and the prime on the sum implies the Pauli Exclusion where no two

particles (or holes) can have the same momentum and spin. Using the diagrammatic

notation we can write for t; the following:

oo = Y bt - (eoeo)
Q1.92,P1.p2 (6.17b)

Since the holes and particles do not have the same range of momenta, there is no Pauli

exclusion principle between them, i.e.,
(eoceo0) = (ee) (00)
By similar argument it can be shown that the general term can be written as

n't, efbo = 2' exp(—B En: A) = (eo..e0)
q1---QueP1.--Pa i=1 (6.18)

where the number of (e o) pairs in the parentheses is n.
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Using this symbolic notation it is found that the partition function for N free electrons
can be written as

1 (eceo) 1 (eoceoceo)

QuePle = 1+ (00) + 77— 31 31

+ ..

L(oo,,,oo)’ +

n! n! (6.19)

where the last term has n (e o) pairs. This is now the series that we will attempt to sum

using the cumulant summation formula from which we seek a formula for QN of the form

Qv = e PEoexp[O(T,N)] (6.20)

Each of the terms in Eq.(6.19) has a prime indicating that the summations must be carried
out with the Pauli exclusion in effect. The cumulants will enable systematic treatment of
Pauli exclusion. However, it is instructive and heuristically useful to derive an
approximation that will give the dominant low temperature approximation. This

approximation is to consider © to be equal to the first cumulant x;:
e = ( 0 )

Another way to think about this approximation is to neglect the primes on the diagrams and
to factor each diagram into independent pairs of (e o). Equivalently, keeping only the first
cumulant ignores the Pauli exclusion principle except in so far as it was used to construct

the Fermi sea.

The notation (e o) can be quantified by combining Eq.(6.16b) and (6.16c¢),

(e0) = Y exp(~Beps) J, exp(+Pegs)
p.s q.s (6.21a)
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Assuming, for simplicity, a constant density of states 2p and a band from -D to D, then

0

(e0) = N2(2p)zf e—&def ePede
o ° (6.21b)

So that at low temperatures, we have

(e0) = M)Z

B (6.21¢)

Inserting Eq.(6.21c) into the heuristic approximation gives a heat capacity of

C = 12kg(NpkpT)? (6.22)

where kg is the Boltzmann constant.

These results (that the canonical partition function is not extensive, and the heat
capacity is not linear in T) are not due to our neglect of the Pauli exclusion principal, as will
be demonstrated below, but reflect the very limited energy fluctuations that are allowed in
the canonical ensemble when the particle number is fixed. It is quite surprising that
nowhere in the literature has this property of the canonical ensemble been noted before. In
our discussion of the grand canonical partition function below, we will see that the

fluctuations in the particle number are critical for recovering the linear heat capacity.

Before discussing the grand canonical ensemble, let us examine the first few
corrections to this simple result for the canonical partition function and demonstrate the
manner in which the Pauli exclusion principle can be included. The second order term in

the sum t is given by
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— 1 U . 1
2 = Zy(ee)y(oo) (6.232)

In Appendix A it is shown that the Pauli exclusion principle summation restrictions in the
sum represented by (e e)' can be carried out by adding in and subtracting out the excluded

terms. Using these results from Appendix A we see that

i
ty = =(16x*-8x3 +x?) :
2 = 3¢ (6.23b)

where x = Np/B. Combining this with t; = 4x2, we can calculate the second cumulant:

1 2 1642
Ky = ——x“(16x“+8x-1)
2 (6.24)
Now the first few terms of the exponential argument can be written as:
8 = Ly (17 - 8x - 16x2)
4 (6.25)

where O is clearly not extensive.

The higher order terms represent higher powers of the particle number N and
temperature T. The fact that the canonical partition function is not extensive from this
cumulant expansion calculation is rather surprising. Since © converges only for small
values of x, our result may only reflect series expansion of an analytical function in the
small x regime, whereas the same function should be extensive at large x (i.e., large N)
limit. We need to determine the analytic continuation to large real x to verify that © is
extensive in N and agrees with the grand canonical ensemble. In any case, the ‘proof' of
the equivalence between the canonical and grand canonical ensembles is not as trivial as

indicated in standard textbooks. The rest of the chapter will focus on the experimentally
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more important grand canonical ensemble.

6.3 The grand partition function

The formula for the grand partition function requires the sum exp{B[N'} - EN'(c)]}
for all possible numbers of particle numbers N' and all states a for each N'. When we
want to compare with the evaluation for a system of N particles, we can rewrite the series
by first summing all of the terms for N particles, then summing all of the states for (N+1)
particles, (N-1) particles, (N+2) particles, etc. Symbolically, we can write the grand

partition function as

Zexp[-B (NL-Ep)] =
+ (00)/2! + (0co0e0)/3! + ..
+(0)+(0oe0)/2! + ..
+1+(e0)+(e0e0)/(21)2 + ..
+(e)+(0e00)2! + ...
+(ee)2! + (eee0)3 + ..

+ .. (6.26a)

Here the terms in the partition function are written in lines by the particle number in the

system. The first line displayed is for N-2, the next lines are for N-1, N, N+1, N+2, etc.

For the purpose of applying the cumulant formula we need to regroup the terms by
dominant powers of the number of particles, i.., terms that are proportional to N, N2, etc.

The partition function now has the expression
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Z exp[—p (N1 - Eg)]

= 1+(e)+(o)

+ o [(se)+(o0)+2(e0)]
+ 51'—[(00o)'+(ooo)'+3(ooo)'+3(ooo)’]

+ -41—'[(000o)'+(oooo)'+4(oooo)'+4(oooo)’+6(oooo)‘]

' oo

oo t
= 1+ E i’
n=1 " (6.26b)

Note that only the 1 and the terms with equal numbers of particles and holes represent the
contributions from the canonical ensemble. In Eq.(6.26b) there are only two terms
explicitly shown excluding the initial 1. Most of the terms displayed in Eq.(6.26b)
represents small fluctuations in particle number. To evaluate Z, various cumulants need to
be calculated. Using the results from Appendix A and the definitions of ty's in Eq.(6.26b),

we have:

K1 =t = (e)+(0) = 4x (6.273)

where x = Np/B. It should be noted that it is x; that determines the major temperature
dependence of the partition function. In this case the contributions to K represent
fluctuations in the particle number by +1. The first contribution from the N-particle states
arises not in t1, but in t2 in the form of one particle-hole pair excitation (e o). Using the

results of Appendix A it is easy to show that tp = 16x2 - 2x. Note that t3 is of order N2,
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thus guarantees the second cumulant to be extensive as required:

K2 = g = -2x (6.27b)

In the same fashion, it is found that

t3 = 64x3 -24x2% + %x

w| oo

K3 = X

(6.27¢)
o= 256x* - 192x3 + %xZ - 6x
Ky = -6x (6.27d)

The higher order terms begin to be significantly more complicated. We have evaluated ts
and x5 using a computer based algebra manipulation program Mathematica [Wolfram,
1988]. The combination of all of the cumulants evaluated including ts yields

e = 4x(1__1_+i_i+_!_.)
52

22 32 42 (6.28)

which consists the first five terms of the series expansion of the correct result © =

4x(r2/12), because the grand partition function can be derived from Eq.(6.26b) as
Z = exp[-B (Eo-Np)] e° (6.29)

Note that the © approximated by the first five cumulants is within 1.96 percent of the exact
result, which shows that the cumulant expansion calculation of the partition function is an

efficient approximation scheme.
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6.4 Summary

This research originated in an attempt to explore methods for many body calculations
which dealt directly with the many particle states and did not start with the independ_ent
single particle approximation. The fact that the Grand Canonical Partition function can be
approximated in this way indicates that this approach may have merit for more complex

interacting systems. Indeed, calculations using this approach have been started.

The result that there is a difference between the canonical and grand canonical
ensembles has been quite surprising. Since the difference seems to arise from the distinctly
different terms that are allowed in the sums of the two ensembles, there seems no way to
avoid the results of this study. This descrepancy raises a number of questions that merit

further study.

The first question arises from the surprisingly strong role that extremely small
fluctuations in particle number play in the low termperature properties of the free electron
gas. Our traditional understanding has assumed that experimental measurements should be
most closely described by the canonical ensemble for a fixed number of particles. Indeed,
all comparisons of calculated heat capacities use the formula for C<N> derived from the
grand canonical ensemble in which the chemical potential changes with temperature to

constrain the average number of particles be be equal to N.

The fact that the canonical ensemble does not agree qualitatively with experiment
suggests that heat capacity experiments should rather be compared with C,, where p at T=0

is determined by the particle number. Using C,, instead of C<N> for a free electron gas
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density of states would give rise to an increase in the theoretical estimate by a factor of 1.5.
A cursory comparison of reported experimental heat capacities [Kittel, 1970] and band
theory calculations for simple metals [Moruzzi, 1978] shows that for Li and other few
electron systems the ratio of experimental to theoretical C«N> is greater than 1 and close to
1.5. For more complicated systems there is no correlation with this simple picture. Since
no consideration has been made here of corrections due to the coulomb interaction, the lack

of agreement is not unexpected.

Nevertheless, the role that particle number fluctuation plays in the thermodynamics of
the free electron gas raises the question of validity for approximation schemes where it is
implicitly assumed that the canonical ensemble most closely represents experimental

measurements. These questions should be studied for other systems.

The application of these ideas to an interacting system, such as a Hubbard
Hamiltonian, appears to be tractable, at least to the inclusion of the first few k,. The
procedure would select a basis set of many-particle states ly> which may be close to
eigenvectors of the Hamiltonian. Approximations will be constructed for the resolvents of

the Hamiltonian H with these states and terms t, will be evaluated by using contour

integrals of the type:
Z = ]dz<w1(z-H)‘1 hy> e-Bz
By collecting terms representing the same number of excitations above an approximate

ground state in much the same way as in Eq.(6.26b), it is possible to approximate the first

few cumulants kp. This study will not be discussed here.



Chapter 7

Conclusion

With many approximation schemes and numerical methods developed for solving
strongly-correlated systems, the study of many-body interactions remains a very difficult
and challenging problem, and its solution reveals amazing and important insights about
electromagnetic properties of materials which can not be easily achieved from single-
electron based calculations. Many physicists have made enormous efforts in order to have
a better understanding of these many-electron interacting systems and their properties. The
research works described in this dissertation, which are intended to make contributions to

the effort in various ways, have been fruitful.

We have focused our study on two important many-electron models: the Anderson
model and the Hubbard model. Among these two model Hamiltonians, many systems can
be well represented, and some other interesting models can be derived in various parameter
limits. Either of the two Hamiltonians can also appear in many forms when used for
modelling specific physical systems, including the Anderson single impurity model and
lattice model, and the single-band (standard) and multi-band (extended) Hubbard models.

These specific Hamiltonians have been studied using various methods and approximation

128
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schemes with moderate success. However, there does not exist a single method which
yields accurate solutions consistently for all model Hamiltonians. That is the reason for our
looking into many-electron partition functions in order to find a systernatic approximation
for any many-particle interacting system. As described in Chapter 6, this attempt produced
rather surprising results even for a simple free-electron system. The findings from each
and every one of these research projects are helpful, in one way or another, for our better

understanding of properties of many-electron systems.

The magnetic susceptibility calculation for YbN using the Anderson model
Hamiltonian yielded very good agreement between theory and experiment, yet the reason
for the success of the ZZF approximation is not yet clear, mainly because it is not
understood why NCA violates the Fermi-liquid relations. If that issue can be resolved,
there is a great potential of applying ZZF approximation to the Anderson lattice modei as
well, based on the so-called extended non-crossing approximation (XNCA) [Kim, 1991],
where the intersite interaction is incorporated via self-consistent modification of the
conduction electron propagator. It will supply us a way of treating systems which do not
have strong hybridization between localized and conducting bands without great

computational effort.

The variational calculations of one- and two-dimensional Anderson lattice models
generated rather accurate ground state energies, but the corresponding wavefunctions are
not well approximated for reasons discussed in Chapter 3, where some suggestions on
how to improve the results are also discussed. We have applied this variational scheme to
Kondo, Anderson single-impurity and Anderson lattice models. It is easy to see that, with

the increase of the degrees of freedom in localized states, the approximation gets worse
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because the basis used in the calculations becomes a smaller part of the space spanned by
all possible many-particle Bloch states; also the orthogonalization of basis states gets more
tedious. While it is possible to do some of the derivations with a computer, however, it is
hard to justify the amount of work required for computer programming because it is
difficult to apply the variational scheme to other model Hamiltonians unless the conducting

states play an important role.

Many interesting results have been derived from the projection-operator based mean-
field (MF) calculations of the two-dimensional single-band and multi-band Hubbard
models. The formalism has been verified by comparing with other MF theories and
quantum Monte Carlo simulation results, and the computational effort required is much less
than other calculations like the slave-boson MF theory. Therefore it is straightforward to
apply this projection-operator MF formalism to get approximate results of static properties
for systems such as high-T, superconductors. It should also be interesting to compare the
normal state density of states with experimental results. However, as shown in Chapter 5,
this formalism has its valid parameter range. Among others, it does not always yield an
antiferromagnetic ground state for certain parameters while QMC does. Without the life-
time effect, the discussion about Fermi surface is not convincing (even though systematic
improvement over the Hubbard I approximation is seen), and dynamic properties cannot be
calculated from this MF formalism. Nevertheless, with many energy and interaction
parameters incorporated in the theory, it is convenient to obtain an estimate of certain

physical quantities using this calculation.

Despite the significance of very interesting results obtained from the study of the

many-particle partition function of the free-electron gas system, our original intention of the
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research was to find a systematic approach to partition functions of many-body interacting
systems. By following the cumulant expansion steps shown in Chapter 6, approximation
of partition functions to any order can be derived in principle for any given Hamiltonian.
Using the information from low-lying state wavefunctions extracted from the exact-
diagonalization of the one-dimensional Hubbard model Hamiltonian presented in Chapter
4, progress is being made in trying to construct the many-electron partition function for the
Hubbard model in large U limit. Also, initial attempts at approximating the partition
function of the single-impurity Anderson model shows promising results, and the first few

terms in the cumulant expansion can be derived without much effort.

By combining single-electron band theory and many-body theory, the electromagnetic
properties of materials can be more thoroughly understood than by relying on band theory
only. As incredibly complex as many-body problems seem to be, directly solving a
Hamiltonian which describes a many-electron interacting system is, in many cases, the
most logical and convenient approach. The solution may not be easily and accurately
obtained, yet much progress has been made, and much more can be achieved. The

difficulty of the study of many-electron systems makes any such achievement a great joy.
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Appendix A

Energy Sums in Partition Functions

In this appendix the details of the energy sums needed in the calculation of free-

electron gas partition function in Chapter 6 is listed.

The sum of the exponential of the excited electron states is given by

(¢) = 3 expl—B (eps—R)]
p.s (A.])

For simplicity in this paper we will assume that the density of states per spin for the

electrons is constant over a band width of 2D with value p. At low temperatures the sum in

Eq.(A.1) is (e) = 2x where
x = Np/B

and we have neglected exponentially small terms. The sum over the hole states yields the

same result:

(o) = Y exp[B(eg—p)l = 2x
as A2)
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The first example of the effect of the Pauli exclusion principle arises in the two
particle (two hole) sums. The two particle sum (e @)’ contains both momentum and spins

sums and that restriction is that no two electrons can be in the same state (p,s),

(ee) = Z' expl —B (€p,s, — 1 )] expl =B (€pys, — K )]
Pl!sllplvsz (A.3)
If 51 # s, then the momentum sums are restricted and the evaluation reduces to 4x2. If the
two spins are equal then the prime in the summation reminds us that the two momenta
cannot be equal. For later use it is helpful to define the sums without the spins using

square brackets:

[ee] = ' exp[—B(ep—k)lexpl—P(gp,—1)]
P1.P2 (A.4)

The summation restriction can be eliminated by adding and subtracting out the terms with
both momenta equal and having no restriction on the momentum sums. This is most easily

written with a delta function.

[ee] = 2 CXP[‘B(EPI‘H)] CXp[—B(sz—U.)] (1 _pr,Pz)
P1.p2 (A.5)

In this equation there are no restrictions on the sums and we may write this equation
symbollically as

[ee] = [e]2—[e—0] (A.6)
where the second term represents a single momentum sum of all terms with both momenta
equal. It is straightforward to show that [e] = x and that

[.—.] = —;—
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With these rules we can evaluate Eq.(A.3), taking into account the factor of two for the

spin values.

(ee) = 2[00] +2[0e] = 2([0]2—[0—0])+2[o]2
(A7)

So we have that (e ®)' = 4x2 - x which is the same value as for (o o).

For the evaluation of the Grand Canonical Ensemble it is necessary to evaluate more
complicated diagrams. The first one of these is (e @ o)', which will involve three spin
sums and three momentum sums. If we consider the 8 different spin terms, we find that
there are two with all spins the same and 6 with two spins the same. This means that we
can write this three particle term in terms of the square brackets which contain only

momentum sums,
(e0e) = 2[00e] + 6[0][0e]

The momentum restrictions in the three electron brac-ket can be removed by three delta

function factors multiplying the momentum sums,
(1=8p,p,) (1=8p,p,) (1-8p,p,)
Working out the sums and the delta functions yields,
[eee] = [e]P —3[e][e-0] +2[e—0—0]

Combining this result with Eq.(A.7), we get

(ee0e) = 8x3—6x2+ii
3 (A.8)
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Again, (0c00) = (e e o)".

The four particle sum can be worked out in a similar fashion. The four spin sums
give two terms with all spins equal, 8 terms with three spins the same, and 6 terms with 2

spins the same. This leads to the following equation:
(e0e0e) = 2[000e] + 8[0][00e] + 6[00][ee]

The Pauli exclusion summation restrictions can be lifted by including delta function factors
and a lengthy graphical analysis leads to the following:
[eeee] = [e]* —6[0]?[e—0] + 8[e][e—0—0]

+3[0e—0]2 - 6[e—0—0—0]

Substitutions from the above yield

41

(e0ee) = 16x4—24x3+—3—x2—6x

(A9)

Higher order contributions can be worked out quite easily using something like

Mathematica. We have worked out the fifth order diagrams relatively easily.
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